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Duró G., Crosato A., Kleinhans M.G. and Uijttewaal W.S.J.

XV

170

Comparision of Flow and Sediment Transport between a Symmetric and
Asymmetric Bifurcation: searching for Bulle-Effect at assymetric bifurcations
Dutta S., Fischer P. and Garcia M.H.

171

The Response of Braiding Intensity to Varying Discahrge
Egozi R. and Ashmore P.

172

Dam-break flow over mobile bed: detailed velocity field measurements
Fent I. and Soares-Frazão S.

173

Quadrant analysis of high-turbulent flows
Fernandez C., Bateman A. and Medina V.

174

Velocity estimation of high-concentrated flows: sensitivity analysis with
main parameters included in the Bagnold equation
Fichera A., Termini D. and Castelli F.

175

Equilibrium width for sand and gravel bed rivers with cohesive erodible
banks
Francalanci S., Lanzoni S., Solari L. and Papanicolaou A.N.

176

Dam-break induced sediment transport in a channel with a 90° bend
Franzini F., Abou-Habib M., Michaux J. and Soares-Frazão S.

177

Long term effects of water mills on the longitudinal river profile and the
trapping efficiency of floodplains
Frings R.M., Maaß A.L., Schüttrumpf H. and Blom A.

178

Effect of cross-channel variation on the uncertainty of bed-load measurements: Universal guidelines for sampling bed-load in sand- and gravel-bed
rivers
Frings R.M. and Vollmer S.

179

Backwater development by wood in lowland streams
Geertsema T.J., Torfs P.J.J.F., Teuling A.J., Eekhout J.P.C. and Hoitink A.J.F.

180

Bedload Transport and Particle Motion Statistics: Insights from Direct Numerical Simulations and Stochastic Models
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Launay M., Dugué V., Le Coz J. and Camenen B.

210

Fine sediment transport dynamics in a heavily urbanised UK river system:
a challenge for the ’First-Flush’ model
Lawler D. and Wilkes M.

211

Stability of parallel river channels created by a longitudinal training wall
Le T.B., Crosato A. and Uijttewaal W.S.J.

212

Study on bedrock river migration and stable countermeasures in the reach
of bridge
Liao C.T., Yeh K.C., Jhong R.K. and Li K.W.

213

Alluvial point bars above a simulated bedrock in annular flume flow
Lima A.C., Taguchi S., Ozawa H. and Izumi N.

214

Hydraulic evaluation of longitudinal training dams
Linge B.W., van Vuren S., Rongen G.W.F., Mosselman E. and Uijttewaal W.S.J.

215

3D Morphodynamic Modeling of River Bends in the Lower Mississippi River
Lu Q., Kurum O. and Nairn R.B.

216

Morphological effects of a large flood in a step-pool Andean stream
Mao L. and Carrillo R.

217

XVIII

Distribution of grain-related parameters in collisional transport layer of intense bed load
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Abstract
With co-authors: J.A. Carr, M.P. Oreska, S. Fagherazzi, I. Safak, W. Nardin, A.E.
Ferguson
Hydrodynamic, morphodynamic, and ecological processes in shallow coastal bays
are fundamentally coupled such that in most systems knowledge of one type of process
is dependent on knowledge of others. This provides both challenges and opportunities as
measurements and modeling can be leveraged to estimate related and coupled quantities.
This approach has been used in a system of shallow coastal bays on the mid-Atlantic
coast of the U.S. to build comprehensive characterizations to support both scientiﬁc
investigations and decision making. This system, referred to as the Virginia Coast
Reserve (VCR), includes 14 barrier islands sheltering about as many shallow bays of
varying sizes and conﬁgurations along with their fringing marshes. Most of the bay
bottoms are presently unvegetated, although the outer bays historically hosted dense
seagrass meadows. This system is now the subject of large-scale seagrass, oyster, and
bay scallop restoration eﬀorts to restore ecosystem functions lost decades ago to overharvesting and disease. The multiple bays of the system oﬀer a range of characteristics,
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e.g., marsh-to-open-water ratios, while being generally comparable in terms of depth
(average depths are 1.0 m below mean sea level), tides and climatic drivers. As a result,
they provide a valuable test set for hypotheses about the responses of shallow coastal
bays, fringing marshes and related ecosystems to changes in forcing and disturbance.
To fully realize this potential requires consistent and comprehensive characterization
of a range of system properties including surface elevation, sediment characteristics,
vegetation, water quality, circulation, storm waves and storm surge. Owing to the
scale of the system and the shallow depths, neither ﬁeld sampling, remote sensing,
nor modeling alone can provide the necessary accuracy and resolution. Coupling these
approaches, however, has allowed us to develop a relatively high resolution, consistent
characterization of many key system properties. This integrative approach allows us to
explore many diﬃcult questions that depend on the coupled nature of these systems such
as: what is the potential seagrass habitat distribution when including meadow feedbacks
on ﬂow, morphology, and sediment properties?; what are the impacts of storms and sealevel rise on sediment budgets and marsh loss?; and what is the eﬃcacy of reef and marsh
restoration for shoreline stabilization?

4

James Brasington
Shining New Light, Literally, on River Morphodynamics
Department of Geography, Queen Mary University of London UK,
j.brasington@qmul.ac.uk

Vita
James Brasington is Professor of Physical Geography at Queen Mary, University of London and is
about to take up a new post as the Waikato Regional Council Chair of River Science at the University of Waikato, New Zealand. James’ research
lies at the interface of Earth observation and Earth
surface science and focusses speciﬁcally on quantifying and understanding the dynamics of river
systems and their catchments over timescales of
events-to-decades. The development of a quantitative river science relevant to these time and
space scales (10-1-102 km and 101-102 years) is
fundamental to the design of eﬀective management
strategies for our increasingly stressed and populated river corridors. His research aims to contribute toward this goal by synergising
observational methods and numerical modelling and focuses speciﬁcally on three interrelated themes: (i) quantifying the morphodynamics of ﬂuvial systems using high
resolution remote sensing and terrestrial geomatics; (ii) multi-resolution methods to
characterize ﬂuvial processes and develop new parameterization schemes for numerical
models; and (iii) developing numerical methods to simulate ﬂood hydrology, hydraulics
and sediment transport. This work spans a wide range of physical environments from
alpine (NZ, Nepal), temperate (UK, France), to Mediterranean (Spain, California) and
arid regions (Iraq), albeit with an overriding emphasis on the patterns and processes
controlling sediment delivery and hydrology in mountain regions.

5

Abstract
The development of science and technology are inextricably entwined. While novel
technology is traditionally regarded as a dividend of scientiﬁc progress, the historian of
science Nicholas Rescher oﬀers a counterfactual perspective on this relationship. Rescher
argues that technology provides the fundamental means to improve on our evolutionary
heritage and expand our sensory and cognitive apparatus in order to ‘enlarge the window
through which we look upon nature’s parametric space’ (Rescher, 1999, p. 33). This
view is most emphatically illustrated by the revolutionary impact of glass and lens
technology as a catalyst for the Scientiﬁc Renaissance of the 15th and 16th centuries.
Arguably, the science of Geomorphology now sits on the cusp of a such a technologically
inspired wave of progress.
Innovations in sensor technology, image analysis and remotely piloted platforms are
now well-placed to shed new light, literally, on the form, structure and processes that
drive the evolving topography of our planet. These technologies have been pivotal in
the emergence of ‘high-resolution topography’ or HRT datasets, that have radically
revised the dimensionality of our science over the last two decades. Landscapes once
depicted by hard-fought cross-section surveys in the form of levelled traverses have gradually been replaced by 2.5D digital terrain models captured by distributed GNSS and
robotic tacheometric measurements. More recently, these raster data models are being
augmented and superseded by sub-metre, even sub-centimetre, 3D point cloud data
acquired pseudo-synoptically by laser scanning and semi-automated photogrammetry.
In the context of river science, these latest data oﬀer tantalizing scale-free, seamless
perspectives on the form and structure of ﬂuvial systems. With the capacity to capture
3D data at the resolution of individual particles and over extents that span not just bars
and channels but entire watersheds, we now have an unparalleled opportunity to analyze
landforms and their organization from the scale of their fundamental building blocks
upwards. This analysis has the potential to transcend conventional scale boundaries
that reﬂect arguably historic constraints on sampling design and observational methods
rather than natural length scales. Indeed, Miller and Goodchild (2014) have suggested
that the emergence of such geospatial ‘Big Data’ could herald a new approach, or as
they put it, a fourth phase of science, across a wide range of spatial disciplines. They
point to a future increasingly characterized by exploratory abduction of theory from the
growing wealth of data at our ﬁngertips. While we have yet to see this approach become
established in Geomorphology, recent work by Redolﬁ et al. (2016) and Sangireddy et
al. (2017) has demonstrated how the interrogation of dense terrain data can yield new
insights into the structure of ﬂuvial and catchment topography.
High Resolution Topography is more typically used to provide ever more detailed
boundary conditions for numerical models and to develop novel parameterizations for
conventionally sub-grid properties such as roughness and particle size. However, perhaps
the most signiﬁcant untapped opportunity arising from the emergence of HRT is the
ability to quantify geomorphic change directly, accurately and contextually, through the
comparison of digital terrain models through time. This approach is well-established
methodologically (Vericat et al., 2017), but is rarely used to signiﬁcant eﬀect due to
the diﬃculties of obtaining repeat surveys at frequencies tuned eﬀectively to the key
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geophysical forcing processes. Additionally, and somewhat less commonly reported,
comparison of terrain models through time also often reveals the presence of complex
systematic errors, such as datum shifts, navigation track bias and errors arising from
block bundle adjustment that might otherwise go undetected in a single terrain model.
There are however, good reasons to expect at least the former constraint to relax.
Remotely piloted vehicles, carrying improved navigation systems, cameras and even
lightweight laser scanners, provide increasingly aﬀordable systems to acquire data ﬂexibly and frequently. At the same time, a growing number of open-data portals are
now oﬀering access to data routinely captured through regional and national mapping
programmes. With this prospect in mind, this presentation aims to explore the opportunities and challenges associated with repeat or 4D high resolution topographic
modelling, drawing on unique datasets that provide insights into the morphodynamics
of large, labile braided rivers and their response to unsteady discharge and sediment
supply.
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Abstract
Introduction
Sea-level rise, subsidence, hypoxia, and pollutant intrusion in the groundwater are some
of the main factors that put many coastal systems around the world, their populations, and ecosystems at great risk. Recent restoration strategies rely on nature-based
engineering to allow coastal systems to respond to changes in environmental forcing
based on their natural hydrodynamic and morphodynamic functioning. I will cover an
overview of current knowledge on delta systems and research challenges and describe a
framework based on connectivity to study deltaic systems. This framework, called Delta
Connectome [Passalacqua, 2017], analyzes deltas as networks, which can be composed
of physical objects, such as channels and junction/bifurcation nodes, or variables and
process couplings. I will quantify diﬀerent types of connectivity relying on two main
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study areas and numerical modeling. Most of the ﬁeld observations have been collected
at the Wax Lake Delta (WLD), a naturally prograding delta in coastal Louisiana formed
by a river diversion for ﬂood control. Another study area is the Ganges-BrahmaputraMeghna Delta (GBMD), characterized by a complex surface channel network, signiﬁcant
environmental forcing and human modiﬁcations. Numerical modeling is used for identifying the factors controlling connectivity among surface patterns, the surface and the
subsurface, and under scenarios of changing forcing.

Connectivity analysis
The Wax Lake Delta (WLD), a O(100) km2 delta formed in the last 40 years from a
ﬂood control diversion of the Atchafalaya River, is considered a prototype of river diversion. Thus, this system oﬀers the opportunity to quantify the connectivity of channels
and islands in a naturally prograding delta. Based on Acoustic Doppler Current Proﬁler
(ADCP) measurements we have quantiﬁed the hydrological exchange of channels and
islands and found that the channel network of deltaic systems can be leaky. At WLD,
channels can transfer up to 50island [Hiatt and Passalacqua, 2015] as the ﬂow transitions
from conﬁned to unconﬁned [Hiatt and Passalacqua, 2017]. Hydrodynamic modeling
shows that the transition from conﬁned to unconﬁned ﬂow is mainly controlled by the
relative roughness of channels and islands. This exchange of water has implications to
delta ecology and morphology. Increased hydraulic residence times within the islands
could lead to increased potential for denitriﬁcation. Water transports sediment, leading
to sediment deposition in the island interior [e.g., Shaw et al., 2016]. We also collected
water level measurements every 15 minutes in most of the WLD islands, and discharge,
wind, and tides data from nearby measurement stations. Using information theory, we
measured transfer entropy and mutual information among variables to quantify process
couplings [Sendrowski and Passalacqua, 2017]. We found that the relative roughness
of channels and islands plays an important role in process connectivity, conﬁrming the
results described above; changes through time show a decrease in hydrological connectivity as vegetation cover increases in the summer months. Through numerical modeling,
we quantiﬁed this connectivity threshold and explained it with percolation theory. The
geometry and connectivity of surface networks could be used for quantitative modeling
of the subsurface. This is important in particular for large and heterogeneous systems
as the GBMD where pollutants are present in the groundwater. The model DeltaRCM
is used under diﬀerent environmental forcing scenarios [Liang et al., 2016] to understand
delta response and mechanisms of translation of surface information into the subsurface.

Conclusions
Using network representations, ﬁeld observations, and modeling, we have quantiﬁed
diﬀerent types of connectivity in deltas: (i) channel-island, (ii) process couplings, (iii)
surface-subsurface. The delta emerges as a leaky network that evolves over time and
is characterized by continuous exchanges of ﬂuxes of matter, energy, and information.
Connectivity has implications to delta functioning, land growth, and nutrient removal.
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Research interest
During the last 10 years, I focussed my research on bio-physical interactions between the
forces originating from tidal currents and waves, and species that alter these forces and
thereby the environment (i.e., ecosystem engineers). Biophysical interactions by ecosystem engineers (e.g. vegetation like salt marshes, mangroves, seagrass, aquatic water
plants, reef forming animals, bioturbating animals) can have major consequences for
the functioning and development of the estuarine and coastal landscape. I’m interested
in obtaining a better understanding of ecosystem engineering as a strategy (fundamental
ecology), the thresholds ecosystem engineers encounter in establishing (overcoming bottle necks in ecosystem restoration), the inﬂuence ecosystem engineers have on ecosystem
functioning by altering resource ﬂuxes, biodiversity, ecosystem resilience and landscape
evolution (management implications) and especially the opportunities this oﬀer for beneﬁting from ecosystem services (e.g., nature based coastal defence).

Abstract
There is a growing desire to manage (and even create) coastal vegetation such as e.g.
salt marshes, mangroves and seagrasses for coastal defense. Such application however
requires in depth understanding of the dynamic horizontal extent (i.e., width) of these
ecosystems. Especially understanding the factors aﬀecting the minimum vegetation
width is important. This presentation will highlight how process-based studies can help
to provide insight in which factors aﬀect the long-term large-scale development of salt
marsh and other coastal vegetation. Recently it was found that vegetation establishment
can be described by the Windows of Opportunity theory. Having this mechanistic
understanding enables us to develop means to restore coastal ecosystems. Moreover, it
allows us to gain a basic insight in which factors determine the minimum-width of a
salt marsh, and how dredging material may potential be used to initiate marsh growth.
Recent insights explaining that the short-term vertical sediment dynamics on the bare
tidal ﬂat is a key driver of the lateral vegetation dynamics, emphasizes that we should
start with continuous monitoring of such sediment-dynamics. The vegetation response
to the short-term vertical sediment dynamics can however be highly species speciﬁc,
resulting in species-speciﬁc large-scale ecosystem dynamics. Experimental process-based
studies remain of key importance for understanding ecosystem dynamics in addition to
the rapidly developing earth observation techniques and modeling capabilities.
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Figure 1. The challenge: to unravel the secrets of dynamic coastal vegetation by
means of experimental studies, both in the ﬁeld and in the lab.
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Kingdom), and Ph.D. from Massachusetts Institute of Technology and the Woods Hole Oceanographic Institution (Massachusetts). In addition
to his academic position, he is also the Director
of the National Center for Earth-Surface Dynamics and Interim Director, St Anthony Falls Laboratory, at the University of Minnesota. Chris Paola’s
major research focus has been the development of
techniques for experimental stratigraphy, the centerpiece of which is the Experimental EarthScape
system (XES or “Jurassic Tank”), a large experimental basin equipped with a subsiding ﬂoor. The
basin can be programmed to reproduce almost any form of natural subsidence pattern. It
allows experimental study of the interplay between surface transport systems and basement subsidence that ultimately produces the sedimentary record: a kind of Rosetta
Stone for the language of stratigraphy. His research interests also include physical processes of sedimentation, in particular basin ﬁlling and controls on physical stratigraphy;
the dynamics of braided streams including vegetation interaction; particle fractionation
in depositional systems; bedform dynamics; autogenic processes and self-organization
in landscape evolution. Dr. Paola is a Fellow with both the Geological Society of America and the American Geophysical Union. He was awarded the Charkes Lyell Medal
from the Geological Society of London (2011), the AAPG Distinguished Lecturer Award
(2012-2013), the CSDMS Lifetime Achievement Award (2015), a Honorary Doctorate
from Tulane University (2016), and the Gilbert Award from the American Geophysical
Union (2016).
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Abstract
The shoreline, which seems so simple and obvious, is a fascinating and complex moving
boundary whose morphology encodes process information about the two realms that it
divides. As a moving boundary, its meandering path through time and space, written
in the record of strata, can be a sensitive gauge of changes in sea level, subsidence,
and sediment supply. But to read this record accurately, we must understand how it
responds to the push and pull of land and sea, and how this response changes with time
scale. We will review and synthesize research on shoreline dynamics starting with the
ground-breaking work of Walter Pitman and including examples from experiments as
well as modern and ancient sediments.

18

Hiroshi Takebayashi
Effect of sediment sorting on river morphology
Disaster Prevention Research Institute, Kyoto University,
takebayashi.hiroshi.6s@kyoto-u.ac.jp

Vita
Hiroshi Takebayashi has researched in the ﬁeld
of computational and environmental sediment hydraulics. Hiroshi Takebayashi has interested in
the sediment transport process of the graded sediment, formation mechanism of sand bars, formation mechanism of braided and meandering channels, interaction between the river morphology and
vegetation, development and inundation process of
debris ﬂow and so on. Hiroshi Takebayashi initiated the river ﬂow and bed deformation analysis
software iRIC with Prof. Yasuyuki Shimizu at
Hokkaido University, Dr. Jonathan Nelson and
Mr. Rich McDonald at USGS (Nelson, et. al,
2015) and has delivered keynote and external lectures world-wide as a developer of Morpho2DH
and Nays2DH which are two dimensional bed deformation numerical analysis models in iRIC. Hiroshi Takebayashi received his university education and gained Doctor degree of Engineering at Ritsumeikan University
under supervision of Prof. Shinji Egashira (currently, Research and Training Advisor,
Water-related Hazard Research Group, International Center for Water Hazard and Risk
Management under the auspices of UNESCO). Hiroshi Takebayashi has since specialised
as an academic in river and sabo engineering and has acquired over 16 years experience in research and development in practical sediment hydraulics. Hiroshi Takebayashi
manages Committee on Hydroscience and Hydraulic Engineering, Japan Society of Civil
Engineers as a secretary general. Hiroshi Takebayashi has also interacted with consulting engineering companies and government agencies and apply his fruits of work to
rivers.

Abstract
All sediment in rivers has size distribution. Size distribution of bed material signiﬁcantly
aﬀects the geometric and migration characteristics of meso-scale bed conﬁgurations. In
addition, size distribution of bed material is an important factor to discuss the physical
environments of riverine ﬂora and fauna. (ex. sweetﬁsh needs suitable sediment size
for spawning, vegetation starts to grow from the ﬁne material surrounded by coarse
materials because of the high water content, and so on). Therefore, it is very important
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to clarify the dynamic characteristics of meso-scale bed conﬁguration with heterogeneous
bed materials.

Figure 1. Deformation of developed alternate bars on bed with non-uniform sediment
(numerical analysis).
Longitudinal and transverse sediment sorting is formed on the alternate bars on
beds composed of non-uniform sediment. The eﬀect of the spatial sediment sorting on
the geometric and migration characteristics of alternate bars are discussed by use of
the results of ﬂume tests, numerical analysis and linear bed stability analysis. Findings
show that the sediment sorting takes place on bars; ﬁner sediment deposits around
crests of bars and coarser sediment dominates in troughs. Furthermore, the wave height,
wavelength and migration velocity of bars on beds with non-uniform sediment tends to
be smaller, shorter and faster than those of bars formed on beds with uniform sediment,
respectively. On the other hand, the geometry of alternate bars on beds with nonuniform sediment is very unstable under some hydraulic conditions; bar height decreases
with time and bars disappeared ﬁnally as shown in Figure 1, even if water and sediment
is supplied constantly from the upstream area. Sediment sorting is also formed on the
braided channels and aﬀects on the geometric characteristics of braided channels. The
eﬀect of the spatial sediment sorting on the geometric characteristics of braided channels
are discussed by use of the results of ﬂume tests and numerical analysis. Streams are
bifurcated again and again and produce much smaller streams. As a result, braided
streams show both self-similar and fractal characteristics (Takebayashi, 2017). Sediment
sorting tends to accelerate the bifurcation of streams. As a result, the number of shorter
streams and smaller islands (dry bed regions) increases. On the other hand, the number
of longer streams and larger islands decreases. Spatiotemporal change of porosity below
bed surface is aﬀected by size distribution of bed material and changes the geometric
characteristics of bed conﬁgurations. Size distribution of bed material, porosity and
bed strength near bed surface is measured on bars in Tagliamento River, Italy and
Kizu River, Japan. The results of ﬁeld survey indicate that the porosity distributes
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well spatially on bars and it is considered that the porosity is aﬀected by the history of
past bed deformation. Spatiotemporal change of porosity is considered in the numerical
analysis model and the eﬀect of spatiotemporal change of porosity on bed geometry is
discussed.

References
Nelson, J.M., Shimizu, Y., Abe, T., Asahi, K., Gamou, M., Inoue, T., Iwasaki, T., Kakinuma,
T., Kawamura, S., Kimura, I., Kyuka, T., McDonald, R.R., Nabi, M., Nakatsugawa, M., Simões,
F.R., Takebayashi, H., Watanabe, Y. The international river interface cooperative: Public domain ﬂow and morphodynamics software for education and applications, Advances in Water
Resources, Vol.93, 62-74, 2016.
Takebayashi, H. Modelling braided channels under unsteady ﬂow and the eﬀect of spatiotemporal change of vegetation on bed and channel geometry, GBR, Vol.8, 671-702, 2017.

21

22

Maurizio Brocchini
Wave-forced sediment dynamics in the nearshore and
estuaries
Dipartimento di Ingegneria Civile, Edile e di Architettura, Università Politecnica delle
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nearshore waters. His main area of research is the
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water ﬂows. He graduated in Theoretical Physics,
with full marks and honors, in 1989 at the University of Bologna (Italy). He earned his PhD in
Applied Mathematics in 1996 at the University of
Bristol (UK), under the tutoring of Prof. D.H.
Peregrine. Currently, he is Full Professor of Hydraulics and Fluid Mechanics at the Università Politecnica delle Marche, Ancona, Italy and Head of
the Department of Civil and Building Engineering and Architecture. He was tutor for 13 PhD theses and for over 30 MSc theses. He
managed and collaborated to 11 European Union funded projects, 3 international collaborative research projects and 4 national research projects funded by the Italian MIUR.
He is Associate Editor of the scientiﬁc journals: Journal of Waterways Ports Coasts and
Ocean Engineering, A.S.C.E. and Journal of Ocean Engineering and Marine Energy,
Springer. He is also member of the Editorial Board of the following journals: Coastal
Engineering, Elsevier; Journal of Hydrodynamics, Elsevier; Mathematical Problems in
Engineering, Hindawi Publishing; Ocean Engineering, Elsevier. He collaborates as Reviewer with over 50 international journals, among which the leading ones in the ﬁelds of
Fluid Mechanics, Geophysics, Coastal and Ocean Engineering. He is author/co-author
of over 220 peer-reviewed papers, of which over 100 appearing on ISI/Scopus-listed
international journals. He was awarded by the European Community a Marie Curie
Fellowship for research in the years 1993-1996.

Abstract
My talk will focus on wave-forced nearshore and estuarine sediment dynamics, as opposite to tidally-forced sediment dynamics (i.e. RT R = T R/Hb < 3). In more detail,
sediment dynamics evolving from the yearly (few) down to the storm time scales will
be investigated. With reference to coastal and estuarine regimes my analysis will give
attention to:
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• open-coast, mildly sloping, barred (Ω = Hb /ws T > 2), dissipative
(ǫ = Ab ω 2 /gtan2 β > 20), sandy beaches;
• river-dominated and wave-modiﬁed, which feed sediments to sea, or wave-dominated
estuaries.
Regarding this problem as a puzzle to be solved (see ﬁgure 1), this entailing local
and non-local relations, my presentation shall try to:
• put the analysis in the proper context with no pretention for a systematic description;
• move from consolidated knowledge to new results;
• move from observations to modeling;
• move from the large to the small scales;
• inspect diﬀerent types of models, both in terms of structure and use.

Figure 1. Deformation of developed alternate bars on bed with non-uniform sediment
(numerical analysis).
It is my hope that my presentation will:
• provide a fairly complete and clear overall view of what we know and what we do
not not know of wave-forced nearshore and estuarine sediment dynamics;
• give the needed focus to recent progresses made available on speciﬁc dynamics;
• highlight links and relations among such dynamics, this also taking into account
non-local relations.
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Scientific interests
The research interests of Paolo Blondeaux range over many aspect of basic and applied
ﬂuid mechanics such as vorticity dynamic, unsteady boundary layers, surface gravity
waves and coastal morphodynamics.

Abstract
The major aim of the series of RCEM Conferences, which started in Genoa in 1999, was
to enhance the interaction among the communities of hydraulic engineers, geomorphologists, applied mathematicians and physicists working in the ﬁeld of Morphodynamics.
After about 20 years, signiﬁcant progress has been made even though the interaction
is still neither easy nor fully satisfactory. Indeed, the major concern of geomorphologists is the functioning of the system as a whole and their approach is often holistic
and based mainly on ﬁeld observations. The engineering approach is reductionist and
the understanding of the system is pursued through a detailed analysis of its various
components. Applied mathematicians and physicists tend to reduce the complexity of
the system to make the problem amenable to theoretical treatments but it is not obvious
to what extent the introduced simpliﬁcations can be accepted.
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Hence, Genoa group decided to make a further eﬀort to foster the dialogue among
the diﬀerent communities by initiating the publication of a series of e- monographs
on Morphodynamics and by opening a scientiﬁc blog to discuss the contents of the
e-monographs.
The talk will describe the content of the ﬁrst monograph (Introduction to Morphodynamics) and will present the forthcoming monographs. Finally, in order to illustrate the
ﬂavor of these monographs, the content of one of them, concerning coastal morphodynamics, will be brieﬂy outlined. Recent results on the interaction between propagating
surface waves and the sea bottom will be presented along with those concerning the
modelling of the sediment transport induced by oscillating ﬂows.

Figure 1: Packets of hairpin vortices in an oscillatory boundary layer over a rough
bottom at diﬀerent phases of the cycle. The black arrow represents the external
velocity. The vortex structures are visualized by isosurfaces of λ2 according to Jeong
& Hussain (1995) and the ﬂow paramenters as well as the grain size are chosen to
mimic a laboratory experiment carried out at NRL Stennis Space Center - U.S. Naval
Research Laboratory.
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Andrew Ashton is a coastal geomorphologist who studies the processes and feedbacks
that shape active coastal environments, including sandy coastlines, coastal barriers,
river deltas, rocky coasts, continental shelves, and carbonate reefs and atolls. He studies
how coastal features are created and change due to waves, currents, and sea-level rise,
while also including the inﬂuence of terrestrial inputs (rivers), biologic processes, and
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Abstract
The atolls that dot the tropical oceans of (primarily) the Paciﬁc and Indian Oceans
contain shallow and emergent coastal environments that, in the absence of biological
activity, would otherwise be expected to be deeply submerged. Created foremost by
calcifying organisms, and composed of both biogenic rocky substrate and detrital sediment, these shallow environments are shaped by waves, currents, and tides. As they
often comprise the only subaerial, inhabitable land of many island chains and island
nations, the low-lying, the geomorphically active reef islands on top of atolls face considerable hazards from climate change. However, despite overlap with the subject matter
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addressed by much of the research presented at RCEM meetings, including increasing
interest with ecogeomorphic processes, research focused on the morphodynamics of reef
environments remains surprisingly limited in scope within this community (although
this number is quickly growing).
Here, I present a series of recent and ongoing research projects addressing the morphodynamics of carbonate environments, with a focus on shallow, wave-aﬀected regions,
spanning the environments from the oﬀshore fore-reef, to the shallow reef ﬂat, upon
which reef islands are often emplaced, to the back-barrier lagoon (if present). For each
example, a simpliﬁed morphodynamic modeling approach is used, in some cases the
modeling approach is informed by more detailed hydrodynamic modeling.

Figure 1. Aerial view of atoll environment, Marshall Islands
Over long timescales, the gross morphology of atolls that reach modern sea level,
including the depth of internal lagoons, is aﬀected by the history of sea-level change, sediment production, and dissolution. Long-term mass balances are aﬀected by carbonate
production rates and detrital sediment mass ﬂuxes. Zooming in, the relatively steeply
sloping fore-reefs of most atolls exhibit a channel-like morphology, where rocky high
“spurs” alternate with low “grooves”. These grooves are typically sediment-mantled,
and I will discuss a hypothesized set of feedbacks that can form this “spur and groove”
topography, and discuss how these features oﬀer an eﬀective mechanism for oﬀshore
sediment transport into the deep ocean.
Moving landwards, atolls shoal to a reef ﬂat, typically only a meter or so deep, than
can extend for 100’s of meters to kilometers. On some atolls, reef islands, carbonate
detrital landforms, are perched atop these shallow reef ﬂats. Parameterizations of sediment transport pathways and feedbacks using hydrodynamic proﬁle modeling motivate
a conceptual model whereby reef islands accrete towards the ocean surface until bed
stresses increase such that active sediment mobilization should both drive sediment oﬀ
the ﬂat and drive local abrasion. As the reef ﬂat grows lagoonwards, shear stresses
decrease across the ﬂat, providing a mechanism for mid-ﬂat accretion of either stormdriven detritus or even a self-organizing process of island emergence. With a reef island
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(motu) present upon a reef ﬂat, this island should grown oceanwards until a few hundred
meters from the active coast.
Sea-level rise and wave climate change will aﬀect sediment transport and shoreline
dynamics, including the possibility for wholesale reorganization of the islands themselves. Parameterizing previous results using machine learning techniques, a simple
model of reef ﬂat and island morphodynamics shows that during rising sea levels, the
reef ﬂat can serve as a sediment trap, starving reef islands of detrital sediment that could
otherwise fortify the shore against sea-level-rise-driven erosion. On the other hand, if
reef ﬂats are currently shallow (likely due to geologic inheritance or biologic cementation processes) such that sea-level rise does not result in sediment accumulation on the
ﬂat, reef island shorelines may be more resilient to rising seas. This simpliﬁed modeling approach, focusing on boundary dynamics and mass ﬂuxes, including carbonate
sediment production, provides a quantitative tool to predict the response of reef island
environments to climate change.
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Shoreline changes along the coast of the Sanquianga Natural Park, Colombian
Pacific Ocean
1

Germán Vargas Cuervo1, and Carolina Castrillón Ojeda1,2
Geography Departament, National University of Colombia, Bogotá, Colombia. gvargasc@unal.edu.co
2
Geography Departament, University of Cauca, Popayán, Cauca. ccastrillon@unicauca.edu.co

1. Introduction
The South Pacific Coast of Colombia can be
characterised by its dynamics which relates to
marine estuaries (Sanquianga), river deltas
(Sanquianga and Patia), and the formation of
extensive intertidal basins and river mouths or
estuaries with marine influences. Relevant studies
of multitemporal changes in coastal zones refer to
the influence of factors such as coastal topography,
anthropic interventions, the presence of various
forms of beaches, tidal currents, wave influence
and changes in sea level (Del Río et al., 2013; Jana et



Sedimentation rates - accretion from 2 - 7 m / year
forming active beach bars, are of coastal marine origin
and are presented in elongated form.

Figure 1. Erosion– Sedimentation- Accretion processes

4. Conclusions

al., 2014; Kumar et al., 2010; Pari et al., 2008; Sarwar
and Woodroffe, 2013). All these factors influence the
temporal variations of the shorelines. This work
analyzes the changes of the shoreline associated with
intertidal and geomorphological processes taking a
period of 37 years with 8 records from 1978 to 2015.

The analysis carried out with the GIS through the DSAS
method and statistical tools allow estimating the
behavior and evolution of the coastal zones information
which is essential for the evaluation of the hazard by
erosion. For this study was calculated 292 transects of
which 242 correspond to erosion processes and 50
transects to sedimentation - accretion processes. The
study area is mostly affected by erosion processes as is
shown in figure 1. The rates calculated for erosion reach
values higher than 20 m / year and sedimentation rates accretion up to 7 m / year. Erosion rates in most of the
coastline range occur on intertidal lowland beaches, and
sedimentation rates - accretion in the formation of active
beach bars.

2. Methods and materials
Eight Landsat MSS, TM, ETM, and LDCM satellite
imagery of the Earth Resource Observation and Science
Center (EROS) were used as working materials. These
are described in the following table:
Date
Time
Date
Time
15/06/1978
14:21:32 09/04/2001
15:15:59
02/11/1986
14:44:27 13/02/2004
15:14:37
25/06/1991
14:48:33 08/08/2010
15:17:43
04/02/1998
15:01:26 11/06/2015
15:25:09
Table 1. Satellite images used in the study
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These images were digitally processed with geometric
corrections,
spatial
enhancement,
radiometric
enhancement and spectral enhancement and later
interpreted
multitemporal
shoreline
and
geomorphological features in vector format. In order to
perform the analysis of changes in the shoreline
produced by processes of erosion and sedimentation accretion, the Digital Shoreline Analysis System DSAS (Thieler, ER, Himmelstoss, EA, Zichichi, JL and
Ergul, 2009) allowed the calculation of the shoreline
change statistics, by taking a set of historical records and
the calculation of transects every 250 meters for a total
of 292. Finally, a spatial analysis was performed
integrating the processes and rates of erosion or
sedimentation - accretion with coastal geomorphology.

3. Results
According to the calculations, the following kinds of
variations were identified (Figure 1):
 Erosion rates with values between 2-4 m / year, 4-10
m / year and greater than 10 m / year in some stretches.
These areas are of coastal marine origin and are
formed by low intertidal beaches, which are dynamic
bodies in their extension and form.
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1. Introduction

1990s. This study made use of wave buoy data, tidal
records and the regular coastal surveys, comprising
beach surveys, LiDAR surveys and less frequent
bathymetric surveys. The study focussed on the data
available between 2001 and 2015 and will be updated to
include 2016 data for this paper.

Since approximately 2003 a spit has developed and
extended along the frontage of Pagham Harbour at a
relatively constant rate of some 80m a year. In 2016, this
spit breached at a location that is a short distance down
drift of the harbour entrance. Surveys over the last year
provide valuable information on the shoreward
migration of the portion of the spit downdrift of the
breach, infilling the channel behind the spit and
progressively feeding the downdrift coast. This recent
behaviour is also in contrast to the ebb-delta bypassing
reported by Barcock and Collins (1991) over an earlier
20-year period in the 1970s and ‘80s. This paper will
report the analysis of the historic data and modelling to
try and better understand the system behaviour.

3.1 Data analysis
The data were used to examine rates and positional
change of the spit distal end and the ebb delta. In
addition, the meander pattern of the channel landward of
the spit was also examined, for both this “spit event” and
previous similar events (Figure 1). Survey data were
used to examine volume changes on the frontage, and
spur features, that propagate normal to the coast, were
used to estimate littoral transport rates.

2. Pagham Harbour, UK

3.2 Modelling
The wave, tide and sediment data were used to construct
a time series of littoral drift which was compared to
previous estimates and used in the subsequent modelling
of spit progradation. The spit modelling was done using
an extension of the ASMITA model (Townend et al.,
2016). Initial modelling used a delta-channel-flat
representation to explore modes of closure. The model
was extended to include “dynamic” elements that could
change their morphological type with time. This allowed
shoreface elements to become spit elements, beach
elements to become channel elements and for the ebbdelta to migrate along the shore.

The environment in front of Pagham Harbour (West
Sussex, UK) is remarkably dynamic and continually
changing. It is characterised by a coarse sediment
‘double spit’ system with littoral drift generally
occurring in a net north-easterly direction across the
harbour mouth. The harbour’s tidal waters then need to
flood/drain across this pathway leading to conflicting
processes and complex changes in the morphology of
the spits, the ebb delta and the extent to which shingle
bypasses the inlet. The harbour and shoreline have also
been subject to multiple past and present anthropogenic
interventions (often to try and manage and ‘tame’ this
environment) which have played a key role in the
temporal changes occurring. Together these factors, and
changes in shingle supply, continually alter this
environment (Figure 1).

4. Conclusions

The modelling successfully reproduced the historic
development of the spit. The post-breach response was
less convincing and the data from the actual breach is
now being used to revisit this aspect. In addition, the
reasons for the switch between ebb-delta bypassing to a
prograding pit and back remains an open question.
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Figure 1. Aerial photos showing the evolution of
Pagham Harbour (1945 and 2015).

3. Method

The Channel Coastal Observatory has been collecting
and archiving a wide range of coastal data since the late
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value (5-6Hz). Our data showed that the hysteresis
behaviour was well captured by the non-equilibrium
model (Soulsby et al., 2012) even though the
equilibrium model (Goldstein et al., 2013) better
predicted the actual equilibrium value.

1. Introduction
Wave-generated ripples in coastal regions have a large
influence on hydrodynamics and sediment transport
(Soulsby et al, 2012). Theoretical approaches, laboratory
experiments and field investigations have been carried
out to address the evolution of ripple geometry (e.g.,
Blondeaux, 1990), producing predictors of ripple
geometry that usually assume an instantaneous response
to hydrodynamic forcing (see Soulsby et al, 2012).
However, hysteresis behaviour has been shown to be
relevant under a variety of conditions (e.g., Austin et al.,
2007). For example, field observations indicated that
ripple spacing increased gradually with wave forcing,
while ripples did not change when wave action
decreased (Traykovski et al., 1999). Here, we present
laboratory experiments on ripple morphodynamics under
varying forcing conditions, to further investigate
methods to characterize and predict hysteresis effects.

2. Methodology
The experiments were conducted on a wave-flume with
a length of 54m and a width of 2m. Waves are generated
by a 2m by 2m piston-type wave-maker. The seabed,
18m long and 0.2m deep, consisted of well-sorted silica
sand (d50=0.31mm). Water depth was set to 0.4m for all
experiments. Three cameras were installed on the side
(2) and above (1) the flume to collect images every 10
seconds. Experiments were carried out changing wave
height, H, and period, T, after a fixed time. Images were
analyzed to extract light intensity from along-channel
pixel transects, and spectral analysis was used to study
ripple evolution.

Figure 1. (a) Wave height (blue line) and period (black
line). The two pictures show the bedform geometry
during stage 1 (left) and 2 (right). (b) Ripple wavelength
derived from spectral analysis, equilibrium and nonequilibrium models. (c) Time series of power spectral
density (see text for details).
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3. Results
Figure 1 shows an example of the obtained data from
one of the experiments. The experimental sequence
shown consists of: 1) start from a flat bed, 2) run a 1hour long series of H=0.12m, T=2.5s regular waves, 3)
run a series of H=0.15m waves (period remained
unchanged) for 3 hours (Fig. 1a). Fig.1c shows the
distribution of the energy in the frequency domain. The
dominant ripple spacing is equal to the reciprocal of the
peak frequency and so can be compared with the
existing predictions from equilibrium and nonequilibrium models (Fig.1b). Initially, energy is present
over a broad range of frequencies (5 to 16 Hz) and it
takes about 20 minutes for the dominant frequency
(7Hz) to emerge. Notice that while the equilibrium
model does not predict this transient, the nonequilibrium model tested overestimated the duration of
the transient time. When wave height increased to 0.15m
(60-240 mins), the hysteresis effects were evident.
Although the wave height increased, the peak frequency
remained stable for approximately 10 minutes.
Subsequently, the frequency increased to its equilibrium
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surveys between October 2013 and December 2014
(Fig. 1, right). There are bathymetric surveys roughly
every year and three/four profile surveys every year. We
extract 36 shorelines from profile surveys between 2003
and 2016 at the NE shoreline. These data are obtained
from the U.K. Channel Coastal Observatory. Shoreline
undulations appear in 2007 and 2014 with a wavelength
of about 0.5 km. The 2007 undulations ended up being
smoothed while the 2014 ones persist until 2016
migrating to the N. To quantify the dominance of SW
waves at the NE shoreline, i.e., high-angle waves
relative to this shoreline, we compute the SW/NE waveenergy-ratio as a function of time, t0, (Fig. 2) during the
interval between two extracted shorelines, ∆t:
R(t0)=ESW(t0)/ENE(t0) where

1. Introduction
Alongshore rhythmic morphological patterns at different
length scales are quite common along sandy beaches.
Well known examples are mega-cusps and crescentic
bars/rip channel systems with alongshore wavelengths ~
100-1000 m. At larger scales (~1-10 km or more) there
are the km-scale shoreline sand waves (KSSW). During
the last two decades there has been much research to
unravel the origin of such intriguing patterns and to get
insight into their dynamics. The hypothesis that they are
self-organized and they emerge out of positive
feedbacks between hydrodynamics and morphology has
been amply confirmed by mathematical modelling. In
particular, the potential role of high-angle wave
incidence (HAWI) has been investigated (Ashton et al.,
2001; van den Berg et al., 2012; Kaergaard & Fredsoe,
2013). However, the large spatial and temporal scales of
these patterns have proven a major constraint to contrast
the hypothesis with nature. This is because these tests
would require detailed measurements of the bathymetry
and the wave conditions during their formation from a
featureless morphology. Such data are not reported in
the literature and at best there are sites, such as the coast
of Namibia, with already fully formed KSSW. The aim
of this contribution is to test the HAWI mechanism by
comparing model results with high-quality observations
of KSSW along a stretch of coast in England.

E SW (t 0 ) = ∫

315

135

dθ ∫

t 0 + ∆t

t0

H 5 / 2 dt

and a similar expression is used for ENE with an integral
from -45o to 135o. It is found that the formation events
correlate with large R values (e.g., 2007 and 2014) and
for low R values the shoreline remains relatively smooth
with only small-scale undulations (e.g., 2009-2011).
This suggests that HAWI is playing an important role in
the formation of the large-scale undulations. The clear
formation events and the 2007-destruction event provide
a unique opportunity to compare observations with the
outputs of morphodynamic models (e.g., van den Berg et
al., 2012). This comparison is under way in order to test
the self-organization hypothesis (HAWI).

2. Site
Dungeness is a cuspate foreland at the English shore of
the Dover straight. It is a quite steep gravel beach
without shore-parallel bars. Data from a wave buoy at
43 m depth show a bimodal wave climate with incident
waves mainly from the South-West (SW) and from the
North-East (NE). The former are dominant (Fig. 1, left),
35% vs 65% from 2006 to 2015). Focusing on the NE
coast (green square in Fig. 1, left) and because of the
shape of the cape, the SW waves are very oblique (highangle waves) and the NE waves are nearly shore-normal
(low-angle waves).

Fig. 2 SW/NE wave-energy-ratio during the intervals of
extracted shorelines.
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Fig. 1 Study site, wave rose and 5-m-depth bathymetries
on 2013 and 2014.
3. Formation and destruction events
The formation of shoreline undulations has been clearly
observed in the NE coast by means of bathymetric
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1. Introduction
Sand waves are periodic bedforms, often observed in tidal
environments where sand is abundant. Sand waves have
crests perpendicular to the main direction of the tide and
the spacing of the crests is of the order of hundreds of
metres, their height is of several metres and they migrate
at a speed of a few metres per year.
In the regions where shortage of sand does not allow the
formation of typical sand waves, the field observations
show sandy mounds that, for similar hydrodynamic and
morphodynamic conditions, are characterized by crest-tocrest distances which are larger than the wavelengths of
the sand waves which form where sand is abundant. In
particular, sandy mounds were observed by Le Bot and
Trentesaux (2004) in the English Channel close to the
strait of Calais-Dover.

Figure 1. Time development of sand waves in an
environment with abundance of sand.

2. The model
The model by Besio et al. (2006) has been extended to
take into account that the sediment transport rate is modified in sediment-starved environments and to describe the
dynamics of the sandy mounds. The sediment transport
is computed following the approach by Blondeaux et al.
(2016), who studied the formation of ripples by an oscillatory flow when only a thin layer of sediment covers
the rigid substratum. Indeed in sediment-starved environments, the local sediment transport rate depends both on
the local shear stress and on the upstream value of the
sediment transport rate.

3. The results
A comparison of the model predictions with the field data
collected by Le Bot and Trentesaux (2004) supports the
reliability of the idealized model.
The time development of the bottom configuration is
computed by integrating Exner (sediment continuity)
equation and the results suggest that the sandy mounds
have wavelengths which are larger than those observed
in environments with abundance of sand (sand waves), in
accordance with field observations.
Figures (1) and (2) show the formation of sand waves (figure 1) and sandy mounds (figure 2), respectively.
The results show that both sand waves and sandy mounds
migrate when the symmetry of the flow, due to the M2constituent, is broken by the presence of more tide constituents. The migration of the bottom forms takes place
in the direction of the residual current when only the Z0
constituent is added to the semidiurnal constituent. However, the bottom forms can migrate even in the opposite
direction if the M4-constituent is also added with an appropriate phase.

Figure 2. Time development of sandy mounds in a
sediment-starved environment. At the beginning there is
a layer of sand of 30 cm over a rigid substratum.
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1. Introduction

3. Results

A series of laboratory experiments was conducted on a
recirculating wave and current flume to investigate the
onset and evolution of ripples upstream, within, and
downstream of an array of rigid cylinders representing
submerged aquatic vegetation. Researchers have
developed predictors for wave ripple characteristics
based on wave and sediment parameters (e.g., Goldstein
et al 2013 and references therein). We test those
approaches adding the presence of vegetation, simulated
with submerged arrays of rigid cylinders protruding from
a sandy bed, and quantify their impact on ripple amplitude
and wavelength under a variety of wave and combined
(wave and current) flow conditions.

Image intensity from the ensemble images was used to
obtain the changes in bed elevation. The procedure
accurately captures ripple spacing, but does not provide
accurate information about ripple height. An additional
calibration, using side-view pictures of the resulting
morphology, provided the needed calibration factor to
estimate ripple height from pixel intensity. Fig. 2 presents
the images from selected wave-only series (H=16, 18, 20
cm) for both arrays. Notice only the sparser case allows
us to see and measure ripple formation within. Different
ripple patterns are noticed before and after the arrays.
While for wave-only cases can be seen as a result of wave
dissipation only, the combined flow cases highlight the
impact of flow-vegetation interactions on bed
morphology, not only by a wave-smoothening or
steepening effect, but also by the coherent flow structures
generated at both diameter- and array-scales.

2. Experimental setup
Experiments with only waves, and with currents
following and opposing the wave direction were
conducted in a 2 m wide flume. Waves were generated by
a piston-type wave maker. Two pumps running in parallel
allowed for the generation of currents along and opposing
the waves. A 6 m long random array of rigid cylinders,
diameter d=2cm, was placed at the middle of an 18 m
long, 0.21 m deep sandy bed, with a median grain size d50
= 0.28 mm (see Tinoco & Coco 2016 for details). Water
depth was kept at D = 0.42 cm, for a submergence ratio
h/D = 0.5, where h is the cylinders height. Two array
densities, n=25 and 150 cyl/m2 were investigated (Fig. 1).

Figure 2. Ripple patterns for (top to bottom) H = {0.16,
0.18, 0.20} m for n= 25 (top three) and n = 150 cyl/m2
(bottom three). Solid line indicates elevation profile.
Figure 1. Sideview of the 6 m long array of rigid
cylinders at the center of the 18 m long sand bed.

4. Conclusions
Ripple height and spacing were measured before, within
and after arrays of rigid cylinders. The results are
compared with theoretical predictions and showcase the
relevance of characterizing flow-vegetation interactions
beyond a purely wave-dissipation approach, towards
inclusion of resulting turbulence and coherent flow
structures

Time series of velocities and free surface elevation were
recorded using arrays of acoustic Doppler velocimeters
(z/h = {0.12, 0.33, 0.50, 0.63, 0.76} at the mid-length of
the array) and capacitive wave gages, respectively. A
camera was mounted on a moving cart with a precision
positioning sytem on top of the flume to acquire images
along the full length of the sediment bed. The bed was
flattened before each experiment and images were
acquired after each series of regular waves, with period
T=2.5 s, with wave heights from H = 4 to 20 cm, and mean
currents (along and opposite to wave propagation) up to
20 cm/s, were finalized. A pair of lamps was set on the
moving cart to keep homogenous illumination on each
recorded picture.
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1. Introduction

3. Linear stability analysis

It is commonly observed that bed waves such as antidunes
and cyclic steps are formed on the ocean floor by turbidity currents. In this study, we propose a linear stability
analysis of the formation of bed waves due to turbidity
currents on the ocean floor. We employ the assumption
proposed by Luchi et al. (2015) that the equilibrium normal flow condition can be achieved in a lower layer near
the bed which has no dynamic interaction with an upper
layer, and apply the simple mixing length turbulent model
as a turbulent closure to the lower layer.

We employ the following asymptotic expansions:
(ψ , c, Z, H) = (ψ0 , c0 , 0, 1) + A (ψ1 , c1 , Z1 , H1 ) ei(kx−ω t)
(7)
Here ψ is the stream function defined by (u1 , u2 ) =
(∂ ψ /∂ x2 , −∂ ψ /∂ x1 ), A, k and ω are the amplitude,
wavenumber and complex angular frequency of perturbation respectively.
We obtain the perturbation equations at O(A), which form
an eigenvalue problem with ω as an eigenvalue. The
eigenvalue problem is solved by the use of the spectral
collocation method with the Chebyshev polynomials.

2. Formulation
The movement of turbidity currents are described by the
following momentum equations and the continuity equation:
∂ Ti j
∂uj
∂ ui
uj
=
+ fi ,
=0
(1)
∂xj
∂xj
∂xj

4. Results

Here (i, j) = (1, 2), x1 and x2 are the coordinates in
the streamwise and depth directions respectively, ui is
the velocity component in the xi direction, ( f1 , f2 ) =
(c, −c/F 2 ), c is the concentration of suspended sediment,
and F is the densimetric Froude number. The stress tensor
Ti j is assumed to be
(
)
∂ ui ∂ u j
+
(2)
Ti j = −pδi j + νT
∂ x j ∂ xi
where νT is the eddy viscosity defined by

νT = l 2 |∂ u/∂ x2 | ,

l = κ x2 (1 − x2 )1/2

Figure 1. Instability diagram in the case that vs = 0.04.
Figure 1 shows the instability diagram (contours of
Im[ω ]) illustrated on the k-F plane in the case that vs =
0.04. The thick and thin solid lines are the neutral curve
and positive contours, and the dashed line is the line the
right and left sides of which correspond to the regions
where Re[ω ] > 0 and Re[ω ] < 0 respectively. Experimental data are also plotted in Figure 1. The closed circles and open triangles correspond to the downstream and
upstream migrating antidunes respectively. The agreement is not perfect, but it is qualitatively consistent with
the results of the analysis that the downstream-migrating
antidunes have larger wavenumbers than the upstreammigrating ones.

(3)

with κ denoting the Karman constant (= 0.4). The diffusion/dispersion equation of suspended sediment is
(
)
) ∂c
(
∂
∂c
=
(4)
νT
u j − vs δ2 j
∂xj
∂xj
∂xj
where vs is the settling velocity of suspended sediment.
In the above equations, all the variables have already been
normalized with the friction velocity Ũ f , the thickness of
the lower layer H̃, and the average concentration in the
lower layer C̃. The densimetric Froude number is then
defined by
F 2 = Ũ f2 /Rs gC̃H̃ = S
(5)

5. Conclusions
We perform a linear stability analysis of the formation of
bed waves due to turbidity currents with the use of the
mixing length turbulent model. The analysis can explain
the experimental results in part.

where Rs is the submerged specific gravity of suspended
sediment, and S is the bed slope. The time variation of the
bed elevation Z is described by

∂Z
= γ c(b) − unf
∂t

(6)
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where γ = ṽsC̃/Ẽ0 , Ẽ0 is the entrainment rate in the base
state normal flow condition, and b = 0.05.
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1. Introduction
Located at the interface between the marine and
terrestrial environment, our shorelines are among the
most productive ecosystems on earth, provide valuable
ecosystem services, and house great part of the world
population. A variety of natural processes continuously
change the shape of our coastal systems at scales
ranging from the ones of sediment grains to landscape
ones. Human interactions add a layer of complexity to
natural processes. Among the others, salt marshes are
coastal environments which have been found to offer
important services, to be ecosystem based flood
defences and to be particularly suitable to dissipate wave
energy and mitigate the impact of violent storms and
hurricanes (Leonardi et al., 2016b, Leonardi and
Fagherazzi 2014). As a consequence of sea level rise,
and of the increased occurrence of extreme weather
conditions, the world coastline is under high risk of
erosion and recession, and understating processes
responsible for coastal recovery is becoming a pressing
issue.

3. Conclusions
This research responds to the need for sustainable
shoreline management plans through a sensitivity study
of the morphological response of coastal environments
to external forcing and sediment budget. This might be
relevant to support decision making in regard to the
protection of coastal communities and coastal habitats.

Several efforts have been made to provide new insights
into the evolution of coastal environments and their
recovery. Among the others, The BLUE-coast
consortium (NERC Reference : NE/N015614/1) is
currently addressing these issues through an holistic and
multidisciplinary approach, combining the expertise of
coastal engineers, geologists, biologists, oceanographers
and geomorphologists by using numerical experiments
and field measurements. BLUE-coast will further
investigate long and short terms uncertainties in
sediment budgets and morphological changes.

Figure 1. Example of numerical model setup for one of
the study areas (East Anglia).
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2. Results
Within the previous context this work use numerical
models (ROMS, and Delft3D) to investigate
morphological changes along coastal environments at a
regional and local scale within the coast of East Anglia
(Figure 1), as well as at several other locations in the
United States (e.g. Leonardi et al., 2016a). These
numerical tools consist of hydrodynamic models
coupled with morphological and sediment transport
modules suitable for long and short term morphological
investigations. Results suggest that the shape of existing
shorelines, as well as the survival of existing coastal
habitats depend on the continuous feedbacks among
sediment budgets, and external forcing such as tidal
currents and wind waves. Results further suggest that
morphological changes might trigger hydrodynamic
mechanisms which in turn intensify the morphological
response of the system and might undermine the system
recovery.
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1. Introduction
Over sufficiently long distances, the bed sediment of
rivers most often becomes finer in the downstream
direction. There appears to be no single driver for this.
The chief drivers are often thought to be abrasion (e.g.
Yatsu, 1955) and selective deposition of coarser material
(e.g. Cui and Parker, 1998). Downstream fining may be
accompanied by a transition point, or transition reach
from a gravel-bed to a sand-bed configuration. In some
cases, such transitions may be relatively sharp (e.g.
Yatsu, 1955), but in other cases it may be more diffuse
(e.g., Frings, 2010; Venditti et al., 2015). The transition
itself has been attributed to a breakdown of clasts into
constituent crystals (Yatsu, 1955) b) depletion of the
gravel through deposition (Ferguson, 2003), c) damped
collisional abrasion of finer grains (Jerolmack, and
Brzinski, 2010) and d) rainout of sand from suspension
(Venditti et al, 2015, Lamb and Venditti, 2016). Here we
explore downstream fining using an input sediment that
is purely unimodal. Any gravel-sand transition should be
produced purely by the internal interactions in the
model.

3. Goals
The goals of the modelling exercise are a) to develop a
model of downstream fining of sand and gravel in which
both are treated in exactly the same way, and b) to see if
the interplay between sand and gravel can spontaneously
give rise to a relatively sharp transition from gravel to
sand.
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2. Outline of the model
The model focuses on the interaction of grains of
different sizes, ranging from fine sand to cobbles. The
following assumptions are used.
 The input sediment is taken to be an
undifferentiated mixture of sand and gravel
with no bi- or multi-modality (Figure 1).
 Abrasion and other kinds of grain breakdown
are neglected.
 The long profile of the river is assumed to
consist of a channel and a floodplain, and is
assumed to be undergoing slow subsidence.
 Sediment conservation is specifically accounted
for in all grain size ranges.
 Relations for bedload transport and sediment
suspension are to be grain size-specific, with
exactly the same relations used for sand and
gravel
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Figure 1. Sample input size distribution of sand and
gravel.
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1. Introduction
Armored gravel bed formation in rivers downstream of
dams may be serious problems caused by the cutoff of
sediment supply. Releasing flows large enough to
generate shear stresses adequate to mobilize the coarse
gravels in the armor layer is not always appropriate,
because other problems such as generation of flows with
high turbidity may arise. On the other hand, when fine
sediment (i.e. sand) is present in streambeds composed
of coarse gravels, the gravel can be more easily removed
as compared with gravel beds without fine sediment (e.g.
Ikeda, 1984). Gravel augmentation using fine gravel has
been recently demonstrated as a viable alternative to
mobilizing coarse surface layers. However, the effect of
gravel mobilization on channel evolution was hardly
discussed. In this study, we investigate the effects of
sand supply to the armored gravel bed associated with
sand covering on gravel mobilization and channel
evolution. A subsurface layer in an armored bed may
contain not only gravel but also sand. We also examined
the effect of sand in the subsurface layer on gravel
mobilization experimentally.

Figure 1. Masses of gravel and sand from mobile-bed

(a) Longitudinal profiles
(b) Transverse profiles
Figure 2. Channel evolution in RC33.
(RC32 and RC33) was considerably larger than that for
the experiment without the sand covering (RC31). This
result indicates that sand supply to the gravel-bed
surface does indeed activate gravel mobilization. This
may also be accelerated by the low friction angle of
Gravel A engendered by the exposure of Sand B, which
was originally in the subsurface layer, to the flow after
removing gravel from the surface layer.
Figure 2 shows the longitudinal and transverse profiles
of the movable-bed area at the final stage of RC33. The
bed evolution hardly proceeds at the longitudinal lefthalf of the channel without the sand covering, whereas it
proceeds actively at the longitudinal right-half with the
sand covering. In particular, the bed erosion was
expanded toward the left-half area as shown in (b) in
Figure 2. As a result, the width of the channel increased.
This result shows that the gravel mobilization due to
sand supply may cause channel evolution.

2. Experimental setup and procedure
Experiments were conducted in a straight open channel
with a length of 16 m and a width of 0.5 m. A box was
used as a mobile-bed area with a length of L = 1.8 m and
a width of B = 0.5 m. The other area of the channel was
provided with a fixed bed of uniform gravel. Three
kinds of uniform sediment, Gravel A of mean grain size
7.1 mm, Sand A of 1.4 mm and Sand B of 0.52 mm, and
the mixture, which was made from Gravel A and Sand B,
were used for the experiment. The mobile-bed area was
an armored bed which was made by supplying a lowflow rate in the absence of sediment feed to the mobile
bed composed of the mixture. The longitudinal right half
of the mobile-bed area was covered with Sand A before
commencing experiment. The amounts of Gravel A and
Sand B which moved from their original positions were
measured sequentially during the experiment. The bed
surface elevations were measured in a prescribed timing.
In order to clarify the effects of the sand covering and
subsurface sediment, the experiments without the sand
covering and/or without Sand B as subsurface sediment
(only Gravel A) were conducted.

4. Conclusions
1. Gravel in rivers with armored beds can be relatively
easily mobilized by supplying sand due to the sand
covering. The sand fraction in the subsurface layer in the
bed can play a role of the friction angle reduction for
gravels.
2. The channel evolution can be caused by the sand
covering through the gravel mobilization.

3. Experimental results and discussions
Figure 1 shows the masses in grams of Gravel A and
Sand B (subsurface sediment) removed from the mobilebed area in the case of Q3 = 0.030 m3s-1. The mass of
Gravel A that was removed for which Sand A was
supplied to the mobile-bed area via sand covering
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2. Results

1. Introduction

Preliminary results on the bedload dynamics are
presented in Figure 2. Compared to the Camenen &
Larson (2005) formula that yields consistent results for
each class of sediment alone, one can observe a clear
increase of the coarse sediment transport capacity due to
lubrification effects of the fine fraction. On the other
hand, trapping effects reduce significantly the fine sand
transport capacity.

The dynamics of a sediment mixture is a typical issue
for alpine rivers where poorly sorted sediments are
found (Camenen et al., 2015). There exist some studies
on the interaction between the two classes of a bimodal
mixture (Wilcock et al., 2001, among others) but there
are generally based on an initial well-mixed mixture. In
nature, one often observes layers of sediments with
different grain size distribution. In this study, we
specifically focus on the dynamics of fine sand
propagating over a bed made of coarse sand. One
originality of this work is that we used high resolution
imaging techniques to better describe the mechanisms at
the fluid-sediment interface.

2. Experimental set-up
Experiments were conducted at the multidisciplinary
laboratory of CT-scan for non-medical use (INRS,
Québec). A small horizontal channel (0.305x0.30x7m)
was used with a 5 cm thick bed made of coarse sand
(Dc50=1.5 mm) (Figure 1, left). A bed made of fine sand
(Df50=0.2 mm) was set in the upstream part of the
channel (Figure 1, right). The first part of the experiment
consists in propagating the fine sand over the coarse
matrix with a steady discharge not sufficient to transport
coarse sand. Then, the flow is increased step by step to
study sediment transport and the interaction between the
two classes of sediments.

Figure 2. Fine and coarse sediment bedload transport as
a function of the Shields parameter.

3. Conclusions
A laboratory experiments is presented on the dynamics
of a fine and coarse sediment mixture using high
resolution imaging techniques. Classical lubrication and
trapping effects were identified. An analysis of the flow
and sediment dynamics close the bed thanks to PIV and
CT-scan measurements should provide more detailed
information on the observed phenomena.
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The flow was characterised using a PIV system fixed on
the CT-scan as well as a Vectrino II positioned
downstream (Figure 1, left). Sediment transport was
measured using a trap on the downstream part of the
flume (bedload) and water samples were taken at
different positions above the bed. The CT-scan measures
3D attenuation of X-rays, which can be related to matter
density. It was used to evaluate the fine sediment
infiltration in the coarse matrix and the dynamics of the
bed surface interface using the dune-tracking technics.
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retical or numerical problems have been studied to understand how the input parameters of the model affect the
model outputs: (i) the derivation of the stochastic evolution equation for the number of moving particles over
fixed plane beds, which leads to exact analytical solutions of the particle activity fluctuation; (ii) the nonlinear
simulation of the ensemble-averaged SVEE, which successfully captures the anti-dune regime observed experimentally; (iii) the nonlinear simulation of the stochastic
SVEE, which is considered a major challenge.

1. Introduction
Describing bedload transport as a stochastic process is an
idea that emerged in the 1930s with the pioneering work
of Einstein. For a long time, the stochastic approach attracted marginal attention, but the situation has radically
changed over the last decade with the recent advances in
the theory of bedload transport and high-resolution measurements of sediment transport rates. This paper outlines
the main achievements in our approach to bedload transport in mountain streams under low to moderate flow conditions.

5. Conclusions
The solution to the stochastic SVEE captures all the physical phenomena observed experimentally. The chaotic
fluctuations of the sediment transport rate reflect the complex interactions between stochastic fluctuations of particle displacements and the nonuniform water flow resulting from bed form development. The part played by particle diffusion is also evaluated in our numerical simulations. Contrary to common belief (within the computational hydraulics community), including diffusion (in the
governing equation of c) improves the predictive capability of the model. In mountain streams, stochastic models
perform thus better than deterministic approaches at capturing not only the average sediment transport rate, but
also its standard deviation and higher-order moments.

2. Sediment transport as a stochastic process
The building block of our approach is an Eulerian description of the number N of moving particles in a fixed
volume. An evolution equation for N can be derived using the framework of birth death Markov process (Ancey
et al., 2008). By generalizing this equation to an array of
adjacent volumes, we end up with a stochastic formulation of the mass balance equation for the bedload (Ancey
and Heyman, 2014). The number of moving particles per
unit streambed area is called “particle activity” γ. In our
approach, γ is a random variable, which varies with time
as a result of entrainment, deposition, and transport. Under steady state conditions, the model is able to capture
the salient features of sediment transport (i.e., the probability distribution function of transport rate, its autocorrelation time) (Ancey et al., 2008). An ensemble-averaged
equation can also be derived
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∂t c + ū p ∂x c = λ − κc + D∂xx c
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where c = hγi is the ensemble-averaged particle activity,
D particle diffusivity (which may include scale-dependent
nonlocal effects), ū p particle velocity, and λ − κc is the
net result between entrainment and deposition (Ancey and
Heyman, 2014; Ancey et al., 2015).

3. Coupling with the water stream
There is naturally a strong coupling between transported
sediment, bed morphology, and flow conditions, which
can be described using the shallow water equations supplemented by the stochastic mass balance equation (that
can be considered a stochastic Exner equation). We therefore refer to the resulting system of equations as the SaintVenant–Exner equations (SVEE) (Bohorquez and Ancey,
2015, 2016).

4. Comparison with laboratory data
We present laboratory applications on steep slope (Froude
numbers & 1) that are representative of conditions in
mountain gravel-bed rivers. Well-controlled experiments
show large fluctuations of the bedload transport rate under constant supply of water and sediment. Three theo-
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1. Introduction
The interactions of the coherent structures in the turbulent boundary layer with sediment grains are responsible
for the complex dynamics of bedload transport. The collective particle motion typically shows fluctuations for a
wide range of temporal and spatial scales, which produce
scale-dependence of the global sediment flux. Recent investigations have provided new insights on this dynamics of bedload through the development of Lagrangian
models of particle transport. These sediment models
have been either based on high-resolution simulations of
the flow, such as direct numerical simulations (DNS) or
large-eddy simulations (LES), (e.g. Schmeeckle, 2014;
González et al., 2017), or on statistical models with a
mechanistic basis (e.g. Furbish and Schmeeckle, 2013;
Fan et al., 2014). In this investigation we seek to further
our understanding of bedload transport, by connecting the
results of DNS calculations for different Shields numbers,
to the development of stochastic models for particle kinematics, and the statistics of the bedload transport flux.

Figure 1. Scaling of the particle displacement variance.
Comparison among different stochastic models and DNS
simulations with a Shields parameter θ =0.61.

4. Conclusions
In this investigation we combine the results of highresolution DNS-DEM Lagrangian simulations with
stochastic models of particle kinematics to characterize
the statistics of bedload transport. We analyze the effects
of the Shields parameter on the statistics of particle motion, improving the description of the sediment flux by incorporating information of the flow physics in stochastic
models of particle transport. Future analysis will focus
on additional parameters and particle size distributions,
to understand their influence on bedload transport and the
characteristic scales of particle dynamics.

2. Lagrangian simulations of bedload transport
In our recent work (González et al., 2017), we carried out
DNS coupled with the discrete-element method (DEM),
to simulate the dynamics of 48510 particles in a rectangular domain, with a bulk Reynolds number equal to
Re=3632. We performed eight simulations maintaining
constant particle Reynolds number and sediment diameter, varying the Shields parameter between 0.03 (below the critical value) and 0.84. From the time series
of bedload transport, we analyzed the intermittency for
cases near the threshold of motion showing that the transport flux can be characterized by a multifractal spectrum,
which is a function of the Shields number. Here we use
these results to study the statistics of particle kinematics,
developing stochastic models that can be used to represent
bedload transport at different scales.
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3. Stochastic modeling of particle kinematics
The results provided by the simulations of González et al.
(2017) are analyzed by describing the particle motion using different stochastic models. These models include
linear and non-linear advection-diffusion equations, and
lag-one autorregresive Markov models with Gaussian and
non-Gaussian distributions. As shown in Fig. 1, for the
variance of particle displacements, non-Gaussian models
such as Gamma-autorregresive formulations, can capture
the scale dependence with better precision as the timescale increases.
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1. Introduction
Since long, bed forms are a popular research topic in fluvial morphodynamics. In this context, there appears to
be a clear separation between 1) a dune community and
2) a bar community. The dune community focusses on
e.g. the relation between dune dimensions and flow characteristics (Shields, 1936) three-dimensionality of dunes
(Venditti et al., 2005) and the transition to upper stage
plane bed (Naqshband et al., 2016). The bar community
focusses on e.g. the (slower) evolution of alternate bars
(Lanzoni, 2000), the regime change from meandering to
braiding (Crosato and Mosselman, 2009) and the relation
between bars and sediment supply (Nelson et al., 2015).
Interestingly, both communities operate largely independently, filtering out bed forms of other spatial scales as a
first step. In the dune community, the study of superimposed bed forms (dunes and ripples) is a topic of interest
(Best, 2005), yet the interaction with larger scale features
is relatively unexplored. Dunes and alternate bars often
coexist and will therefore most probably have an influence on each other’s evolution. In the present study, the
authors aim to quantify this relationship using an extensive dataset of multi-beam echo-sounding measurements
on a large domain both in space and in time.

Figure 1. De-trended bed level over 10 km in the Waal
River. Inset: hydrograph over the dashed cross-section.

Figure 2. Bed level after moving average procedure with
∆s = 3 km, from 23/03/2011 to 12/04/2012. Two
transects are shown: to the left/right of the river axis.
STW, which is part of the Netherlands Organization for
Scientific Research (NWO), and which is partly funded
by the Ministry of Economic Affairs under grant number
P12-14 (Perspective Programme).

2. Methods
The used dataset consists of fortnightly bed level scans of
the fairway of the Waal River in the Netherlands, available
from 2005 onwards. The spatial resolution of the gridded
data is 1 m × 1 m with at least 95% of the cells consisting
of 5 hits or more. For this study a transect of 40 km along
the river axis is taken into account. Besides the morphological data, water levels at three points and discharges
at one point in the study area are available on a daily basis. A zoom of the middle 10 km is shown in Figure 1,
showing the de-trended bed level and the hydrograph.
A first quick analysis using a moving average with a window of 3 km shows that an alternate bar pattern exists in
the Waal River, but that the bars hardly move over the period of one year (Figure 2). Dunes however, can easily be
seen propagating through the river (not shown).
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3. Outlook
Complementary mathematical methods are considered to
quantify and study the link between dune behaviour and
the bar regime, including wavelet and principle component analysis. The resulting synoptic overview of bed
form dynamics across the spatial scales from dunes to
bars will set a benchmark used in a later stage to investigate the influence of river engineering measures on hydraulic roughness.
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1. Introduction

becomes exposed and alters the surface grain size distribution, which in turn can alter the hydraulic and sediment
transport fields through grain-size-roughness feedbacks.
The frequency, height, and width of the alternate bars is
significantly modified when the model is allowed to access bed stratigraphy. Stratigraphic feedbacks also have
a noticeable influence on patterns of bed surface sorting.
As seen in Figure 1, the bar tops are coarser and pools
finer when stratigraphy is included in the model dynamics. The bars in the model with stratigraphy may be wider
and higher because increased roughness over bars pushes
the primary sediment transport path away from the bars
allowing for increased deposition along the bar edges.

As rivers aggrade, they develop heterogeneous stratigraphy in the downstream, cross-stream, and vertical directions. During subsequent periods of degradation, this
heterogeneous subsurface material may be exhumed and
potentially feedback on the processes that drive morphodynamic evolution. However, these surface-stratigraphy
feedbacks are poorly understood and difficult to predict.
Here we implement the ability to store, track, and access
bed stratigraphy in the two-dimensional (2D) morphodynamic model FaSTMECH and examine the feedbacks of
vertical sorting on straight channels with alternate bars.

2. Methods
We generalized the one-dimensional (1D) stratigraphy
framework developed by Viparelli et al. (2010) into a 2D
framework and incorporated it into FaSTMECH, a 2D
morphodynamic model that Nelson et al. (2015) recently
modified to be able to simulate mixed-grain-size sediment
transport and bed evolution. Validation of the 2D stratigraphy framework is yet to be conducted. Nonetheless, we
are confident the minimally altered 2D framework performs well, as 1D validations by Viparelli et al. (2010)
were successful.
Two straight channel flume scenarios are simulated. Each
scenario is run with and without stratigraphy enabled to
examine effects of stratigraphy on morphodynamics. Scenario 1 is based on the 60 m St. Anthony Falls Laboratory
flume experiment used in Nelson et al. (2015). This scenario has an obstruction at the upstream end of the flume
to force formation of fixed alternate bars. Scenario 2 is a
200 m straight channel without an upstream obstruction.
The lack of obstruction allows for freely migrating alternate bars to form.

Figure 1. Comparison of surface D50 for scenario 2 with
and without stratigraphy.

4. Conclusions
Under conditions of freely migrating alternate bars, vertical sorting of the bed (stratigraphy) has a significant
effect on bed morphology and surface sorting. During
degradation, the surface GSD is altered which modifies
the flow and sediment transport fields via roughness feedbacks. These feedbacks result in increased surface sorting
as well as modifications to the magnitude and frequency
of bar forms.

3. Simulation Results
3.1 Scenario 1
For the 60 m straight channel with an upstream obstruction, there are minimal changes to sediment sorting and
bed morphology when including stratigraphy. This is
likely due to the forced bar development imposed by the
obstruction. Stationary bars do not allow for cyclical periods of aggradation and degradation which prevents dynamic interaction between stratigraphy and the active bed
surface layer. Therefore, subsurface grain size distributions remain essentially unchanged resulting in minimal
impacts on surface sorting and bed morphology.
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3.2 Scenario 2
Significant changes in bed morphology and surface sorting are observed for the 200 m straight channel without
an obstruction. These bars are freely migrating which allows cyclical periods of aggradation and degradation resulting in the formation of complex vertical sorting in the
bed. During periods of degradation, this stored material
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topography in response to sorting effects, leading to the
accumulation of fine sediment on the top of the bars and
the presence of coarse sediment in the pools. Finally,
vertical sorting of sediment is observed and bar height is
damped with graded sediment, as showed by the linear
stability analysis of Lanzoni and Tubino (1999) and the
experiments of Lanzoni (2000).

1. Introduction
Rivers inherently show a certain degree of variability
in Grain Size Distribution (GSD), which strongly alters
the characteristics and dynamics of alluvial bars at the
macro-scale (Lanzoni, 2000b). Moreover, rivers may be
subject to drastic sediment supply changes in time
(Mossa, 2016), that in turn can significantly modify the
bar characteristics and dynamics (Venditti et al., 2012;
Podolak and Wilcock, 2013). Nowadays, the
understanding and the modelling of the impact of the
sediment grading and sediment supply on bar
morphodynamics remains limited (Mendoza et al., 2016;
Siviglia and Crosato, 2016). In order to investigate the
impact of the grain size heterogeneity and sediment
supply condition on bar morphodynamics, a set of twodimensional fully-nonlinear morphodynamics numerical
models, based on the laboratory experiments of Lanzoni
(2000a,b), have been implemented in the Telemac
modelling system (TMS).

Figure 1. Riverbed evolution using uniform sediment, at
time t = 10 days with (a) sediment feeding and (b)
recirculating sediment.
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2. Material and methods
Morphodynamics processes are modelled with the 2D
depth-averaged hydrodynamics solver of the TMS,
internally coupled to the sediment transport and bed
evolution module. Two bedload formulas have been
selected for the present study: the original formula
proposed by Meyer-Peter and Müller (MPM) (1948),
used for uniform sediment transport, and the formula of
Wilcock and Crowe (2003) used for the transport of
graded sediment. The present model includes the active
layer concept of Hirano (1971) for sediment mass
continuity. Recirculation of sediment has been
implemented to reproduce the re-injection of sediments
exiting the downstream boundary through the upstream
boundary. Two distinct laboratory experiments of
alternate bar formation carried out by Lanzoni (2000a,b)
are reproduced numerically, one using uniform
sediment, the other one using graded sediment.

References
Hirano, M. (1971). River bed degradation with
armoring. PhD thesis, JSCE.
Lanzoni, S. and Tubino, M. (1999). Grain sorting and
bar instability. Journal of Fluid Mechanics, 393:149–
174.
Lanzoni, S. (2000a). Experiments on bar formation in a
straight flume 1. Uniform sediment. WRR, 36(11).
Lanzoni, S. (2000b). Experiments on bar formation in a
straight flume: 2. graded sediment. WRR, 36(11).
Mendoza, A., et al. (2016). Effect of sediment transport
boundary conditions on the numerical modeling of bed
morphodynamics. Journal of Hydraulic Engineering.
Meyer-Peter, E. and Müller, R. (1948). Formulas for
bed-load transport. In International Association for
Hydraulic Structures Research. IAHR.
Podolak, C. J. P. and Wilcock, P. R. (2013).
Experimental study of the response of a gravel
streambed to increased sediment supply. Earth Surface
Processes and Landforms, 38(14):1748–1764.
Siviglia, A. and Crosato, A. (2016). Numerical
modelling
of
river
morphodynamics:
latest
developments and remaining challenges. Advances in
Water Resources, 90:1–9.
Wilcock, P. R. and Crowe, J. C. (2003). Surface-based
transport model for mixed-size sediment. Journal of
Hydraulic Engineering, 129(2):120–128.

3. Results

On the one hand, our numerical simulations show that
the sediment boundary condition has a strong impact on
the system dynamics in the late stages of the numerical
runs (Fig. 1), and supports the idea that long term bars
morphodynamics is highly influenced by the type of
upstream sediment boundary condition. On the other
hand, bar amplitude seems to be strongly sensitive to
sediment uniformity, while celerity and wavelength seem
to be only weakly affected by heterogeneity of sediment.
Furthermore, the surface texture coevolute with bedforms
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sediment input. It appears that alluvial coastal plain
estuaries tune their depth to the river depth and not to
the depth near the estuary mouth, so apparently the
upstream boundary determines the estuary depth. But
what determines the strength of the convergence of the
cross-section? This is less clear. Intuitively we
understand that it depends on the ratio of river discharge
to tidal flow, but the tidal flow is a consequence of the
convergence, rather than its physical cause. So there are
still many open questions, in particular to the physical
process underlying estuary shape.

1. Introduction
Nature manifests itself in sometimes surprisingly simple
patterns, even though we know that the underlying
coupled equations are complex and highly non-linear.
Alluvial estuaries, that are the result of interacting forces
of nature within a mobile sedimentary medium, are a
clear manifestation of such patterns. But what constrains
the formation of shape? Which physical laws are behind
it? The author does not have the answers, but raises
some pertinent questions.

2. What determines the shape
What defines the shape of alluvial estuaries? In coastal
plain estuaries with significant sediment input from the
upstream river system, empirical evidence shows that
the estuary width follows an exponential function and
that the mean tidal depth is more or less constant in the
tide-dominated region (e.g. Savenije, 2005, 2012).
Figure 1, reflecting the geometry of The Gambia
estuary, serves as an example, but Savenije (2015)
provides many more examples of similar geometries.
Hydraulically, this situation corresponds to an "ideal
estuary", where the tidal wave experiences little
damping (during low river discharge), and where the
tidal wave has a constant phase lag between high water
and high water slack. As a consequence, the free energy
in the estuary system is equally distributed, implying
equally distributed potential and kinetic energy. On top
of that, the shape of the estuary is such that the tidal
velocity amplitude is in the order of 1 m/s throughout
the estuary, in the same order of magnitude as the
bankfull flow velocity in the river feeding the estuary.
This velocity amplitude appears to be sufficient to bring
sediment into suspension, allowing the residual river
discharge to transport the river sediments out of the
system. This is an empirical observation, but is there a
physical process underlying estuary shape?
This is where it becomes difficult.
Philosophically, one could say that the equal distribution
of energy throughout the estuary is the most probable
state that the system is in. This points towards maximum
entropy. One could also reason that the tidal amplitude
of 1 m/s is connected to the critical shear stress to bring
sediments into suspension, but why not a higher flow
velocity? Is the 1 m/s the most efficient way to achieve
sediment transport, and does this point towards
minimum energy expenditure?
And why is there no bottom slope? Probably a
stable estuary can also be achieved with a bottom slope.
Why then does the estuary develop towards a constant
depth? Is this also the most probable state?
Finally, what is the role of the boundary
conditions? On the ocean side, there is tide, wave action,
and the elevation of the ocean/sea floor. On the river
side, there is the morphological condition of the river,
defining the bankfull width, the depth and the water and

Figure 1. The Gambia, with the typical geometry of an
alluvial estuary with exponentially varying width and
constant depth.
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vegetation settlement. Vegetation species colonized
different parts of the estuary: Veronica beccabunga
germinated mainly in the lower intertidal area while
Sorghum bicolor emerged only in the drier areas on the
highest parts of bars and shoals. Addition of walnut
created patterns similar to mudflats on the bars and
shoals. Areas with vegetation also captured walnut
similar to the enhanced deposition of fines by marshes in
nature. Van Dijk et al., 2013 reported successful river
experiments with species settling, on which we now
build in our experiments with bidirectional flow and
multiple species.

1. Introduction
Large-scale planform shape and development of
estuaries are partly determined by saltmarsh and riparian
vegetation. Until now, the biogeomorphological
interactions have been studied mainly on the marsh scale
and rarely on the scale of entire estuaries for lack of
suitable models and scale experiments. Here we develop
the first-ever analogue models of entire estuaries with
mud and eco-engineering species to form mud flats and
saltmarshes to investigate large-scale morphological
effects.

2. Methods
The Metronome, a tilting flume of 20x3x0.3 m was
developed to simulate tidal motions and river flow. By
tilting the flume we created realistic sediment mobility
through increased bed slopes. The flume was filled with
poorly sorted sand for hydraulic rough conditions.
Crushed walnut shell was used to simulate mud because
it is transported in suspension due to its low density but
due to its smaller cohesion it does not entirely fixate the
bed as real mud would.
Plant species were released at the upstream river to
recreate natural vegetation settlement, growth, mortality
and eco-engineering effects of hydraulic resistance and
apparent sediment cohesion. We used multiple
vegetation species to represent different natural
vegetation types and environments: Veronica
beccabunga, Rumex hydrolapathum, Sorghum bicolor,
and the often used Medicago sativa (van Dijk et al.
2013). Experiments were first run for 1000 tidal cycles
to develop channels and shoals with areas suitable for
vegetation development. After each seeding event the
tilting was interrupted for 6 days to allow the seeds to
sprout at their relevant timescale.

Figure 2. A vegetated bar with multiple species
surrounded by mudflats

4. Conclusions
Different vegetation species spread with the water flow,
which offers the possibility to simulate estuary
biomorphodynamics. Determining which species
represents which habitat in nature will allow us to
reproduce natural biogeomorphological patterns and
study the effect of vegetation on the estuary planform.
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3. Results
The estuary developed fast during the first 1000 cycles,
causing widening, alternate and mid-channel bars, and
ebb and flood dominated channels. Seeds released at the
upstream boundary spread over the estuary and ended up
on bars, shoals and the estuary margins. The seaward
end of the estuary was too hydrodynamically active for
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Figure 1 The estuary after 1000 and 2250 tidal cycles. Seeding took place after 1000 cycles
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1. Introduction

using photogrammetry techniques (Liénard et al., 2016)
and manual quadrat surveys.

Mangrove forests provide many ecosystem services in addition to acting as a protective barrier against waves and
tidal currents (e.g. Horstman et al., 2014). These versatile
trees inhabit intertidal landscapes across the subtropics
and tropics and exhibit a wide variety in tree characteristics, such as root type and tree height. Mangroves are also
exposed to a broad range of hydrodynamic conditions.
In general however, mangrove roots generate stem-scale
turbulence, which has been shown to both promote sediment deposition and also erosion. However, the balance
between the two regimes is not clear (Mullarney et al.,
2017). Here, we examine the dependence of the small
scale turbulence generation and sediment deposition processes on environmental factors across a range of mangrove ecosystems.

3. Results and Conclusions
Pneumatophores in New Zealand were thinner (basal diameters around 7 mm), shorter (mean heights around
150 mm and maximum 250 mm) and more flexible than
those in Vietnam (diameters around 15 mm and mean
heights of 0.5 m with maximum heights of 0.8 m), although in general, densities (number of stems m−2 ) were
higher in New Zealand. Turbulent dissipation rates within
the pneumatophore canopies were highly variable at both
sites, although values in the lower energy (New Zealand)
environment did not often exceed 10−4 W kg−1 . In Vietnam, values were consistently higher and on occasion, remarkably high values were recorded, (ε ∼ 0.1 W kg−1 ),
which is comparable to rates observed in surf zones.
Consequences for sediment trapping and transport within
these contrasting environments will be discussed.

2. Field Measurements
Experiments were conducted in tropical and subtropical
environments. The tropical site was a mangrove forest in the Mekong Delta, predominantly inhabited by
large (∼10 m high) Sonneratia caseolaris and exposed
to moderate waves (heights up to 1 m). This system is
compared with an Avicennia marina mangrove forest in
Whangapoua estuary in New Zealand (Figure 1), which
is close to the southernmost limit of mangrove habitation.
In this subtropical environment, trees are only exposed to
small wind waves and heights are generally less than 2 m.
(a)
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Figure 1. Contrasting mangrove environments: (a)
tropical mangrove environment in Vietnam, (b)
subtropical mangrove environment in New Zealand.
2.1 Data acquisition and analysis
Deployments included arrays of acoustic instruments to
measure water velocities. Instruments included Nortek
Vectrino Profilers, which measured velocities at 50 Hz,
with 1 mm vertical resolution over a 35 mm profile within
the pneumatophore (root) canopies. Structure function
methods were used to obtain estimates of the dissipation
rate of turbulent kinetic energy, ε (Wiles et al., 2006).
Vegetation densities as a function of height were obtained
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First analyses of experiments with walnut or vegetation
or both suggest reduced bank erodibility and higher
sedimentation on bars; the estuarine equivalent of river
floodplains. Alternate bars formed upstream and
dynamic tidal braiding formed towards the mouth.
Tidal wavelength depended on tilting period and
imposed water depth. Tidal excursion length and tilting
amplitude partly determined flow velocity.
Flow was reproduced well with a 1D model with
shallow water equations and tilting. Bores formed in the
experiments that may affect upper bank elevations. Sand
moved as bedload. Walnut shell deposited to form
higher bars than in experiments with sand only and its
weak cohesion led to eroding cutbanks and narrower
channels. Vegetation settled on the waterline and the
highest bar portions. Species-specific settling locations
on the bars depended more on inundation tolerance than
seed distribution processes. Combination with walnut
led to lower mudflats flanking higher vegetated patches
due to added local hydraulic resistance.

1. Introduction
For rivers, recent experiments successfully reproduced
biogeomorphodynamics in braided and meandering
systems with clastic and vegetated floodplains
(Kleinhans et al. 2015). Similarities in floodplain
processes between rivers and estuaries suggest that the
planform dimensions and shoal patterns flanked by mud
flats and marshes form through similar processes.
However, analogue models or scale experiments of tidal
systems are notoriously difficult to create in the
laboratory because of the difficulty to obtain tidal
currents strong enough to transport sand. Since Osborne
Reynolds' experiments over a century ago, tidal flow has
been driven by periodic sealevel fluctuations (e.g.
Tambroni et al. 2005). Recently we discovered a novel
method to drive tidal currents that transport sediment by
periodically tilting the entire flume (Kleinhans et al.
2015a, subm.). We built the www.uu.nl/metronome, a
bespoke flume of 20 m by 3 m, and conducted about 30
experiments. Here we report on our scaling of flow, sand
transport, mud sedimentation and vegetation settling.
Specific experiments focussed on tidal bars, mud flats
and salt marshes are presented in Leuven et al., Braat et
al. and Lokhorst et al. (this conference).

3. Conclusions
We found remarkable similarities between prototype
systems and experimental patterns of flow, sediment
transport, sand bar and mud flat accretion, and ‘salt’
marsh formation. Essential flow characteristics and
sediment mobility could be scaled well by tilting
parameters while other scaling issues were not
problematic. Various species settled in distinct locations.

2. Methods, materials and conditions
The Metronome was tilted periodically at 15-40 s with
tilt slope amplitudes of 0.5-1.5 cm/m. The seaward
boundary was constant head and 1 cm waves of 2 s
period were created by a paddle during flood. River
discharge was supplied at 0.1 l/s during ebb. Flow was
measured by PIV of floating particles. Dye colour was
converted to depth by correlation to bathymetries
created with structure for motion. The sand bed was
screed with preformed straight or convergent channels
and a 2 m long shelf. The poorly sorted sand had a
median grain size of 0.5 mm. The walnut shell was 0.2
mm in diameter and was fed by 0.18 ml/s to form
mudflats. Seeds of six plant species were supplied to the
river inflow to form saltmarshes and riparian vegetation.
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3. Scaling of relevant variables
From river experiments we know that flow should be
turbulent and subcritical to critical. Sand >0.5 mm
prevents ripple-related scour holes that affected
Tambroni’s experiments. Sand should be mobile and
floodplain-forming sediment should be suspended.
These conditions were all fulfilled by selection of
sediments and tilting amplitude. The balance of bank
erosion and bar accretion should cause a channel aspect
ratio leading to alternate and mid-channel bars.

Figure 1. Example experiments.
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identified from the numerical simulation results. The
relative wave strength in both onset and reworking
stages (Figure 1a) affected the mouth bar formation, and
the reworking time also played an important role in
shaping the mouth bars. For regime G2, reworking time
tb determined whether the mouth bar could persist during
the reworking stage (Figure 1b). Detailed results will be
presented in the symposium.

1. Introduction
As a key morphological unit at delta front, the evolution
of mouth bar is of critical importance to channel
bifurcation and the formation of deltaic distributaries
and have received wide attention (Fagherazzi et al.,
2015 and references therein, Wright, 1977). However,
those studies were mostly carried out under the
assumption that most of the sediments were delivered to
the ocean during bankfull discharge stages, so was the
most significant deltaic morphological evolution, and
neglected periods of relative low river discharge. As
such, the effects of unsteadiness of river discharge are
largely elusive (Fagherazzi et al., 2015, Shaw and
Mohrig, 2014). In natural deltas, the occurrence of
maximum river discharge could be in-phase or out-ofphase with the occurrence of maximum wave energy,
which further complicates their coupling effects (Wright
and Coleman, 1973). Therefore, different combinations
of flow regime and wave energy over a hydrologic
period need to be considered, to fully explore the
coupling effects of river discharge and wave on the
estuarine morphological evolution.
In this study, numerical experiments adopting
different combinations of flow regime and wave energy
were carried out to investigate the coupling effects of
river discharge and wave on the evolution of mouth bar.
We focused on the formation of mouth bar during high
flows and the reworking processes of wave during low
flows.

Figure 1. (a) The formation of mouth bar in onset stage;
(b) The reworking times for different wave conditions to
remove the mouth bar (gray lines).
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2. Methodology
Numerical simulations were performed using Delft3DSWAN in this study. Combinations of high river
discharges (1000 m3/s and 600 m3/s) and low river
discharge (300 m3/s) were used to generate the unsteady
river discharge. A period of ~3 days with a high river
discharge was simulated as the onset stage of the mouth
bar, followed by a relatively long period (300 days) with
low river discharge as the reworking stage to investigate
how waves rework the mouth bar. Three wave
conditions with peak period of 5 s and significant height
(Hs) of 0.2 m, 1 m and 1.5 m were selected to represent
weak, moderate and strong wave energy, respectively.
Relative wave strengths for different combinations of
flow regimes and wave conditions were calculated.
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3. Results
Three regimes on the mouth bar formation, namely,
nonexistent (G1), ephemeral (G2) and stable (G3), were
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1. Introduction
3. Results

When using process-based models for long term
morphodynamics computations, a morphological factor
(MF) applied in the sediment compartment to erosion
and deposition exchanges (suspended transport), or to
the divergence of sediment fluxes in the Exner equation
(bedload) is commonly applied (e.g. Roelvink, 2006).
When dealing with cohesive sediment or mixed
sediment (sand and mud), such a numerical speed up
prevents to properly account for processes within the
sediment, as consolidation and/or bioturbation, or even
sand and mud layering at the right vertical scale. The
presentation aims to highlight the induced artefacts and
to test different ways of applying the morphological
factor to mitigate these effects, or alternatively to fit the
process parameterization in order to compensate them.
Application is conducted to the mouth of the Seine
estuary (France), which morphology is changing rapidly,
and where frequent bathymetric charts are available.

Regarding consolidation, a fitting of parameters
(constitutive relationships) according to the applied MF
is attempted, in order to get final sedimentation states
similar to the ones obtained without MF. Alternatively,
the application of MF on sediment changes after a
spring/neap/spring tidal cycle, allowing primary
consolidation during the neap period, leads to final stage
not far from the reference one.
In case (iii), when a vertical layering of depositing
sediment (sand and mud) takes place during the period
before the MF application, the latter can be materialized
either by a multiplication of layers or by an increase of
their thicknesses. Consequences on sediment
distribution and morphological changes are compared.
Similarly, the way to account for variations of river
discharge and wind or wave climates, when using a high
MF, is considered: advantages and difficulties of
strategies (ii) and (iii) will be discussed.

2. Model description
The model solves the hydrostatic 3D Navier-Stokes
equations. Suspended sediment transport is simulated by
solving an advection/diffusion equation for different
sediment types ranging from mud to fine and medium
sand (Le Hir et al., 2011). A lateral erosion allows
meandering and channels divagation, intertidal flats
extension, but also erosion of underwater slopes exposed
to strong currents in channels. Consolidation of sand and
mud mixtures is solved according to a modified Gibson
equation (Grasso et al, 2015).
In the application to the Seine estuary, a curvilinear grid
is used and the mesh size is about 70 x 200 m in the area
of interest. Realistic forcing is considered: tidal
components offshore, real 2DH wind forcing, diurnal
Seine river flow. The wave model WW3 solves the
propagation of swells as well as the generation and
dissipation of locally wind-induced waves.

Figure. Impact of MF on the Seine morphodynamics

3. Conclusions
This work investigates the compatibility of morphodynamics acceleration by using the MF concept with the
respect of time scales of the forcing variability on one
hand, and of processes within sediment on the other one.
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3. Tests on morphological trends
The robustness of the model according to different
processes and forcing chronologies is tested by
comparing to bathymetric charts the computed
morphological changes obtained (i) without any
morphological factor (reference case), (ii) when
applying the MF at each time-step or (iii) when applying
it after a period of time. This last choice enables the
respect of dominant time scales specific to processes
within the sediment (as consolidation) before the
application of the morphological factor in terms of
amplification of the residual erosion/deposition patterns.
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1. Introduction

ignored. This implies that ~q solely depends on ~u, i.e.
~q ∼ |~u|2~u , as described in de Swart and Zimmerman
(2009). For the present contribution, however, equation 2
has been added to the 2D hydrodynamic model, in order
to study the effects of settling lag, advective and diffusive
processes on the net sediment transport and thus on the
overall stability of the tidal basin.

The tidally averaged sediment transport is important for
the stability of the tidal system, since this transport has
to vanish in morphodynamic equilibrium. Hence net import (export) of sediment at the seaward boundary indicates that the basin’s bathymetry is still evolving in
time. In the literature, analytical expressions have been
derived to quantify the contribution of various tidal constituents to the tidally averaged sediment transport, such
as in Van de Kreeke and Robaczewska (1993) or in the
appendices of de Swart and Zimmerman (2009). In the
present study, the tidal constituents will be calculated using a 2D-idealized model, developed by the authors, and
the results of the analytically obtained transports will be
compared to those obtained numerically.

(a) Ridderinkhof et al. (2014)

2. Model formulation
A semi-enclosed, rectangular, tidal basin is considered,
including tidal flats. These tidal flats will always be wet,
i.e. no drying is being considered and their surface area
is not time-dependent, see Fig. 1. The water motion is

Figure 1. Top view and cross-channel view of a tidal
channel, with used symbols.
described by the 2D depth-averaged shallow water equations and is forced at the seaward entrance by a prescribed
sea surface variation, consisting only of an M2 tidal constituent. The boundary on the landward side is assumed
to be closed for tidal motion. The equations are spatially
discretized using the Finite Element Method and they are
solved in the frequency domain.
The tidally averaged transport of suspended sediment (~q)
is described by
~q = h~uCi ,
(1)

4. Conclusions
The outcome of the present 2D numerical model is compared with the results of the 1D analytical model of Ridderinkhof et al. (2014). The 2D model allows for a more
detailed study of the influence of the geometry of the tidal
basin on the net sediment transport and also of the relative importance of the different mechanisms on the tidally
averaged sediment transport.
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where h.i denotes tidal averages, ~u is the tidal velocity
and C is the depth-integrated sediment concentration. The
suspended sediment concentration is modelled, using
Ct + ∇ · (~uC − µ∇C) = α|~u|2 − γC,

(b) present work

Figure 2. Dimensionless net sediment transport at the
seaward boundary of the tidal channel (x = 0) for various
channel lengths (L) and extents of tidal flats (∆b).
In Fig. 2, a comparison between the numerical 2D results
from the present work and analytical 1D results from literature, is given for the case where ~q ∼ |~u|2~u . Net export is found for all considered tidal flat widths (∆b), if
the basin length (L) is long enough. For short tidal systems however, both net sediment import and export are
possible, depending on the width of the tidal flats.

References
de Swart, H. and Zimmerman, J. (2009). Morphodynamics of tidal inlet systems. Ann. rev. fluid mech., 41:203–
229.
Ridderinkhof, W., de Swart, H., van der Vegt, M., Alebregtse, N., and Hoekstra, P. (2014). Geometry of tidal
inlet systems: A key factor for the net sediment transport
in tidal inlets. J. Geophys. Res.: Oceans, 119(10):6988–
7006.
Van de Kreeke, J. and Robaczewska, K. (1993). Tide induced residual transport of coarse sediment; application
to the ems estuary. Neth. J. Sea Res., 31(3):209–220.

(2)

where α and γ are respectively the erosion and deposition
coefficient, which are sediment independent and constant.

3. Results
In Ridderinkhof et al. (2014), a depth- and widthaveraged analytical model was constructed, in which only
the local tidal asymmetry generates net sediment transport; settling lag, advective and diffusive processes are
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1. Introduction

Two major human interventions deeply modified the
hydrodynamics of the northern basin of the Venice
Lagoon (Fig. 1) in the past: 1) the construction of the
jetties at the northern inlet (1882-1982) and 2) the
removal of the reed barrier (1910) that for decades
delimited a fishing farm (see zigzag line in Fig. 1).
We used a 2D numerical hydrodynamic model that
incorporates different historical lagoon configurations
(1887, 1901, 1932, 2003 and 2012) to investigate the
effect that the considered interventions had on the
hydrodynamics. To describe the vertical evolution of the
marsh surface we numerically implemented the
analytical model described in D’Alpaos et al. (2011)
with different assumptions specifically thought for the
Venice Lagoon.

Several studies have recently described the tight link
between Local Relative Sea Level Rise (LRSLR), tidal
amplitude, availability of suspended sediments and
existence/survival of salt marshes in coastal estuaries
and lagoons (Marani et al., 2010). However, most
studies do not consider the large spatial and temporal
variability that these variables may have within a basin,
often affected by human interventions. In this work, we
explore the impact that a modified hydrodynamic field
may have on the existence and survival of salt marshes
using, as a case study, the anthropic interventions
performed in the northern basin of the Venice Lagoon at
the end of the 19th century/early 20th century.

2. Method

3. Conclusions
 The jetties increased the depth of the inlet of more
than 250% in less than 15 years.
 The increased depth at the inlet had a positive
feedback on the stability of nearby marshes, by
lowering the local mean sea level and increasing the
tidal amplitude, thus locally contrasting the eustatic
sea level rise and the natural subsidence for more than
30 years.
 On the contrary, salt marshes far from the inlet could
not take advantage of this effect due to tidal wave
dissipation occurring along shallow canals. In these
inner areas, the marsh elevation at the equilibrium
state is highly reduced due to the low tidal excursion,
making these marshes extremely vulnerable to
changes in suspended sediment concentration and sea
level rise.
 The removal of reed barriers delimiting the fish farm
may have reduced the sediments available to the
already low marshes thus contributing to their
drowning.

Figure 1. Map of the North basin of the Venice Lagoon
and the marsh extent in 1932 (dark grey) overlapping the
marsh surfaces present in 1901 (white-squared pattern).
The black circles connected through a line are,
respectively, points and trajectory considered for the
hydrodynamic model simulations. Plot A: marsh surface
elevation at the Ca' Zane study site. Dashed grey line:
Local Relative Mean Sea Level (LMSL). Dotted line:
elevation of the salt marsh if the reed barriers would
have not been removed, maintaining a sediment
concentration C0=50 mg/l. Black line: salt marsh surface
elevation in the hypothesis that sediment concentration
decreased from C0=50 mg/l to C0=20 mg/l after the
removal of reed fences. Plot B: marsh surface elevation
at the San Felice study site. Dashed grey line: LMSL.
Black line and grey line: salt marsh surface elevation
considering sediment concentration C0=10 mg/l and
C0=20 mg/l respectively.
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1. Introduction

and bank erosion events. Discharge at the site is available from 1982-2016. To explain the spatial and temopral
variations in point bar accretion and bank erosion, these
data were complemented with numerical simulations using the TELEMAC2D/SISYPHE computer models of the
TELEMAC-MASCARET Suite of Solvers (TMSS) EDFR&D (2015). These models were recently enhanced with
riverbank erosion algorithms to also simulate bank erosion along cut banks (Langendoen et al., 2016).

For the Beatton River, Canada, Nanson and Hickin (1983)
demonstrated that short-term meander migration rates are
not representative of the long-term averages, as two almost identical bends had significantly different short-term
migration rates but very similar long-term migration rates.
They postulated that this was caused by the asynchronous
interactions between erosion of the cut bank along the
outside of a bend and accretion on the point bar along
the inside of a bend. Recently, the processes controlling
this discontinuous behavior have been labeled ‘bank pull’
(i.e., faster migration of the outer bank) and ‘bar push’
(i.e., faster migration of the point bar), for example van de
Lageweg et al. (2014) and Eke et al. (2014).
Using a new framework of the coevolution of planform
and channel width in a freely meandering river, Eke et al.
(2014) found that overall migration patterns are dominated by bar push, that is point-bar accretion rate exceeds
the bank erosion rate. On the other hand, van de Lageweg
et al. (2014) found experimentally that point-bar ridgeand-swale topography (or scroll bars) is a consequence of
channel widening due to bank pull.
The findings of Nanson and Hickin (1983) have important
implications for modeling the morphodynamics of meandering streams. For example, most widely-used models of
river meandering assume a temporally and spatially constant channel width (e.g., Ikeda et al., 1981) and therefore cannot be used to simulate the short term meander planform dynamics. Only, recently have such models been extended to allow varying width (among others,
Zolezzi et al., 2012; Eke et al., 2014). Further, the role
of bank pull on scroll-bar formation indicates the importance of incorporating cut-bank erosion processes in numerical models of river meandering to improve the simulation of long term (geologic scale) planform dynamics
(van de Lageweg et al., 2014).
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2. Methods
An 11-year (1996-2007) study on bank erosion mechanics was conducted at a low sinuosity bend on the Goodwin
Creek, MS (Simon et al., 2000). As part of this study
56 repeat surveys of 10 cross sections were performed
that show the timing between point bar accretion events
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1. Introduction

perturbation and channel width narrowing under high
sediment flux, under the assumption that high flux
encourages point bar growth and a narrower channel.
Runs were made under both near-critical and high
transport stages. Simulations are restricted to subcritical
flow.

The ~30 year global coverage of the Earth by Landsat
has provided an unprecedented record of migration of
long reaches of large, sinuous rivers. This provides the
opportunity to evaluate the relative success of models of
flow, sediment transport, and bank migration. Meander
evolution models vary in their complexity and fidelity to
flow, transport, and erosional processes, ranging from
linearized 1-D models to fully 3-D models of coupled
flow and sediment transport. Most of the highly-sinuous,
actively meandering, pristine meandering rivers occur in
nearly inaccessible locations (such as in the Amazon
basin) where the information necessary to fully
parameterize the more evolved models of meandering is
lacking. Our approach is to test the ability of linearized
models to predict the observed record of meander
evolution. We explore the effects on patterns of
migration of several modifications of the usual
assumptions of constant channel width and bank erosion
proportional to the velocity perturbation.

3. Results

Changes to meander pattern evolution from these
modifications are subtle, because of the strong effect
local planform on meander evolution that can, for
example, variably cause sites of cutoff loops to regrow,
rapidly translate, or migrate backward. For initial
evaluation of the effects of these modifications we
simulate long-term planform evolution of long channel
reaches (40+ whole loops) and use the multivariate
statistical characterization techniques of Howard and
Hemberger (1991) through discriminant and factor
analyses.
In simulations with downstream sediment transport
meanders develop slowly but often develop convoluted
shapes. By contrast, when the depth and velocity
perturbations are equally weighted with a square-root
dependency, new loops develop rapidly after cutoff,
have less complex morphology and experience more
frequent cutoffs. For meander evolution with a critical
shear stress broad, long loops form that are nearly
stationary, but rapid bend evolution occurs near sites of
cutoff,

2. Modifications of standard linear models

We utilize the Johanneson-Parker (1989) model of flow
and bed topography as realized in Howard (1992), as
well as the Frascati and Lanzoni (2013) linearized
model. At present we restrict the application of the
model to simulate highly sinuous meandering with only
neck cutoffs.
2.1 Relationship between near-bank flow and
migration rate
Optional modifications of the program include: a)
shared weighting of the depth perturbation and the
velocity perturbation in determining migration rate; b) a
critical shear stress for bank migration; c) variation in
friction coefficient, and d) migration rate as a power
function of the velocity perturbation, e.g., a square-root
weighting to account for the need to erode slumped bank
material.

4. Conclusions

The various modifications of the linear flow model can
have appreciable effects on meander evolution. We are
presently testing the ability of linear models with
different assumptions to replicate migration and cutoff
history of natural channels using the Landsat database.
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2.2. Channel width variation
Channel width is assumed to have a linear relationship
to centreline curvature. Weighting can be either
positive, zero, or negative. This affects local the
channel aspect ratio and its effect on flow perturbation.
2.3. Downstream sediment routing
Bed sediment is routed downstream with a specified flux
at the upstream end and a fixed downstream bed
elevation. Local channel gradients change as the
planform evolves and large temporary increases occur at
sites of neck cutoffs. This affects local flow velocity as
well as the aspect ratio. In addition, migration rate can
be assumed to depend jointly on the velocity
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1. Introduction

threshold, could be computed or obtained by field measurements as in the case of the erosion. For the computation of the critical shear stress deposition threshold we
consider that the deposition occurs until all the sediment
transport is in suspension, based on this we used the critical shear stress threshold for suspension as the one for deposition. Once again we tested different models that goes
from relations between the shear velocity and the settling velocity of sediment, relations based on the shields
Reynolds number and the probabilistic approaches.

We can consider meandering rivers as a dynamic system that migrates and evolve along flood plains as a consequence of complex interactions involving the channel
forms, flow and sediment transport (Seminara, 2006).
Traditionally, the models proposed to simulated the displacement of the center line for this type of systems, used
a linear interaction between the velocity and a coefficient
of bank erosion, considering a constant width, showing a
weakly physical base.
We proposed a physical - statistical based approach to
solve the river bank evolution, considering the erosion and
depositing processes independent among them and with
an individual shear stress threshold that makes as trigger
for each process. Finally we link the width evolution with
a parametric probability distribution (PPD) based on the
original width configuration.

4. Statistical model
Based on the analysis of more than 50 river’s configurations spread around the world and taken in different time
windows, it seems that river width responds to a PDD. We
analyzed through 15 different PDD, being the generalized
extreme value distribution (GEV) the most come fit PDD.
According to the above described, to link the evolution of
both banks, we estimated through the 15 PDD the best fit
one for original width channel configuration (in this case
the configuration used to start the evolution). After that,
using an algorithm and the cumulative distribution function we pondered the displacements of the river banks. In
this way we are able to control the narrowing and widening problems allowing the long term simulations.

2. Hydraulic Model
The hydraulic behavior of a meandering river is a complex
process that entails three-dimensional helicoidally flow
structures. This problem is commonly analyzed with different approaches, from 1D and 2D simplified models to
3D models using computational fluid dynamics (Hooke,
2013). Here we use the mathematical model developed
by (Frascati and Lanzoni, 2013), which accounts for both
width and curvature variations along the river. The model
considers four main equations: the 2D momentum equation, the continuity equation, and the Exner equation.
This set of equations, describes both the laterally asymmetric flow field due to the channel curvature and the laterally symmetrical pattern due to width variations.

5. Conclusions
The statistical analysis revels that river’s width respond
to a certain PDD, that have slightly changes in their parameters over the time, this is in concordance with the
assumptions of mean constant width.
The first results suggest a good performance in middle
term simulation, periods that were around 30 years, since
the observed and simulated configuration have significant
similarities, being the most significant aspect the similarities between the observed and simulated width’s histograms.
For long term simulations, periods over 100 years, there
is no data to confront with, nerveless the model was able
to keep the width in reasonable values without narrowing
and widening problems.

3. River Bank model
For the erosion process we implement an approach for
fine grained materials to estimate the erosion rate.
 ∗

τ − τc∗
ξE∗ = ME∗
(1)
τc∗
Where ξE∗ is the erosion rate, ME∗ is the dimensional erosion rate coefficient, τ ∗ is the near bank shear stress and
the τc∗ is the critical shear stress which works as threshold.
The critical shear stress could be computed or obtained by
field measurements. Here, we computed the critical shear
stress testing different models, that goes from empirical
and semi empirical relations to probabilistic approaches.
For the deposition process we used:

 ∗
τb − τ ∗
(2)
ξD∗ = MD∗
τb∗
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Where ξD∗ is the deposition rate, MD∗ is the dimensional
deposition rate coefficient and τb∗ is the critical shear
stress for deposition. The critical shear stress deposition
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1. Introduction
Time-lapse airborne lidar collected over 4 years on the
coastal Trinity River in east Texas, USA, shows profound
spatial variability in point bar size and growth as well as
cut bank erosion in channel bends following a historically
large flooding event. The difference map covers 65 river
kilometers and 55 river bends. The transition from quasiuniform flow into backwater-affected flow occurs about
halfway through the survey, and is accompanied by
distinct changes in point bar growth and cut bank erosion.

2. Results and discussion
Sub-aerial point bar and cut-bank areas and deposit
volumes were measured for each bend within the study
region. The sub-aerial point bar areas decreases by more
than an order of magnitude (59,000 m2 upstream to 5,700
m2) before the bars become completely sub-aqueous in
the backwater zone. Throughout the survey, the spatial
pattern in the sub-aerial volumes of point bar deposition
and outer-bank erosion are typically correlated. Where
there is an abundance of deposition on a point bar, it is
likely that there is also a high volume of erosion along the
cut-bank and vice versa. Sub-aerial volume
measurements were corrected by a modifier, k (Fig. 1),
which used channel depth, water-surface elevation at the
times of the airborne surveys, and bar height to correct for
the fraction of sub-aqueous material in each bend. k
values were then used to estimate the total (sub-aerial and
sub-aqueous) volume of sediment that was deposited on
or eroded from point bars and cut banks (Fig. 2).

Figure 2. Estimated total volume of sediment deposited
on or removed from point bars (grey triangles) or eroded
from cut banks (black squares) for each bend. Averages
for the quasi-uniform flow zone, transitional zone, and
backwater zone are presented as dotted and dashed lines.
A majority of bends show overall widening and a higher
volume of sediment eroded from cut banks than deposited
on point bars, implying that during this large sustained
flood bank pull was the mechanism that drove lateral
channel migration. The quasi-uniform flow bends tended
to be more capable of depositing sediment on point bars
in order to keep pace with outer bank erosion. Bends in
both the transitional and backwater regions are more
consistently erosive, despite the fact that the amount of
sediment removed from cut-banks here is relatively minor
compared to their upstream counterparts. This suggests
that there is a spatial as well as a temporal (e.g. discharge)
dependence on bank pull as the main driver of channel
migration. It is likely that bar push becomes more
important in affecting migration behaviour during lesser
flooding events.

3. Conclusions
During this historically large, sustained flood, the Trinity
River exhibited interesting spatial patterns in sediment
deposition and erosion. Overall, the volumes of both
deposition on point bars and erosion along the outer bank
decrease as the river approaches the coast.
While all three reaches were net erosive on average, the
transitional and backwater regions were especially so.
The results of this data set suggest that bank pull is the
more dominant mechanism in driving lateral channel
migration during large sustained floods, but this
dominance is dependent both on discharge and on
distance away from the river mouth.
Results from this study help to deepen the understanding
of the system’s morphodynamics by connecting changes
in the geomorphology to changes in river bend
kinematics, hydraulics and sediment transport.

Figure 1. k values for each bend within the survey.
Bends farther downstream have higher k values as an
increasingly large percentage of the point bar or cut
bank is sub-aqueous in the backwater zone.
The total amount of sediment that was deposited on point
bars (or removed from, in some cases) decreases with
distance downstream. The erosional volumes for cut
banks follow a similar trend (Fig. 2). The reach is defined
by three distinct zones—an upstream, quasi-uniform flow
zone where volumes are typically high and have high
variability, a transitional zone where values gradually
decrease, and a downstream backwater zone where values
are consistently lower and have markedly less variability.
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1. Introduction

3. Results and Discussion

Degradation of bedrock river channels can result in
changes in river morphology up to large distances
downstream from the degraded reach. Specifically, how
erosion and deposition take place in curving bedrock
channels, where secondary flow takes place, has
received little attention, although this knowledge is
highly relevant for evolutionary river morphology and
river management, and despite the fact that bedrock
rivers worldwide often exhibit meanders.
The main process of bedrock degradation in rivers is
abrasion. Erosion by abrasion takes place only in
portions of moderately covered sediment (Sklar et al.,
2004). In curved channels, the bedrock near the inner
bank is completely covered by sediment, due to the
sediment transport caused by secondary flow. On the
other hand, the bedrock near the outer bank is
completely exposed. It is expected, therefore, that the
bed in the vicinity of the inner and the outer bank will
not be eroded, and that erosion by abrasion is likely to
occur only around the boundary between them.
In this study, we focused on bedrock incision and bed
configuration in curved channels. Bedrock degradation
was simulated experimentally and the preferential zone
of erosion by abrasion could be clearly observed.
Moreover, regular deposition patterns were observed.

In both Case 1 and Case 2, movable sediment was
gradually generated by erosion. The zone of preferential
bed incision by abrasion, initially near the inner wall,
gradually migrated towards the outer wall. Erosion
progressed more rapidly in Case 1 than in Case 2, as the
mortar was stronger in the latter case.
Erosion by abrasion was active in the boundary between
covered and exposed bedrock. In Case 2, after 25 h,
sediment was deposited up to 5 cm from the inner wall
and the simulated bedrock was eroded mainly at the
middle area of the flume. The vicinity of the boundary
between covered and exposed bedrock is described as
moderately covered by sediment
In both Case 1 and Case 2, we correlated the erosion rate
(eroded volume per time interval) and the ratio of the
covered bed. Sediment deposition was not completely
uniform along the tangential direction, but alternately
with the presence of sediment and with no sediment on
the same circumference of the annular flume. In the
annular flume, the ratio of the covered bed was more
significant around the inner wall than the outer wall due
to sediment transport caused by secondary flow. At the
portion where the ratio of the covered bed was
significant, the
magnitude of the erosion rate
decreased because the bedrock was protected from
impacts resulting in abrasion. At the portion where the
ratio of the covered bed was insignificant, the magnitude
of the erosion rate also decreased because few sediments
struck the bedrock. The magnitude of the erosion rate
was most significant at the vicinity where the ratio of the
covered bed was moderate. This is because erosion by
abrasion frequently took place at the vicinity.

2. Experiments
We employed annular acrylic flume of average radius 45
cm and width 10 cm. The flow was generated by the
rotation of an annular acrylic plate installed at the top of
the flume in contact with the surface of the water.
The bedrock was simulated by means of mortar mixes of
cement, water, and sand at the ratios 3:42:150, named
Case 1, and 3:24:100, named Case 2. The initial height
of the bedrock was about 6.5 cm and the depth of water
was about 4.5 cm. The angular velocity of the rotating
lid was 40 rpm. The total rotation time of Case 1 was 22
h and that of Case 2 was 25 h. We measured the height
of the bed every 2 h or 4 h by moving a laser
displacement sensor along nineteen circumferences
concentric with the flume. The radii of the
circumferences ranged from the inner to the outer wall at
0.5 cm increments. In Case 1 there was initially no sand
cover on the bedrock and free sediment was neither
supplied nor removed during the experimental runs. The
sediment that gradually covered the bed was totally
released from the mortar. In Case 2, 2.5 kg of sand were
supplied to the flume at 22 h.

4. Conclusions
The conclusions of this study are stated as follows.
• Preference zone of abrasion was around the
boundary between covered and exposed bedrock.
• The relationship between the erosion rate and the
ratio of the covered bed was observed. Erosion by
abrasion frequently occurred at the portion where the
ratio of the covered bed was moderate.
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1. Introduction
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Figure1. Experimental flume. The dark region in the flume
is the exposed bedrock (weak mortar) whereas the
lighter region shows the alluvial deposit.
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Figure 2. Comparison of bank erosion width in simulation
results with laboratory experiment results.

3. Results and Conclusions

2. Methodology

In our experiment, the bank erosion occurred
predominantly due to bed load abrasion. This shows that
sediment supply can be one of the dominant factors
causing lateral erosion in bedrock meander. Figure 2
shows the experimental results of erosion width of
bedrock bank. In Curve 3 and Curve 5, the left bank
(outer bank) was eroded, but the right bank (inner bank)
was not eroded whereas, in Curve 2 and 4, the right bank
(outer bank) was eroded, but the left bank (inner bank)
was not eroded. It means that the inner bank is not
eroded even if the sediment moves near the inner bank.
We compared the bank erosion width in left and right
banks of simulation results with laboratory results, as
shown in Figure 2. We found that our model could
quantitatively reproduce the results. Our model could
trace the bank erosion, and mimic the behavior of
erosion in left and right banks.

2.1 Flume experiment
A laboratory scale experiment was carried out to
inspect the interaction between sediment and banks of a
bedrock channel. We used a Sine Generated Curve
Shaped flume (Figure 1). The flume majorly consisted
of weak erodible mortar. The length of the flume was 3
meters and width was 5 cm. The banks of flume were 10
cm high. The bed was covered initially with sediment.
The initial alluvial thickness for bed was 0.5 cm. The
grain size is 0.75 mm. The sediment used as an alluvial
cover for bed was the same size as the sediment supplied
as load. Flow discharge, channel slope, sediment feed
rate, and grain size were kept constant throughout the
experiment. The experiment was conducted for 4 hours.
2.2 Model
The governing equations for flow field and bed
deformation in a mixed alluvial-bedrock channel are
based on the numerical model proposed by Inoue et al
(2017). In this study, we implemented the following
equations for bedrock bank erosion in the numerical
model.
0
nR
 bank qbn
nnR0 L
t
bank
0
nL
 bank qbn
nnL0 Lbank
t

Curve2

Bedrock

Most of the previous bedrock channel evolution
models use shear stress or stream power of water flow as
the deciding factor for lateral erosion (e.g., Wobus et al.,
2006). These models use shear stress/stream power
erosion rule, and compose all relevant erosional
processes into a single hydraulic parameter. These
models ignored the effects of sediment transport in the
channel. Some recent experiments and field studies have
proposed sediment particle impact wear as an overriding
factor for bank erosion (e.g., Fuller et al., 2016). Here,
we tried to implement a sediment and bank interaction
relationship proposed by Inoue (2015). They assumed
that the lateral erosion rate in bedrock depends on a
product of abrasion coefficient of bank with lateral
bedload transport rate. We implemented this bank
erosion model and successfully imitated the quality of
the laboratory experiment results.
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(1)
(2)

where βbank is abrasion coefficient of bedrock bank,
Lbank is an estimate of distance of the boundary layer
over which the transverse bedload rate decreases to zero
at the bank, nR0, nL0 are axis values for both banks, qbn is
the lateral bedload transport rate.
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1. Introduction
Enormous canyons have been carved into the surfaces of
Earth and Mars by catastrophic outbursts of water
(Baker and Milton, 1974); these are the largest known
floods in the solar system. Reconstructing the discharge
of these ancient floods remains a significant challenge.
Previous workers have relied on filling canyons to highwater marks, but these discharge reconstructions are
necessarily a maximum because high-water marks were
abandoned during canyon entrenchment (Larsen and
Lamb, 2016). Here we explore the hypothesis that
canyon erosion mechanics place tighter constraints on
canyon-forming discharges.
In particular, we
summarize our recent work that suggests canyon
morphology evolves in response to megaflooding
through morphodynamic feedbacks that are analogous to
those acting in alluvial rivers.

Figure 1. Mapview cartoon of canyon formation by
flood-flow focusing (arrows) and headwall erosion,
producing a canyon of uniform width (Lapotre et al.,
2016).
(Larsen and Lamb, 2016). In contrast, reconstructions
based on high-water marks yield the unlikely scenario
that the bed material was suspended. The threshold
hypothesis also is consistent with the formation of a dam
overflow event in 2002 in Texas, which carved a small
canyon via plucking of jointed limestone in three days
(Lamb and Fonstad, 2010).

2. Gravel-Bed River Analogy
Canyons carved by outburst floods are often found in
well jointed rock, such as columnar basalt, making
plucking the dominant erosion process. Plucking of
rock blocks is similar to entrainment of gravel in that a
cohesionless rock mass is entrained due to hydraulic
forces. Theory and experiments show that the critical
Shields stress for plucking is similar to initial sediment
motion (Lamb et al., 2015). Thus, at the scale of a
megaflood, a bed of well jointed rock may behave
similarly to a bed of loose gravel. Gravel-bed rivers are
known to adjust their width such that bed sediment is
near the threshold of motion during formative floods
(Parker, 1978). Bedrock canyons carved by outburst
floods may form similarly.

5. Conclusions
Erosion mechanics, numerical experiments and field
observations support the hypothesis that bedrock
canyons carved by megafloods in jointed rock evolve,
through morphodynamic feedbacks, such that bed
stresses do not greatly exceed the threshold for plucking.
The erosion-threshold hypothesis allows for new
quantitative constraints on the discharge of the largest
known floods on Earth and Mars.
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3. Numerical Experiments
We conducted a suite of numerical experiments using
the 2D St. Venant equations to model outburst floods
that initiate as sheets of water across a planar landscape
and spill over downstream into a canyon (Fig. 1).
Megaflood carved canyons often have near vertical
headwalls and uniform canyon widths indicating canyon
formation by upstream propagation of a waterfall.
Modeled shear stresses around canyon rims were
compared to thresholds for toppling erosion. Results
show a power-law relation between formative flood
discharge and canyon width, similar to gravel-bed rivers
(Lapotre et al., 2016). Thus, larger floods produce wider
canyons, rather than extreme bed stresses.

4. Field Observations
We assessed the erosion-threshold hypothesis in Moses
Coulee – a canyon carved into basalt during the
Missoula Floods in northwestern USA – and find it to be
consistent with the formation of gravel bars there
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1. Introduction

(i) in agreement with theoretical outcomes of Colombini
et al. (1987) there is an increasing migration speed with
increasing channel width, and (ii) above a certain channel
width range, the decrease in flow speed hampers the bar
migration rate.

Bars in meandering rivers are known to develop in the
form of point bars along the inner banks of river bends,
which keep steady with respect to the channel planform.
Theoretical and laboratory work has also shown that migrating alternate bars can occur in meandering rivers, giving rise to nonlinear interactions with point bars. The interaction between steady and migrating bars in a regular
sequence of meanders has been investigated through laboratory experiments (Kinoshita and Miwa, 1974) and theoretical models (Tubino and Seminara, 1990), that highlighted the existence of a threshold value of meander curvature above which migrating bars are suppressed. On the
other hand, theories for migrating bars (e.g. Colombini
et al. 1987) suggest that bar amplitude positively correlates with the aspect ratio of the channel.
Few evidence, however, has been provided so far of the
occurrence of migrating alternate bars in real meandering
rivers from the Amazon basin. In this work we document
the systematic occurrence of such process in several large
natural meandering rivers. We perform a multitemporal
analysis of remotely sensed data to characterize the physical conditions controlling the formation of migrating bars
in such rivers and to measure their morphometric properties. The observed dependency of bar length and migration speed on channel curvature and width agrees at least
qualitatively with theoretical findings.

Figure 1. Bar migration rates as a function of the
normalized dimensionless channel curvature for the Rio
Xingu (Brasil) between 1987 and 2011.

4. Discussion
The study provides a clear evidence of the systematic occurrence of migrating alternate bars in real meandering
rivers. Results from our data analysis are in good agreement with the theoretical outcomes of Colombini et al.
(1987); Tubino and Seminara (1990) and with the laboratory experiments of Kinoshita and Miwa (1974). They
suggest that alternate migrating bars are promoted where
the channel is wide and weakly curved, while point bars
prevail where the channel is narrow and the curvature is
higher. However, there is an intermediate range of channel widths and curvatures in which there is a strong interaction between the two types of bars (steady and migrating), which affects the observed bar length and migration
properties.

2. Materials and methods
We use a multitemporal analysis of remotely sensed
Landsat data to quantify the distributions of lengths and
celerities of bars in some large meandering rivers. The
analysis is performed through the newly developed software PyRIS (Monegaglia et al., view), which performs
morphodynamic analysis on large datasets in an automated fashion. Sediment bars are identified and tracked
through space and time in order to compute their lengths
and rates of change. We correlate bar length, migration
and rates of change with the local planform properties and
we seek an interpretation of the field data on the basis of
the theoretical outcomes of Tubino and Seminara (1990).
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3. Results
We present results for several large, natural meandering
rivers from the Amazon basin including the Rio Xingu,
the Rio das Mortes and Rio Branco. In the analyzed
reaches we observe that bar length and migration speed
correlate well with the local planform properties. In
agreement with the theoretical results of Tubino and Seminara (1990), channel curvature affects both bar migration
rate and bar wavenumber: increasing channel curvature
results in long steady sediment bars prevailing on alternate migrating bars and vice versa. On the other hand,
the effect of the channel width appears to be twofold:
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validating a physics-based morphodynamic model for its
time evolution, constrained using data collected from
field studies, and informed by time-series satellite
imagery. The predicted sedimentation rates on the
abandoned delta lobe are in agreement with field
observations, reaching several centimeters per year. Our
results indicate that after decades of morphological
adjustment following abandonment, a Yellow River
delta lobe remains highly dynamic as result of active
reworking of the shoreline.

1. Introduction
The Huanghe (Yellow River) of China, possessing a
sediment concentration approximately thirty times
greater than any other large, lowland river system, is the
most efficient terrestrial river system in the world in
terms of sediment delivery to its receiving basin.
Transporting between 500-1000 million tons of
sediment to the coastline annually, the deltaic topset
grows at a rate of 25-50 km2 yr-1. Herein, we analyze: 1)
the physical conditions that produce such a significant
sediment load for this fine-grain, yet sand-bed system
(D50 ~ 90 µm); and 2) the dispersal of this sediment into
the Bohai Sea, and the associated production of the delta
landscape.

Our research studies facilitate the rapidly emerging need
of
understanding
sediment
transport
and
morphodynamics processes of fine-grain, fluvial-deltaic
environments. Furthermore, these findings are critical
for evaluating efficient sustainability practices that
promote enhanced sediment transport and reduce the
potential for channel avulsions due to channel bed
aggradation. Insofar as impacting the Huanghe and
China, such avulsions are built into the history of China;
the Huanghe has been referred to as “China’s sorrow.”
Our study, bolstered by the new sediment transport
relation, indicates that it is possible to regulate sediment
dispersal under flood conditions, and provide sediment
as a resource to ameliorate coastal land loss.

Regarding (1), a physically-based sediment transport
formula is proposed to predict measured sediment flux,
and show that the lower Huanghe tends toward upperregime plane bed, whereby dunes possess large aspect
ratios (wavelength-to-height). This prediction is
validated by high-resolution
multibeam field
observations collected during a flood discharge. We use
a semi-theoretical approach to show that the large
bedform aspect ratio in the lower Huanghe produces
minimal form drag, so greatly enhancing the efficiency
of shear stress utilized for sediment transport. The
validated theory, for the first time, reveals the physics
behind the anomalously high sediment transport rates for
a non-hyperconcentrated flow over a fine-grain bed.
Furthermore, combined with sediment transport
database from the sandy bed environments, we
determine an abrupt phase transition whereby sediment
grain size changing over a narrow range of 130 µm to
190 µm produces an order of magnitude change in flux.
The universal sediment transport relation describing this
phase transition is therefore presented.
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Regarding the evolution of the Huanghe delta, its
exceptionally high sediment load drives significant
modification to the coastline, facilitated by distributary
channel avulsions occurring every 7-10 years. Each of
these events relocates the fluvial sediment supply tens of
kilometers across the delta, abandoning an old lobe and
generating a new lobe. Upon abandonment, the shoreline
of the abandoned lobe erodes at rates of kilometers per
year, and the low-lying region of the eroding delta is
routinely inundated by tides. These processes rework the
delta, and while much of this material is dispersed
basinward, some is transported landward via tidal
channels that occupy the abandoned distributary
channel. Over a yearly timescale, the relict channel fills
with sediment and the delta lobe converts to a tidal flat.
This, in turn, reduces the rate of coastline retreat. The
morphodynamics of these observations are explored by
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expression of bifurcation angles suggests that additional
morphodynamic insight may be gained from further
comparative study.

1. Introduction
The dynamics of channel mouth bifurcations on river
deltas can be under-stood using theory developed in
tributary channel networks [Petroff et al., 2011; Berhanu
et al., 2012; Devauchelle et al., 2012]. Bifurcations in
groundwater-fed tributary networks have been shown to
evolve dependent on Laplacian groundwater flow
patterns directly adjacent to the channel network, i.e.
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where hg is the elevation of the groundwater surface
around a seepage channel tip. This approach allows a
critical bifurcation angle of 72˚ to be calculated, which is
critical because it does not change as it evolves
[Devauchelle et al., 2012]. We test the hypothesis that
bifurcation angles in distributary channel networks are
likewise dictated by a Laplacian external flow field, in
this case the shallow surface water surrounding the
subaqueous portion of distributary channels in a deltaic
setting, using the scaling of Rinaldo et al. [1999], i.e.
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2. Results
We measured 25 unique distributary bifurcations in an
experimental delta and 197 bifurcations in 10 natural
deltas, yielding a mean angle of 70.4˚ ± 2.6˚ (95%
confidence interval) for field-scale deltas and a mean
angle of 68.3˚ ± 8.7˚ for the experimental delta, consistent
with the theoretical prediction. Further analysis shows
that angles cluster around the critical angle over small
measurement length-scales relative to channel width,
even at the moment that channel bifurcations initiate.
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3. Conclusions
Our work shows that bifurcation angle is dictated by flow
patterns outside of the channel network. This differs from
existing models of distributary network formation
primarily from turbulent jets which are dictated by inchannel flow characteristics [Fagherazzi et al., 2015].
Distributary channel bifurcations are important features
in both modern systems, where the channels control
water, sediment, and nutrient routing, and in river delta
stratigraphy, where the channel networks can dictate
large-scale stratigraphic heterogeneity.
Although
distributary networks do not mirror tributary networks
perfectly [Shaw et al., 2016], the similar control and
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and therefore flow density, plays a role in controlling the
scour dynamics.
Contrary to rivers, where the flow is unidirectional, in
tidal courses erosion and deposition take place during the
whole tidal cycle. Even if the tidal currents in the
channels of the Venice Lagoon are asymmetric, with
stronger currents during the ebb phase, the scour shapes
indicate that the erosive action of flood currents is
relevant. At some confluences such process is made more
evident by the fact that the scour develops also in the
direction of the upstream courses (Figure 1).

1. Introduction
This study provides a detailed description of the
geomorphological characteristics of scour holes at
channel confluences obtained analysing high-resolution
bathymetric data acquired in a micro-tidal coastal
environment. Even if scours holes are recognised to be
common features also in tidal embayments with
confluence channels. However, only few studies so far
have investigated the morphological characteristics of
these erosive structures in natural tide-dominated systems
(Kjerfve et al., 1979; Ginsberg and Perillo, 1999).
The Venice Lagoon in Italy, with its century-long
tradition of scientific investigation, is an ideal site for
studying the morphology of scour holes and their
historical morphological evolution. Our efforts aim at
using the large body of knowledge available on river
confluence (Rice et al., 2008 and references therein) to
understand the morphodynamics of scour holes at tidal
channel junction.
In comparison with rivers, flow and sediment dynamics
at tidal courses are complicated by the flood/ebb
alternation of the tidal flow. Anyway, to be consistent
with river studies, we consider as upstream channels the
tidal courses joining the confluence during the ebb tide.

2. Methods
The investigation of the tidal channel confluence scours
was based on the analysis of a bathymetric dataset derived
from 2500 linear kilometres of high-resolution multibeam
echosounder mapping covering the entire network of tidal
channels and inlets of the Lagoon of Venice, Italy. The
dataset comprises also the backscatter data, which reflect
the acoustic properties of the seafloor, historical
bathymetry datasets as well as grab samples, seafloor
video and pictures.

Figure 1. 3D overview of scour hole at Murano island
with arrow showing ebb flow direction.

4. Conclusions
Whereas a vast literature on scour holes in rivers exists,
there is still a gap in the knowledge of scour holes in tidal
environments. Here, we try to fill this gap by providing a
comprehensive analysis of the morphological properties
of scour holes in tidal courses.
The presence of more than one tributary, bed discordance
and flow density difference lead to wide scatter in the
scour data collected in the Venice Lagoon channel
network. Flow dynamics at the confluence could thus be
very complex and lead to the generation of scour holes
having geomorphology different from what is usually
found in rivers.

3. Results
The 29 confluence scours identified in the whole channel
network have maximum depth ranging from 7 to 26 m
and mean depth of 13 m. The relative scour depths have
values between 2.4 and 7.1, with an average value of 3.6.
Mapping scours at channel junction, we observed a wide
variety of confluence planform geometry. 23 scours are
found at the confluence of two upstream courses (1 main
stream and 1 tributary) and 6 scour holes are found at
confluence of three upstream channels.
The scour holes in the tidal channels of the Venice
Lagoon are generally deeper with increasing junction
angle. Moreover, the scour maximum depth is positively
correlated to the total water discharged (i.e., considered
as the tidal prism in this study) by the upstream courses.
The two scours with the highest relative depths (7.1 and
6.2) receive waters directly from the Dese and Silone
rivers. It is therefore reasonable to assume that salinity,
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When waves are relatively small, and the river delivers
sediment faster than waves can distribute it alongshore
(i.e. ‘river dominated’), waves do not inhibit
progradation. The river aggradation associated with
progradation causes avulsions to happen sooner than
they do when waves are relatively more effective at
spreading sediment alongshore. Surprisingly, in the
river-dominated cases, increasing RSLRR has little to no
effect on the rate of avulsions. This behavior contrasts
with laboratory experiments, and leads to insights about
potentially important geometrical differences between
prototype and laboratory deltas (as we will discuss;
Wolinsky and Murray, 2009).
For model runs featuring progressively higher
proportions of influences from high-angle waves, in
which waves have diminishing delta-blunting effects,
even when wave heights are large river dynamics
approach those of river-dominated deltas. In these cases,
although cuspate delta shapes reflect significant wave
influence, progradation and avulsions are only weakly
inhibited. When high-angle wave influences dominate a
wave climate, avulsion timescales mimic those of river
dominated deltas exactly.

1. Introduction
Models in which wave-driven alongshore sediment
transport distributes river delivered sediment have
recently revealed basic insights about how the shapes of
wave-influenced deltas evolve (Ashton and Giosan,
2011; Ashton et al., 2013; Nienhuis et al., 2015). These
ground-breaking exploratory efforts have featured static
river locations and fixed sea level.
Here we present a new coupled model featuring
dynamic river avulsions, to explore how river dynamics
interact with alongshore sediment processes and sealevel rise, over timescales of multiple avulsions and
associated delta lobe-building episodes. Results of initial
experiments reveal new insights about: 1) how the
angular distribution of wave influences (the ‘wave
climate’) can affect river avulsions (as well as delta
shape); and 2) how sea-level rise may have considerably
less influence on avulsions than is typically assumed.

2. Methods
Our modelling framework couples the Coastline
Evolution Model (CEM; Ashton and Murray, 2006) with
the recently developed River Avulsion and Floodplain
Module (RAFEM), via the Community Surface
Dynamics Modeling System (CSDMS). CEM treats
changes in shoreline shape resulting from gradients in
wave-driven alongshore sediment flux. Inspired by
Jerolmack and Paola (2007), RAFEM treats diffusive
evolution of a river longitudinal profile, and determines
when and where avulsions can occur based on river bed
super-elevation relative to the surrounding floodplain.
RAFEM adds another criterion for a successful avulsion:
an alternate path to base level that is shorter than the
existing channel course. When the super-elevation
criterion is satisfied but the shorter-path criterion is not,
a crevasse-splay deposit results. Sea-level rise induces a
landward translation of the shoreline representing the
results of cross-shore sediment fluxes, constrained by
and conservation of mass (e.g. Bruun, 1962; Wolinksy
and Murray, 2009).
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3. Model Experiments and Results
In a suite of model runs we hold river characteristics
constant, and independently vary three coastal variables:
Wave size (expressed as the ratio of wave height and
channel depth); wave angular distribution (the
proportion, U, of influences on alongshore sediment
transport from ‘high angle’ waves that tend to
exaggerate rather than blunt coastline protuberances);
and relative sea-level-rise rate (RSLRR, normalized by a
proxy for the maximum rate that a river mouth can
aggrade).
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1. Introduction

3. Fans and Deltas

Satellite photographic imagery of Mars has revealed
what are interpreted to be channel networks, gullies,
giant outburst channels, meandering rivers, fans, and
deltas. Until the Curiosity Rover landed in Gale Crater,
none of these features had been observed on the ground.
This matters because the presence of these features calls
for liquid water runoff, and in many cases a sustained
hydrologic cycle. Climate models have not been able to
predict such hydrologic cycles beyond early Mars time,
and, consequently, the geomorphic evidence is
constantly challenged: couldn’t these features be due to
wind blown processes or gasses or volcanic eruptions?
Here I review observations obtained from the Curiosity
Rover that definitively shows evidence of surface water
runoff, but also raises questions that we haven’t asked
about systems on Earth.

Ancient fans and deltas have been identified in craters
across Mars (e.g. Morgan et al., 2014). The Curiosity
Rover sampled the distal deposits of an 80 km2 fan
which was bordered by lake sediments. This led to the
question of how much water was needed to build the
fan: not a question we have asked about fans on Earth.
We concluded that up to 6 km of water from the 730
km2 catchment was needed to build the fan, demanding a
sustained hydrologic cycle and climate conditions
difficult to predict on Mars (Morgan et al, 2014 reached
similar conclusions). We are now driving towards a
sequence of deposits that have been interpreted as fandeltas (Palucis et al., 2016). Confirmation of the deltaic
origin of the deposits would have broad implications
about the climate history of Mars.

4. Conclusions
The satellite-based interpretations of fluvial activity on
Mars, now being confirmed with direct observations by
rovers, is perhaps the strongest evidence for wet periods
in the climate history of Mars. This now motivates us to
ask what relationships are there between climate and
morphology of river systems of Earth.

2. Fluvial gravels on Mars
Curiosity Rover cameras obtained the first photographs
of sorted, rounded gravel on Mars, providing definitive
evidence of surface water transport (Williams et al.,
2013). Our now 15 km journey has revealed distinct
gravel deposits that have been interpreted as part of a
prograding fan-delta system towards the center of the
crater relatively soon after impact (Grotzinger et al.
2015). The gravels are crudely stratified and no crossstratification is available to provide a scale for the flow.
How can one estimate river discharge just from grain
size? Correlations on data from rivers on Earth between
grain size and slope, slope and channel depth, slope and
channel width, and width and bankfull discharge enable
crude estimates of formative discharges (Dietrich et al.
2017). The first correlate- grain size and slope is key
and yet is the weakest. More theoretical approaches
gave poorer results.
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1. Introduction
Since ground-breaking work in the late 1960s and
1970s, both numerical models and field experiments
have sought to quantify subglacial drainage under
temperate valley glaciers. Following work by
Röthlisberger, Shreve and Weertman, field experiments
using dye breakthrough curves (e.g., Nienow et al.)
suggested that subglacial drainage evolves through time
with distance up-glacier as meltwater forces evolution
from a distributed to a channelized drainage network.
Yet, glaciers are extremely effective sediment-producing
agents. Geological deposits reveal that they leave behind
thick sequences of till and that these can appear to be
water-worked. If the beds of glaciers comprise sediment,
then fluvial processes and associated morphodynamics
could also pay a critical role in the evolution of
subglacial drainage. Here, we test this possibility.

2.3 Hydraulic jacking at the wrong time of year
Terrestrial laser scanning in the near glacier margin zone
showed late morning uplift of the glacier surface of up
to 0.15 m late in the meltwater season. It implies a
distributed layer of pressurised water at the glacier bed,
and hydraulic jacking. Whilst this has previously been
measured in the spring when flow at the glacier bed is
likely to be distributed, a mechanism is required to
explain its occurrence late in the meltwater season. One
possibility is that falling sediment transport capacity
overnight blocks channels with water forced laterally
under pressure as discharge rises the following day.
2.4 Hydraulic modelling
At any one time, hydraulic efficiency considerations
suggest that network bifurcation with distance up-glacier
causes a more rapid decrease in subglacial sediment
transport than in discharge. The hydraulic model showed
that early melt season snowmelt leads to upstream
propagation of a wave of rising sediment transport
capacity. This could explain the observed: (1) incision of
subglacial channels into bed sediment that propagates
upstream through time; and (2) the associated
development of a more efficient subglacial drainage
network as snowline recession occurs. Later in the melt
season, progressive decrease in the baseflow component
of discharge occurs due to greater subglacial
hydrological efficiency. Minimum flows become lower
than those required for sediment entrainment and
transport. Such conditions may lead to overnight
sediment deposition on subglacial channel bed and the
reductions in channel capacity necessary to create
channel blockage and hydraulic jacking during the rising
limb of the next day’s hydrograph.

2. Methodology

The focus of the work is the Haut Glacier d’Arolla,
Switzerland. Collaboration with a hydropower company
gave access to a high quality 2 minute discharge record.
A Japanese hydrophone and turbidity probe, installed in
the stream at the glacier snout, were calibrated using
direct sampling. The morphology of subglacial channels
was estimated using ground penetrating radar (GPR).
Terrestrial laser scanning was used to measure glacier
surface melt and hydraulic jacking (short term glacier
surface uplift). A hydraulic model for sediment transport
capacity (Lane et al., 2017, Geomorphology) was
modified to deal with a dendritic network of subglacial
conduits, driven by meltwater production.

3. Results
2.1 The morphology of subglacial streams
GPR data from close to the glacier margin suggest that
subglacial channels are deeply incised into bed
sediment, to greater degrees than they are eroded into
the ice. They also reveal short, meter-scale distance,
variability in bed slope (including reverse slopes) and
subglacial channel cross-sectional area.

4. Conclusions
This research provides circumstantial evidence for a
very different model for transience in the development
of subglacial drainage networks, which treats subglacial
channels as rivers. River morphodynamics under
glaciers have tended to be treated over simplistically.
Here we present field data and hydraulic modelling that
show that there could be progressive development of a
drainage network by sediment erosion earlier in the melt
season, of the sort inferred from dye breakout curves.
We also show that the impacts of daily variability in
discharge could lead to the channel blocking needed to
explain measured hydraulic jacking.

2.2 Bedload and suspended load export from the
glacier
Data suggest that sediment export from underneath the
glacier is threshold controlled. In the late melt season,
efficient subglacial drainage overnight causes shear
stress to fall below the critical threshold required for
sediment entrainment and transport. During the morning
rising limb of the hydrograph, suspended bed material
transport was found to begin before bedload transport,
and it also showed clockwise hysteresis, suggesting
early morning flushing of finer bed material.
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warmer latitudes (e.g. Mississippi). Our study
investigates how temporal or spatial fluctuations in river
temperature influence global patterns of sediment
transport and morphodynamics, and contribute to the
common hysteresis pattern within sediment rating
curves.

1. River temperature and sediment transport
The temperature of river water influences its sediment
transport through controls on water viscosity and thus
grain settling velocity (Gibbs et al 1971), boundary layer
dynamics through Manning’s coefficient, the laminar
sublayer thickness (Colby and Scott 1965) and the von
Kármán parameter (Akalin 2002), and water density
(Syvitski et al., 2017):
1) Particles with a diameter >1000µm are least impacted
by water temperature, as wake dynamics dominate
particle settling. For smaller particles (<1000µm), cold
temperatures slow grain settling, an effect non-linearly
increasing for smaller sand sizes. Silt and clay particles
receive the largest viscosity-temperature impact, but at
these grain sizes the magnitude is nearly constant (Gibbs
et al 1971).
2) A 10°C temperature change at 5°-15°C has twice the
impact (~50% increase in fine sand settling rates) than at
the warmer 20°-30°C range.
3) A water temperature increase of 1°C causes a 3.1%
decrease in suspended fine-sand transport, with coarsesand and very-fine-sand transport being less sensitive to
temperature fluctuations (1.5% and 2.8%, respectively)
(Akalin 2002). Downstream variations in temperature
can therefore influence the character of bed material.
4) Water temperature can affect the vertical distribution
of suspended material (Colby and Scott 1965).
5) Water temperature and sediment concentration are
dominant controls on fluid density, and control river
mouth dynamics (hyperpycnal vs. surface plume entry)
(Syvitski et al., 2017).
6) The effect on viscosity of a fluid temperature
decrease from 15° to 1°C is equivalent of adding 20,000
mg/L of clay to water (Colby and Scott, 1965).
7) Manning’s parameter can increase 60% from n=0.02
at 1°C to n=0.035 at 27°C (Colby and Scott 1965).

3. Conclusions
We strongly suggest the need for the development of a
new suite of thermal-dynamic sediment transport
models, as supported by field studies, to investigate
global freshwater temperature patterns. For example,
the BQART transport model of Syvitski et al. (2017)
takes into account basin-averaged air temperature, but
perhaps it should be recast to account for water
temperature and its spatial and temporal variations.
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2. River water temperature patterns
From observations and from models of global freshwater
temperature (van Beek et al., 2012, Wollheim et al.,
2008, Cohen et al., 2014), seasonal fluctuations may
locally range by 10° to 30°C: 10°C on the Mekong River
(GRDC station 2969095), 14°C on the Lena (GRDC
2903420), 22°C on the Yangtze (GRDC 2181600), 23°C
on the Delaware (Trenton), and 26°C on the Missouri
(GRDC 4122900). Along the length of a river, many
different fluid temperature patterns exist. A river warms
(by ~30°C for the Amazon; by <10°C for the Yukon) as
the flow travels down elevation draining highlands and
mountains. Across floodplains, river water may cool if
the flow is into colder latitudes (e.g. Lena), or
substantively warm if the flow is directed towards
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Biofilms are heterogeneous biological matrix consisting
of communities of microorganisms and their secreted
extracellular polymeric substances (EPS). A biofilm
form drives a number of important ‘‘ecosystem
services’’: it contributes to primary production, and
plays a role as the natural water treatment by particles
adsorption, biodegradation and nutrient cycling. Despite
these essential functions of biofilms that have been
studied in varies aquatic environment, the microbial
assemblages also play a major role as cooperative
ecosystem engineers: mediating sediment processes. The
EPS forms a cohesive matrix that helps to re-structure
the physico-chemical properties of sediment particles,
and can range from a loose slime to a compact, cohesive
gel. While natural sediments provide an excellent
substratum for biofilm growth (large surface to volume
ratio, rich in nutrients, porous structure), depth profile of
EPS over sediment bed may differ from the colonization
on impermeable surface (as in many experiments,
biofilms were developed on glass slides). However, the
biological effects coupled on the sediment properties
have mainly been linked to the consequence of
increasing the sediment incipient velocity, yet little is
known about the reticulating of particles in EPS matrix
over depths, which might have even greater protection
index, especially for deeper layers.

sediment. Results showed that the critical shear stress
for the clean sediment was 0.158 Pa, whereas it was
increased to 0.258 Pa after 22 days of incubation (an
increase of more than 60%). We noticed that sediment
was no longer suspended even the critical shear stress
was reached, because flow was not able to initiate
sediment movement until the biofilm failure occurred.
Remarkably, the performance of biostabilisation varied
with the erosion depth, and depended on the vertical
distributive pattern of the EPS in the bio-sediment bed.
Overall, our experiments highlight the need of treating
the EPS sediment conditioning as a depth-dependent
parameter that varies with growth stages in sediment
transport models.

We designed process studies to isolate the micro-scale
spatial and temporal variations in sediment stability
caused by the newly established EPS matrix. A series of
laboratory-controlled bio-sediment beds were incubated
with Bacillus subtilis for 5, 10, 16 and 22 days before
the erosion experiments. A clean sediment bed was used
for comparison. The Scanning Electron Microscope
(SEM) images show the morphology of sediment grain
surfaces reshaped by EPS at different stages of growth
(Figure 1). With the enrichment of EPS as time
advanced, the EPS showed various degrees of branching,
and form complex networks which add to the structural
integrity of the EPS. The vertical profile for biosediment after 22 days showed that bio-cohesion for the
top 5mm layers was significant. Almost all grain
surfaces were embedded under EPS stretching strands
and webs. In the bottom two layers, only localized
coating effect can be observed (connected only between
small grains).

Figure 1. SEM images, illustrating substratum
microstructure for sediment samples at the end of 2.5,
7.5, 10 and 22 days, with clean sediment as control.
Grain morphology of (a) the top layer is presented for
2.5, 7.5 and 10 days while (b) variations in vertical
profile are shown for bio-sediment 22 days. Scale bar
units are in micrometres (μm).

We found that the EPS associated biostabilisation on
mediating sediment erosion showed different behaviours
during incubation. At the first growth stage (i.e., 5 days),
the cultivated bio-sediment appeared to be less resistant
against erosion than the cleaned sediment. With the
increase of the growth period, the protection by biofilms
tended to enhance the erosion threshold for the top-layer

Figure 2. Erosion curves of bio-sediment (5, 10, 16 days)
and controlled clean sediment represented by eroded
depth value increasing with stepwise increment of shear
stress.
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flow/sediment feeds and fluvial styles at multiple scales
of space and time (Jaeger et al., 2017), necessary
conditions for the development of particular physical
habitat assemblages have eluded researchers. From an
EWA perspective, this makes it impossible to
distinguish between the flow/sediment feed required
within a given valley structural setting to sustain
particular habitat conditions, from that required to
restore former, or to improve or establish desired future
conditions.

1. Introduction
Environmental water allocation (EWA) addresses the
magnitude and temporal dynamics of flows required to
sustain a characteristic or desired ecology and/or set of
ecosystem services. The role of geomorphology in this
process is to define the natural reference conditions of a
physical river habitat template (Rowntree, 2013), and to
broaden the ecological gaze beyond flows to consider
interactions between valley structure and the feed and
fate of flow-sediment mixtures. While fluvial ecohydraulics has a rich environmental application history,
and progress is being made in bio-morphodynamics
(interactions between biota and morphodynamics),
developments in eco-morphodynamics (environmental
applications of morphodynamics) are less coherently
represented in the literature. This paper aims to evaluate
how eco-morphodynamics can inform the EWA process,
and to elucidate key challenges and opportunities for
eco-morphodynamics research focused on non-perennial
river systems.

4. Challenges for Eco-Morphodynamics
Given the above, there are clear opportunities for ecomorphodynamics research, if certain challenges are
addressed. Those discussed include:
 Selecting or developing a modelling framework
that is sympathetic to environments with highly
variable flow/sediment feeds (at times approaching
hyper-concentration), complex and poorly-sorted
particle mixtures, patchy and dynamic roughness
and bed sediment thickness characteristics, and
large differences in the inlet and outlet fluxes of
water due to transmission losses;
 Accessing field flow and sediment transport data
for model calibration and confirmation in rivers
that may experience no flow for several concurrent
years, and;
 Defining, in consultation with ecologists, and
extracting from model output, geomorphological
metrics of physical habitat quality and diversity,
such that changes in geomorphology may be
translated into the ecological terms that typically
form the basis of river management practice.
Examples of such metrics are provided.

2. Morphodynamics and River Habitat
Geomorphological analyses are applied in river
management to provide a frame of reference for the state
of the physical fluvial habitat template. Recognising that
this reference state is neither singular, nor static in its
characteristics, processes and behaviour, it is common to
evaluate the historical range of variability (HRV) of a
river or reach of interest. Common approaches to
documenting the HRV involve time-series historical
image analysis, or field analyses of similar systems in
‘better’ condition, in some cases supplemented by
chronologies of geomorphic change, to apply space-fortime substitution. These approaches suffer from the
underdetermination typical of empirical work
(Kleinhans, 2010), but could be supplemented by
morphodynamic modelling of the potential range of
variability (PRV) in habitat characteristics, given
specified historical, prevailing, or likely future
flow/sediment feeds. An example of such an approach is
presented.
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3. Morphodynamics of Non-Perennial Rivers
Although non-perennial rivers comprise more than half
the global river network, their ecological and economic
values are poorly understood and consequently underappreciated (Datry et al., 2017). There is a good
knowledge base on the geomorphology of non-perennial
rivers, but this is derived predominantly from empirical
analyses, and would benefit from greater integration of
computational model-based enquiry (Jaeger et al., 2017).
For example, while it is understood that the primary
distinctive hydrological feature of non-perennial rivers –
high flow variability – can interact with other features of
the physical setting to generate a diverse array of
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1. Introduction

case and Case B is for mosaic vegetated case. In each
case, experiment was run twice. One was the case to
form braided channels and supply vegetation seeds, and
the other was to comparison the braided channel
morphodynamics between Case A and Case B. In Case
A, seeds were supplied after the experiment, while in
Case B, with the supplied sediment material during the
experiments. In the study, bentgrass seeds were selected
to reproduce the dispersion and settling characteristics of
the small size seeds, can be distributed by flow like
many willows’ seeds.

Growing vegetation on floodplain has been known to
act important ecological corridors for river ecosystems.
However, it’s been also known to be a risk factors on
river management due to the increasing flow resistance
during floods. In recent years, many rivers are facing the
disruption of the balance of the generation and
extinction rate of vegetation. In those rivers, vegetation
flourishes on floodplain in turn, and may cause
considerable effects on river bed morphodynamics; for
instance, as one of the popular vegetation effects, they
often work to change the original channel formation and
decrease the number of channels from multi-thread to
single-thread channels (Tal and Paola 2010: Jang and
Shimizu 2007).
As a river management to maintain the channel path
during floods, such excessively flourished vegetation is
often removed artificially in many rivers, and it makes a
part of sandbars bare. Though, the created bare areas are
usually covered very quickly with new patterns of
vegetation; pioneer specie such as willows. Hence, the
important things would be thought to understand the
initial invading process of pioneer species on both bare
sandbars and floodplains, and also the fundamental
mechanisms to keep the multi-thread channels in natural
rivers under the existing of vegetation invading effects.
The objectives of the study are to know the fundamental
characteristics of pioneer species’ seeds dispersion and
settlings usually distributed by snow melting flow, and
after germination, compare the vegetation effects on
braided channel morphodynamics by means of
laboratory experimental tests and 2-dimensional flow
and bed deformation numerical solutions.

3. Results and Conclusions

Figure 1 shows the bentgrass germinated situation in
Case A and Case B (after 12 days had been passed). As
shown in Fig.1-a), bentgrass fully covered with bare
sandbars and floodplains in Case A-1 and it resulted in
the considerable channel deformation from the braided
channel to meandering channel in Case A-2. In contrast,
as shown in Fig. 1-b), totally different situation was
confirmed in Case B-1. Bentgrass made mosaic patches
along the streamline direction on sandbars in Case B-1,
and it maintained multi-thread channels in Case B-2.
This is because, by numerical results, mosaic vegetated
patches on sandbars along the streamline direction does
not be strong flow resistances and not accelerate flow
concentration into the main channel, but they separate
flow path into the two or several directions at the
upstream edge of the vegetated patches and created new
flow path during floods. This types of vegetation
invading process could arrow coexistence of multithread channels and vegetation patches as like island
braiding channel formations.

2. Methods

Experiments were conducted in a 26.0-m-long and
3.0-m-wide rectangular flume having a bed slope of
1/100, located at the civil engineering research institute
of cold region, JAPAN. The flume bed consisted of
uniform grain size material (the mean grain size dm =
0.765). As an initial channel shape, 0.45-m-wide and
0.02-m-hight low flow path was prepared at the center
part of the flume. At the inlet and outlet sections of the
flume, plywood boards were installed to prevent bed
deformation during the experiments, and the volume of
the supplied sediment was determined not to arrow both
bed aggradation and degradation at the just downstream
part of the inlet section of the flume.
Hydraulic parameters in the experiments were as
follows, water discharge of Q = 0.00276 m3/s, initial
non-dimensional shear stress of τ* = 0.11, and initial
normal depth of h0 = 1.4 cm. Experimental cases (A and
B) are summarized below. Case A is for fully vegetated

Figure 1. Seeds germinated situations after 12 days have
been passed from Case A-1 and Case B-1
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1. Introduction
Plant root system has a key role in controlling erosion
processes via increased soil cohesion, while river morphodynamics affects in turn plant survival by uprooting.
Bertoldi et al. (2014) developed a mathematical model accounting for (i) effects of vegetation on threshold for sediment motion and (ii) plant removal by flow erosion, which
are oversimplified.
Our aim is thus to better describe such processes through
the development of a simple model which couples plant
roots dynamics with sediment transport and introduces a
dynamic description of plant removal by uprooting.
We tested the model through simple 2D numerical experiments to investigate the effects of different plant root systems on sediment transport processes and to analyse how
different erosion rates affect the uprooting mechanism.

Figure 1. Bed level changes along longitudinal profile.
Results with vegetation (V1,V2) are compared with
reference cases (Ref) for different erosion rates.

2. Vegetation modeling

0.55, 0.35) with respect to bed load transport capacity
qb,0 . First, simulations without vegetation are performed
as reference case until bed slope equilibrium is reached
(t = T ). Then, plant roots are allowed to grow until they
reached Dmax = 0.5 m over the entire domain. In particular, two root distributions (V1, V2) with different mean
rooting depth are used. Shallow roots (V1) exhibit maximum increased soil cohesion near the surface (zs = 0),
while deep roots (V2) at mid-soil depth (zs = Dmax /2).

Vegetation dynamics and its effects on river morphology are described using the above-ground biomass density, B(t), which represents the plant’s canopy (sum of
stems and leaves) and the below-ground biomass, Br (t),
which indicates the plant roots system. The latter is further defined by a rooting depth, D(t), namely the soil
depth reached by roots at certain time, and a dimensionless function B∗r (zs ), which describes the root distribution
over the soil depth zs ∈ [0, D(t)], according to the model
developed by Tron et al. (2014).
The above-ground biomass B(t) follows a Verhulstlogistic model, while the rooting depth grows with an exponential rate up to a maximum value Dmax . The belowground biomass is derived as function of B, that reads as
Br (t) = aBb , with parameters, a and b, representing the
plant’s specific allometry.
Vegetation feedbacks on river morphodynamics are modeled both increasing flow resistance due to vegetation
canopy (Ks ∝ B(t)), where Ks denotes the Strickler coefficient, and soil cohesion (θcr (zs ) ∝ Br (zs ,t)), with θcr
representing the critical value of the Shields number, with
respect to the bare soil configuration. Mortality occurs by
uprooting when bed level changes (i.e. scours) exceed the
rooting depth D(t), or the residual below-ground biomass
(buried part of the roots) decreases until it reaches a
threshold value.

4. Results and conclusions
Bed level changes are largely affected by the presence
of vegetation and show different responses depending on
roots configuration (Fig. 1). Plant root systems reduce
erosion and stabilize the river bed with larger effects for
smaller erosion rate (Fig. 1a). On the other hand, higher
erosion rate (Fig. 1b) enhances uprooting with a sensible reduction of vegetated soil. Besides its simplicity,
the model can reproduce the effects of plant root systems
on morphodynamics according to experimental evidences
and, even though applied on simple configuration, exhibit
a range of not intuitive results. For instance, we found
that deep roots (V2) are more vulnerable than shallow one
(V1) to uprooting mechanism.
Further research questions can be answered by the model
considering more complex river morphologies (e.g. alternate bars and wandering).

3. Numerical experiments
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general bed degradation.
The experiments were performed at the Hydraulic
Laboratory in Florence in a 5 m long flume. Here we
built a 2 m long mobile bed where seedlings were
arranged according to several configurations. Bed
erosion was obtained by lowering the downstream
boundary condition at a rate of 2 mm/min, in a similar
way as proposed by Edmaier et al. (2015). We
measured flow velocity, discharge and water depth
and vegetation geometry (both root and stem).
The theoretical model is here applied to predict the
critical value of bed erosion Δcr for type II uprooting in
the case of Salix Purpurea. Results in Figure 2 show the
agreement between predicted and measured erosion in
the experiment with flow discharge Q=8.5 L/s.

1. Introduction
River evolution depends on three key processes: the
hydrological regime, the motion of sediment and the
establishment, growth and decay of vegetation. Flooding
events can cause young vegetation mortality by
uprooting (Solari et al., 2015). Despite their implications
on river morphodynamics, only recently research started
focusing on the mechanisms of root failure and on the
vegetation resistance to uprooting. In this work, we
focused on vegetation uprooting due to both flow and
bed erosion. In particular, we considered the root pullout mechanism, which can be commonly observed for
the uprooting of juvenile seedlings (Ennos, 1990).

2. Materials and method
We developed a simple theoretical model for predicting
plant uprooting due to root pull-out. The model is based
on force balance between total resisting force exerted by
soil on the roots and destabilizing forces exerted by flow
drag on the above ground plant including buoyancy. We
hypothesised that forces are transmitted between aboveand below- ground by a frictionless pulley constraint
acting at the edge of the soil (see Figure 1).
Thus, the force balance reads:
τ s ( LR − Δ cr ) = τ b ( H P + Δ cr ) + B ( H P + LR )
(1)
where τ s is the averaged shear strength of the soil, τb is
the bed shear stress, B is the buoyancy effect for unit
length of the plant, LR is the length of root, HP is the
height of the plant and Δcr is the critical value of erosion
for which type II uprooting occurs.

Figure 2. Comparison between predicted versus
measured erosion Δcr in the experiment with Salix
Purpurea and flow discharge Q=8.5 L/s. Line of perfect
agreement (solid) ±30% (dashed) are also shown.

3. Conclusions
In this work, we tested a simple theoretical model in
predicting the critical condition for which uprooting of
juvenile seedlings occurs. The comparison showed good
agreement between predicted and measured conditions
at the time of uprooting.

HP + Δcr
U

LR - Δ cr

τb

τs

References
Edmaier, K., P Burlando, and P. Perona. 2011.
‘Mechanisms of Vegetation Uprooting by Flow in
Alluvial Non-Cohesive Sediment’. Hydrology and
Earth System Sciences 15(5): 1615–1627.
Edmaier, K., B. Crouzy, and P. Perona. 2015.
‘Experimental Characterization of Vegetation
Uprooting by Flow’. J. Geophys. Res. Biogeosc., 120.
Ennos AR. 1990. The anchorage of leek seedlings: the
effect of root length and soil strength. Annals of
Botany 65: 409–416.
Solari, L., Van Oorschot, M., Belletti, B., Hendriks, D.,
Rinaldi, M., and Vargas-Luna, A. (2016) Advances
on
Modelling
Riparian
Vegetation—
Hydromorphology Interactions. River Res. Applic.,
32: 164–178. doi: 10.1002/rra.2910.

Figure 1. Draft of frictionless pulley constraint acting
between above- and below- ground forces.
We considered two different types of vegetation: Avena
Sativa
and
Salix
Purpurea.
Moreover,
we
experimentally investigated the uprooting considering
two conditions, namely, instantaneous (or type I) and
delayed uprooting (or type II according to Edmaier et
al., 2011). We investigated, by increasing the flow
discharge, type I uprooting with Avena Sativa due to the
action of hydrodynamic forces only. Conversely, we
considered constant discharge scenarios both for Avena
Sativa and Salix Purpurea to investigate the effects of a
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1. Introduction

present in the channels (shorter bar wavelength), which
are both narrower than in the un-vegetated case.

New floodplain formation starts with the development of
near-bank sediment deposits such as alternate bars and
point bars (e.g. Hickin, 1984). An important step of this
process is the colonization of the areas emerging during
low flow by plants. Vegetation protects local soil from
erosion during subsequent high flows and enhances local
sedimentation, increasing the vertical growth of
colonized areas. The morphological effects of bar
colonization by plants has been studied using numerical
models (e.g. Crosato and Samir Saleh, 2011), but
laboratory experiments have so far focused on the
effects of floodplain vegetation (e.g. Tal and Paola,
2010). This work describes the effects of alternate bar
colonization by plants on channel morphology in a
large-scale laboratory setting with variable discharge
and sediment recirculation. Three situations are analysed
and compared: without vegetation (a), with vegetated
floodplains only (b) and with vegetation colonizing also
the areas emerging during low flows (c).

a)
b)
c)
Figure 1. Plan view of the channels after 86 hours for
the three scenarios a, b and c.
The measured bed levels at the end of each scenario
showed that bank erosion is substantially reduced in
scenario b due to the vegetated floodplains. Higher
sediment bars and deeper channels are obtained in
scenario c as well as increased bank erosion. This was
due to opposite bank push resulting in flow
concentration near the eroding bank and channel
incision due to sediment loss within the plants occurring
during high flows.

2. Experimental setup

The experiments were carried out in the Laboratory of
Fluid Mechanics of Delft University of Technology in a
5m wide and 45 m long flume. The experiments
followed the evolution of an initial straight rectangular
channel, 0.80 m wide and 0.15 m deep, with floodplains
of 1 m at both sides excavated in graded sand with
median diameter of 1 mm. A transverse plate near the
upstream boundary created a permanent forcing to
assure the formation of alternate bars at fixed locations.
Plastic plants of grassy type represented vegetation. The
selection of both sediment and vegetation was based on
the results of preliminary experiments (Byishimo et al.,
2014; Vargas-Luna et al., 2016). The discharge regime
included alternating low (22 l/s) and high (45 l/s) flows,
with a difference of 5 cm in water level at the
downstream boundary. Water levels, bed levels,
superficial flow velocities and sediment transport rates
were regularly measured during the experiments. The
channel evolution was recorded with a camera placed
above the central area of the flume.
Starting from the excavated channel, a sequence of low
and high discharge was imposed during 31 hours until
alternate bars formed. This first part of the experiment
defined the starting point of all scenarios and was
repeated three times. Thanks to the transverse plate, the
scenarios had an almost identical starting morphology.

3. Conclusions

The combined effects of bar colonization by plants and
floodplain vegetation resulted in channel narrowing,
increased sinuosity and longitudinal bed slope, leading
to noticeable changes in the bar pattern. Secondary
channels formed due to flow outflanking of vegetated
bars. Sediment deposition on vegetated bars and flow
concentration near the opposite side resulted in general
channel incision.
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3. Results

Figure 1 shows the plan view of the channels after 86
hours for the three considered scenarios. In the tests with
vegetated floodplains, scenarios b and c, an extra bar is
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1. Introduction

At this point, vegetation develops over the bare bars
following a logistic equation wherein the carrying
capacity can be assumed as a Gaussian function of the
water depth. In addition, the submerged sites experience
the decline of vegetation because of the uprooting
induced by the flow drag. A key role is played by the
flow stochasticity, which can be considered as a
compound Poisson process. However, in order to make
the computation analytically feasible, the stochastic time
series for the discharge is here replaced by an equivalent
periodic one, obtained as a sequence of a typical average
event of the stochastic series. In this manner, the new
periodic streamflow signal preserves the same statistical
properties of its stochastic correspondent. The periodic
coefficient ODE for the vegetation dynamics can thus be
spatially solved through a Floquet theory carried out as a
secondary stability analysis. In this way we detect which
portion of the bar is asymptotically colonised by
vegetation.

Most of world population lives close and depends on
freshwaters and related ecosystems. As a dramatic
consequence, 48% of all rivers worldwide are
hydrologically altered. Although mankind lives by and
controls river systems since millennia, a complete
physically-based understanding of the links among the
various processes involved still remains elusive. Three
fundamental aspects control the physical state of natural
rivers: flow stochasticity, sediment transport and
vegetation dynamics. The present work tries to shed
light on the bonds among these processes, following a
temporal flow for the river dynamics.

2. Formation of finite-amplitude alternate bars
during a flood event
During a particularly extreme flood event, any previous
ecomorphological pattern is erased by the flow.
However, sediment transport triggers the formation of
migrating bedforms, called free bars. Through a
nonlinear analysis, using the Center Manifold
Projection, an analytical expression is obtained for the
bar amplitude, thus defining bars geometry in the
parameters space.

4. Conclusions
Our work is the first analytical attempt to link the
pattern of the vegetated area of alternate bars with
morphodynamics and flow variability, and it confirms
that high flow variability hardens vegetation growth.
This approach seems to be successful in discriminating
between vegetated and non-vegetated conditions, such in
the two cases reported in Fig.1.

3. Vegetation growth with respect to flow
variability
Once the formative event is extinguished, the flow rate
decreases and the recently formed bars can partially
emerge from water.

Figure 1. Two rivers with similar hydrogeomorpholgical parameters and different conditions for the alternate
bars. (a) Fully vegetated bars on Isere river, near Arbin France. (b) Bare bars on Alpine Rhine, near Meierhof,
Liechtentstein.
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a) t = 0

1. Introduction
River planform results from the complex interaction between flow, sediment transport and vegetation, and can
evolve following a change in these controls. The braided
planform of New Zealand’s Lower Waitaki River, for
instance, is endangered by the action of artificiallyintroduced alien vegetation, which spread across the
braidplain following the reduction in frequency and magnitude of floods due to hydropower dam construction.
This vegetation, by encouraging flow concentration into
the main channel, would likely promote a shift towards
a single-thread morphology if it was not artificially removed within a central fairway.

b) t ∼ 21h . 10′

c) t ∼ 34d . 06h

Figure 1. Results of our numerical reproduction of the
physical experiment of Tal and Paola (2010): detrended
DEMs with overlain flow depth and (c) vegetation
density. a) Initial condition: a straight channel dug in a
bare sand plain. b) Development of a braiding network
under high flow conditions. c) Transition to meandering
after 11 vegetation cycles (each one featuring a three-day
vegetation growth phase at low flow followed by a
one-hour high-flow phase).

2. Numerical model
The purpose of this work is to study the evolution of
braided rivers such as the Waitaki under different management scenarios through two-dimensional numerical
modelling. The construction of a suitable model represents a task in itself, since a modelling framework coupling all the relevant processes is not yet readily available. Our starting point is the physics-based GIAMT2D
numerical model (Siviglia et al., 2013), which solves
two-dimensional shallow flows and bedload transport in
wet/dry domains. We recently improved this model by
including a rule-based bank erosion module inspired by
that of Sun et al. (2015), and by adding a vegetation module which develops the concepts put forward by Bertoldi
et al. (2014). The vegetation module accounts in a simplified manner for time-evolving biomass density, and adjusts the local flow roughness, critical shear stress for sediment transport and bank erodibility accordingly.

work aims to study decadal-scale evolution of a reach on
the Waitaki River and predict planform characteristics under different vegetation management scenarios.
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3. Applications
Here we present the results of test applications of the numerical model to reproduce the morphodynamic evolution of a braided channel in a set of flume experiments that
used alfalfa as vegetation (Tal and Paola, 2010). The experiments began with a braided morphology (Figure 1b)
that spontaneously formed at constant high flow over a
bed of bare uniform sand with an initially straight single
channel (Figure 1a). The planform transitioned to singlethread when this discharge was repeatedly cycled with periods of low flow and vegetation growth (Figure 1c). The
model proves capable to predict such a planform evolution in agreement with the experimental data.
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4. Conclusions and future work
We have built a physics-based 2D numerical biomorphodynamic model and tested it in application to a
laboratory experiment to reproduce observed planform
changes due to vegetation spread. Our current and future
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1. Introduction
Narugashima Island which is located in the southeast of
Awaji Island in west Japan is part of Seto Inland Sea
national park area. The coast of this island is a sanctuary
for many animals and plants such as Uca lactea (fiddler
crab), Caretta caretta (sea turtle) and Suaeda maritime
(a kind of seaside plant). On the other hand, many items
of litter are drifted down to the coast line of this island
by tidal currents and ocean waves. It is feared that such
drifted litter has a bad effect on the ecosystem of this
island. It is expected that the beach at east coast of this
island undertakes a role of shore protection facilities,
however, the temporal-spatial change of sediment
property of this beach still remains poorly understood.
In this study, to clarify the relationship between the
seasonal change of sediment property on this beach and
that of plant community, field observation, statistics
analysis and laboratory experiment on the blown sand
were carried out.
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Figure 1. Space distribution of sediment property
to calculated Moran’s Index. In the case of space
diameter 50 m, Moran’s Index is lower than space
diameter 10 m. This means the relativity of sediment
distribution is not so high in longshore direction.
2.3 Laboratory Experiment on Blown Sand
In the field observation, we confirmed the accumulation
of the fine sediment in the vicinity of back beach.
Therefore we examine the effect of decreasing the
blown sand by vegetation. 2m movable bed was set in
air channel and was vented in 30 minutes. Sediment
property and topography change was measured before
and after the experiment. From the result of laboratory
experiment, we can see the denudation and remaining
coarse sediment in the windward side due to blown sand.
Moreover, when the vegetation density is high, it is
clarified the amount of blown sand tends to be minimum
due to trapping the fine sediment.

2. Methods & Reslts
2.1 Field observations
4 lines were set in longshore direction at the beach of
east coast of Narugashima Island. From July 2009 to
January 2011 with the exception of December 2010, the
digital photo image of the sediment on the surface of
beach was taken once a month by close-up mode of
digital camera at 10m intervals for each line. The
location of camera station was recorded by fieldportable GPS. Using the method which is proposed by
Rubin (2004), the median diameter of each image was
determined. However, the location of camera station
didn’t overlap with that of other month strictly.
Therefore, the corresponding value of the fixed point on
grid was calculated by the two dimensional interpolation
equation (Sloan,1987). From the space distribution of
sediment property (Figure 1), we can see the sediment
in the vicinity of backshore where seaside plants grow
thickly becomes fine and it remains unchanged during
any season.

3. Conclusions
In conclusion, through this study, the trapping
fine sediment by marine vegetation which
thickly in the vicinity of backshore beach
sediment around shoreline keeps a state of
equilibrium are clarified.

effect of
is grow
and the
dynamic

References
2.2 Statistics Analysis
The method of spatial analysis applied to the result of
field observations, the Moran’s Index was obtained. This
index corresponds to Pearson's correlation coefficient. In
the case of positive correlation, Moran’s Index shows
the positive value 1 or less. From the results of space
analysis, space distance is an assumed one which is need
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disturbances. More specific, the spatial patterns in marsh
vegetation decorrelates with increasing exposure to
disturbances, in line with our modelling predictions.

1. Introduction
In recent years many studies have contributed to our
understanding of the key mechanisms and processes that
drive the dynamics of biogeomorphic systems, and tidal
marshes in particular. Yet, our ability to predict the
onset of large-scale tidal-marsh degradation, or its
recovery, is limited due to the inherent non-linear nature
and threshold behaviour of these processes. Therefore,
new ways to probe resilience and understand the
response of tidal marshes to stressors and perturbations
is desired (Kirwan & Megonigal 2013; Fagherazzi et al
2006).
Theory suggests that indicators exist that inform on
deterioration and loss of resilience in complex natural
systems. For instance, the concept of Critical Slowing
Down (CSD) provides an appealing approach to assess
proximity of tipping points in ecosystems (van Nes &
Scheffer 2007). This concept uses changes in recovery
rates following disturbances as early warning for
imminent loss of resilience. However, the use of CSD
for assessing ecosystems resilience is ambiguous,
because slowing down is not exclusively found in
systems that exhibit tipping points and stochastic
disturbances can shift ecosystems to alternative states
well before ecosystem dynamics slowed down
completely (Boettiger et al 2013). Thus, it is not
straightforward how to use this indicator for assessment
and comparing of tidal-marsh resilience and
vulnerability to changing environmental conditions.
In this contribution, we present a combined theoretical
and empirical study to understand how to use and
interpret resilience signature (i.e. CSD) to reveal if tidal
marshes have tipping elements (i.e. strong feedbacks
responsible for critical transitions) or respond more
gradual to changing conditions.

2.3 Disturbance-recovery experiments in the field
We further corroborate these observed relationships
directly by using disturbance-recovery experiments at the
edges of a number of tidal marshes along the
Westerschelde estuary (NL). Again, these field
experiments confirm predictions, revealing that betweensite differences in recovery rates at the salt-marsh leading
edge, are best explained by their exposure to stormy
conditions.

3. Conclusions
Our results imply that the tidal marshes in our study area
carry the resilience signature of a system with tipping
elements and is therefore likely to undergo critical
transitions when thresholds are exceeded. We introduce
the resilience-to-disturbance ratio as a benchmark to be
better able to asses tidal marsh vulnerability in a
stochastic coastal environment.
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2. Methods & results
2.1 Modelling
Using a minimal spatial model, we first show that when
tidal marshes experience strong disturbances, switches
from vegetated marsh to bare tidal flat can occur before
the system is fully slowed down. This leads to the
prediction that recovery rates measured just before an
observed switch to tidal flat are determined by the
disturbance intensity the tidal marsh is exposed to.
2.2 Remotely sensed resilience
Comparing the resilience of the seaward edges of tidalmarsh along the Westerschelde estuary (NL) from
remotely sensed false colour composites reveals that
strongly correlated to the exposure to storm-induced
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1. Introduction

stant deposition term counterbalanced by the erosion term
over the entire cross-section (i.e. Qe0 (τeq /τe −1)−D = 0,
where Qe0 is the erosion rate and D is a constant deposition term). Another interesting phenomena is that the
time duration and the peak shear stresses of the so-called
“static equilibrium” are respectively longer and smaller
for the scenario with a larger constant discharge (see Figure 1c). This implies that the initial development of a tidal
channel is faster when the tidal forcing is weaker. A positive feedback ensures that the tidal forcing increasingly
focuses on the channel region leading to the emergence
of a channel and lateral flats. However, after about 40
years, the scouring in the channel region gradually stops
and the bed shear stresses converge to τeq . As a result the
shape of each cross-section gradually reaches a genuine
static equilibrium (Figure 1a).

Tidal channels are ubiquitous features of coastal regions
and their presence dictates the hydrodynamic and sedimentary dynamics. The development of tidal channels
has been modeled (e.g. Lanzoni and D’Alpaos, 2015)
using a simplified longitudinal Reynolds equation and
simplified deposition-resuspension formulations (Mehta,
1986). Models indicate that the formation of tidal channels begins with the scouring of small bed incisions and
proceeds driven by the positive feedback between the
local scouring and the increasingly concentrating tidal
fluxes. However, many aspects of why/when/how the positive feedback develops are not fully understood. Here,
we combine numerical and analytical analysis to study
the initial formation and long-term equilibrium of an idealized tidal channel.

2. Methods
For simplicity, the longitudinal momentum equation is
derived from the Reynolds-averaged Navier-Stokes equation using Cartesian coordinate system and the Manning
friction relationship. The bed shear stress becomes:
τ = −ρw ghS +

∂
∂y

Z η
zb

τyx dz

(1)

where x, y and z are the coordinate components; ρw is the
water density; h is the water depth; η and zb are the water
and bed surface levels (η −zb = h) and τxy is the Reynolds
shear stress. Only suspended load is considered.

3. Results and discussion
The tidal forcing is characterized by tide-averaged discharge, which is assumed to be constant over the simulation period. Figure 1 shows the results of two typical scenarios with different constant discharges (5 and 30 m3 /s
respectively). Both scenarios eventually reach an equilibrium (see Figure 1a) characterized by a cross-section
composed by a curvilinear channel region flanked by horizontal banks. Figure 1b and 1c show the time series of
bed elevations and bed shear stress for two representative
points located along the channel axis (C1 and C2) and
the bank region (F1 and F2, see Figure 1a). At the beginning of each simulation, since the initial perturbation
is small (0.001 m), the solid and dashed lines are almost
superimposed (Figure 1b), which implies that the bed elevations of the points along the channel axis and those
in the bank region vary uniformly before the channelized shape emerges. As these points reach a certain water depths (denoted as heq hereafter), their elevations are
maintained for short periods. At the same time, the bed
shear stress τc also gets close to the threshold value (denoted as τeq hereafter, see the black dash dot line in Figure
1c), but not to the critical shear stress (denoted as τe hereafter, see the black dotted line in Figure 1c). In fact, τeq
represents a “static equilibrium” condition with the con-

Figure 1. The final equilibrium cross-sectional shapes of
two scenarios with different constant discharge (a).
Subplot (b) and (c) shows the time series of the bed
elevations and bed shear stress for the sampling points
(C1-C2 and F1-F2 in subplot(a)).
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1. Introduction

3. Conclusions

Intertidal mudflats, developed globally at the land-ocean
interface, play important roles in maintaining coastal
biodiversity, storing carbon and adapting storm surges
(Gedan et al., 2009). The wide-spread tidal networks,
promoting tidal flat evolution and saltmarsh retreat or
expansion, are mainly affected by tidal hydrodynamics.
Flood and ebb current can transport sediments in
different ways and locate them in different areas
(Mariotti and Fagherazzi, 2011). Tide asymmetry would
change with distance along the tidal creeks (Blanton et
al., 2002). However, the respective contributions of
flood- and ebb-current on the development processes and
characteristics of tidal networks have not yet been
discussed thoroughly. Here, we provided experimental
evidences of the effect of tide asymmetry on intertidal
mudflat morphology.

Subjected to periodical tidal dynamics, creeks developed
in the intertidal zone, with the process of head-ward
erosion and meandering. Depending on the asymmetrical
tide duration, either flood or ebb current has been
enhanced. The experimental results show that the ebb
current had a higher sculpture capability of tidal network
than flood current. Indeed, head-ward erosion is mainly
induced by ebb flow. The inclined bed surface tends to
mitigate flood current, and to enhance ebb current.
Flood-dominated tide could generate many small scale
channel branches in the upper basin zone, while
ebb-dominated tides make tidal networks wider and
deeper, inducing a larger channelized area and erosion
height while lower creek density(Figure 2).

A vertically distorted and reduced scale physical model
(Figure 1) of a sloping tidal flat basin was adopted. The
model sediment was sawdust with a median grain size of
1mm. Tide processes were generated at the sea boundary
by an automatically controlled weir. A high-resolution
laser scan system was employed to collect the
topographic data of tidal flat and tidal creek system.
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Figure 2. Creek density, fraction of channelized area and
mean erosion height in different tidal regimes
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1. Introduction

improved morphological predictions compared to traditional 2DH approaches.

Tidal inlets connect the open sea with backbarrier lagoons and combine many socio-economic and environmental challenges. The combined action of tides and
waves drives a strong dynamics and fast morphological
changes, such as inlet migration. Recent advances in morphodynamic modelling allowed for a better understanding of tidal inlet migration and confirmed the key role
of longshore transport (Bertin et al., 2009; Nienhuis and
Ashton, 2016). However, most studies employed 2DH
approaches, which prevent from the representation of the
vertical circulation in bended channels. Chaumillon et al.
(2014) demonstrated past morphological changes of the
Bonne-Anse Lagoon using satellite images (France) and
concluded that longshore transport was not sufficient to
explain changes in migration rates and suggested that
channel bend dynamics may play a major role. This study
aims at verifying this hypothesis through morphodynamic
modelling of an idealized bended inlet using a state-ofthe-art 3D morphodynamic modelling system.
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Figure 1. Simulated bathymetry after 100 days for an
initial channel bend (A) following longshore current and
(B) facing longshore current .
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We employed the unstructured-grid modelling system
SCHISM (Zhang et al., 2016), which couples a 3D
baroclinic circulation model, the spectral wave model
WWMII (Roland et al., 2012) and the 3D sediment transport and bed update model SED3D (Pinto et al., 2012).
Recent improvements were carried out by our team: (1)
the implementation of a WENO scheme to solve the
Exner equation (Guérin et al., 2016) and (2) the implementation of a vortex force formalism to couple waves
and currents in 3D (Ardhuin et al., 2008). The modelling
system is applied to an idealized inlet/lagoon forced with
a simplified tide represented by M2 (1 m amplitude) and
constant waves of Hs = 2 m breaking with a 10° incidence. Three morphological configurations are considered: (A) a meander oriented against the longshore transport, (B) a meander oriented in the direction of the longshore transport and (C) no meanders.

3. Results and discussion
For case (A), the sediments transported by longshore currents accumulate at the tip of the updrift coast and reduce
the inlet cross-section, which causes the erosion of the
downdrift coast and results in inlet migration. A meander bar also develops eastward (Figure 1), which further
promotes the inlet migration at a rate of about 1 m.day−1 .
For case (B), the longshore transport faces the growth of
a meander bar in the inlet, which results in a skewed morphology without significant migration. These results suggest that longshore transport is not the unique process that
controls inlet migration but that meander dynamics can
play a key role too, wich confirms pionneer observations
of Aubrey and Speer (1984) and more recent findings of
Chaumillon et al. (2014). This study also suggests that
3D morphodynamic modelling systems should result in
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1. Introduction
The sediment sorting of tidal flats is governed by a
variety of processes operating over different temporal
and spatial scales, e.g., tides, waves, biological activities,
sea level rise and storms. Based on a bed stratigraphy
model, Zhou et al. (2016) demonstrated that the
sediment grain size displayed a “landward fining”
characteristic (i.e., mud tended to distribute on the upper
tidal flat while sand on the middle or lower flat. Strong
wind waves could highly erode tidal flats resulting in a
concave profile near the high water mark (Figure 1a).
The role of salt marshes was later included as a further
extension of this model. It showed that a considerable
amount of mud could still remain in the vegetated zone
even when waves were strong (Zhou et al., 2016, Figure
1b). Meanwhile, a steep transition zone formed at the
marsh edge because of the differential sediment
deposition in vegetated and bare flats. Overall, model
results suggested that the sorting behavior was sensitive
to hydrodynamics, sediment properties and vegetation
conditions. As an important process affecting tidal flat
morphology, storms are found to significantly alter the
spatial and temporal distribution of multiple sediments
over tidal flats, both horizontally and vertically.
However, to our knowledge, the impacts caused by
storms have been rarely addressed by numerical models.

2. Methods
Building upon the current modeling system of Zhou et al.
(2016), this ongoing study aims to gain more in-depth
insight into the sediment sorting dynamics of tidal flats
under alternating stormy and calm weather conditions.

3. Conclusions
Preliminary model results suggest several important
physical indications. On the one hand, the high bed
shear stress induced by storm waves can initiate the
motion of relatively coarse sediments which are
transported shoreward with the flooding current,
changing the previously-mentioned “landward fining”
phenomenon during the calm weather condition. Both
the hydrodynamics-damping and sediment-trapping
effects of marshes favor sediment deposition, resulting
in an elevated upper tidal flat with potentially coarser
sediments. On the other hand, over longer time scales
(e.g., months to decades), the alternating stormy and
calm weather conditions may drive the formation of a
layered bed stratigraphy which has been commonly
observed in the field (e.g., the Jiangsu tidal flat). During
calm weather, the bed shear stress is mostly flowinduced and relatively small, so the sediment put in
motion is mostly clay to silt (or very fine sand). The
flood-dominated characteristics of tidal currents can
generally cause the landward transport of these fine
sediments, leading to the formation of mud-dominated
layers (shorted as “MDLs”). During storm weather, the
combined bed shear stress of waves and tides can
suspend seaward coarser sediments (e.g., fine sand or
sand) which may be brought to the upper tidal flat,
forming sand-dominated layers (shorted as “SDLs”).
Owing to the much shorter duration of storms, the SDLs
are usually much thinner than the MDLs. Overall, this
study highlights the non-negligible impacts of storms on
tidal flat sorting dynamics, which are reflected by the
evident signature of both horizontal and vertical
sedimentary structures.
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shifted with a rate of few decimeters per year. ADCP
measurements along different sides of the meander bend
show maximum flow velocities of 40 cm/sec.
Sedimentological core analyses show that the study bars
cover a sandy shell-rich layer, which accumulated as a
bypass lag in the deepest part of the channel. Bar
deposits (1.5 to 2 m thick) increase in thickness moving
toward the bend apex, and consist of sand and silt,
which are mainly structureless because of the intense
bioturbation, although local laminations occur. Vertical
grain size distribution shows an overall fining- to
coarsening-upward trend. In the Tremp Basin, study bars
consist of clinostratified, heterolithic sandstone bodies
floored by coarse grained-sandstone with abundant
mudclasts and scattered pebbles. Sandstone bodies vary
in thickness between 4 and 6 m, and tend to be slightly
thicker moving toward the pool zone. Beds dip about
10-20° and appear mainly massive, although, in the
lower part of the bar, ripple cross-laminations and
through-cross stratification can be detected. Vertical
grain size distribution can be characterized either by an
overall fining-upward trend or by fining- to coarseningupward trend.
Sedimentological and architectural similarities between
the study cases allow one to link modern examples with
ancient deposits, and highlight that:
1) the progressive thickening of point bar deposits
suggests bar migration under aggradational conditions.
2) the occurrence of opposite and offset tidal currents
provides a peculiar vertical grain size distribution within
tidal pointbars.

1. Introduction
Widespread distribution of tidal meanders in modern
coasts contrasts with limited knowledge about their
sedimentological features (Barwis, 1978) and with their
limited documentation in the fossil record (Santos &
Rossetti, 2006; Díez-Canseco et al., 2014). The present
study aims at improving our understanding of tidal
meander bends through a comparison between modern
tidal meanders of the Venice Lagoon (Italy) and ancient
point bar deposits of the Cretaceous Tremp Basin
(Spain).

2. Methods
In the Venice Lagoon, two meander bends were
investigated combining analyses of historical aerial
photos, measurements of in-channel flow velocity and
high-resolution facies analyses on sedimentary cores.
These channels are about 10-15 m wide and 2-3 m deep.
In the Tremp Basin, three main point bar sandstone
bodies were investigated following the classical
principles of facies analyses, which were locally
integrated with modern photogrammetric 3D modelling.
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Figure 1. (a) Location of the study areas; (b) Satellite
image of one of the study bend in the Venice Lagoon (c)
Cross section across the point bar shown in b; (d) 3D
reconstruction and current distribution in a point bar of
the Tremp basin.

3. Results and Conclusions
In the Venice Lagoon, the analysis of historical photos
shows that during the past decades the study channels
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1. Introduction

and therefore it is likely to be less effective in growing
on wave-exposed locations. This suggests that the
effectiveness of vegetation-based wave attenuation
ultimately depends on mutual plant-wave interactions.
(2) Both the field- and model-based results on storm
surge propagation along a 4 km marsh transect, show
that the effectiveness of peak water level reduction is
dependent on marsh geometric properties, such as the
marsh size, marsh elevation and width of channels
dissecting the marsh platform, and on the height of the
incoming peak water level. The attenuation rate was
found to be highest for peak water levels that are ca. 0.5
m above the average marsh platform elevation, while
lower and higher high water level events are less
effectively attenuated.

Climate change necessitates novel approaches to protect
coastal and estuarine shorelines against risks imposed by
sea level rise and increasing storm activity. In this
context, there is increasing interest in the conservation
and restoration of coastal and estuarine ecosystems that
have the natural capacity to reduce shoreline erosion, to
attenuate waves and storm surges, and to adapt to sea
level rise by sediment accretion (e.g. Temmerman &
Kirwan 2015). However, key questions remain on the
effectiveness of ecosystem-based shoreline protection.
Here we present some recent results on how biophysical interactions between tidal marsh vegetation,
hydrodynamics and sediment dynamics determine the
effectiveness of ecosystem-based shore-line protection,
in terms of attenuation of waves and storm surges.
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(1) In terms of wind wave attenuation, we present results
on mutual plant-wave interactions, i.e. how plant
morphological properties (traits) determine their
effectiveness to attenuate waves, but also vice versa,
how the impacts of waves on plant growth depend on
the same plant traits. Results are based on experiments
in laboratory wave flumes with two tidal marsh species
typical for NW European estuaries, i.e. Scirpus
maritimus and S. tabernaemontani (see details in Heuner
et al. 2015; Silinski et al. 2015; 2016).
(2) Concerning storm surge attenuation, we performed
field observations and numerical modelling of tidal and
storm surge propagation along a 4 km long marsh
transect in the Scheldt estuary, SW Netherlands. Model
simulations were done with a 2D hydrodynamic model
of the estuary using the Telemac model package (see
details in Stark et al. 2015; 2016).

3. Results and conclusions

(1) We show that the two investigated Scirpus species
differ in morphological traits, especially in plant
stiffness and plant surface area, and that these plant
traits determine their effectiveness in wave attenuation,
but also their effectiveness in coping with waves. The
stiffer species with more plant surface area per shoot, is
more effective in wave attenuation as compared to the
other species. However, the stiffer species suffers more
from the waves, as it feels more drag force from waves
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1. Introduction

the right inlet 0.61 m. The phase difference between the
inlets is 20 deg. The water depth at the two inlets is fixed
at 10 m and 6 m, respectively.
Morphodynamic equilibria are obtained by solving the
cross–sectionally averaged shallow water equations, an
advection–diffusion equation that describes the suspended sediment concentration, and the bed evolution
equation. These equations are solved using a perturbation approach in a small parameter that is the ratio of the
amplitude of the tidal elevation and the water depth. Using this approach, the morphodynamic equilibria can be
obtained directly (i.e. without time integration) by requiring the system to be in morphodynamic equilibrium. For
details, see Schuttelaars and de Swart (1996).

Many tidal basins are connected to the open sea by multiple inlets. An example is the Guana-Tolomato-Matanzas
(GTM) estuary (see Fig. 1), a 60 km long back-barrier estuarine system extending from Palm Valley to Palm Coast,
Florida, US. A large area of this estuary ( 300 km2 ) is part
of the GTM–National Estuarine Research Reserve with a
great bio–diversity.
This estuary is connected to the open sea by two inlets,
the northern inlet is St. Augustine Inlet, located in St.
Augustine, and the southern one, Matanzas inlet, is located 25 km southward. Hydrodynamics at the GTM
estuary are primarily driven by the tidal propagation, although density driven flows might be relevant after major
rainfall events (e.g. Sheng et al., 2008). Using parame-

3. Results
For the width profiles shown in Fig 2a, the corresponding
equilibrium bed profiles are depicted in Fig 2b. For all
width profiles considered, a tidal divide is observed. This
divide is most pronounced for the dashed–dotted width
profile. These equilibrium bottom profiles, the associated water motion and sediment concentrations will be
discussed during the presentation, as well as their sensitivity to geometry and parameters. Furthermore, these results will be compared with observations from the GTM
estuary and results obtained with ROMS.

Figure 1. Guana–Tolomato–Matanzas estuary.
ters characteristic for the GTM–estuary, the existence of
morphodynamic equilibria of two–inlet systems is investigated using a width–averaged idealized morphodynamic
model, and their sensitivity to parameters is assessed.

Figure 2. Prescribed width profiles (left panel) and
resulting equilibrium depth profiles (right panel).

4. Conclusions

2. Model formulation

Mechanisms resulting in morphodynamic equilibria of
two inlet systems and their sensitivity to parameters are
identified. Both a newly developed idealized model and a
complex numerical model (ROMS) are used, and results
of these different modeling approaches are compared with
each other, as well as with observations made in the GTM.

The geometry of the system under consideration consists
of a tidal embayment that is connected to the sea by two
inlets. The width of the inlets at the seaward sides is prescribed, using values that are representative for the GTM:
400 m for the left inlet and 290 m for the inlet on the right.
In between the inlets the width is allowed to be a function
of the longitudinal location. In Fig. 2a, three different
width profiles are given for a double inlet system with a
length L of 25 km. The width of a double inlet system
that does not vary with longitudinal position is indicated
by the dashed line, the solid line indicates a linearly decreasing width, while the dashed–dotted line shows an inlet system with a maximum width at 12.5 km. The water
motion is forced by prescribed M2 tidal elevations at the
two inlets: the amplitude at the left inlet is 0.68 m, and at
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1. Introduction

order to ascertain if modes are amplified and whether one
of them prevails.

Flow expansions can be defined as self-formed alluvial
expanding deposits developing over a larger experimental delta that (1) are characterized by unchannelized flow,
comprising a single sheet flow that covers the entire surface of the expansion, and (2) do not interact laterally
with still fluid and thus are not related to jets. The morphodynamics of topographic expansion has been recently
investigated both experimentally and numerically by Sittoni et al. (2014). Here we wish to understand the basic
mechanism which governs the formation of topographic
expansions and explore the possibility that it may be the
outcome of an instability of bottom topography.

3. Results and Conclusion
We choose a random spatially distributed initial perturbation of the bed. For the set of parameters employed in
the experiments, results show that the first mode turns out
to be the most unstable. Moreover, perturbations grow
very rapidly in time in the upstream region. A quantitative comparison between the steady state topography developed in the course of the experiments and the present
predictions is obviously not possible as linear results describe only the initial stage of the growth of perturbations
and become eventually unbounded. Non linear effects
are responsible for the tendency of perturbations to reach
an equilibrium state. This notwithstanding, it is of interest to compare visually the pattern observed at some
time in the initial stage of the experiment of Sittoni et al.
(2014) with that obtained superimposing on the basic bottom profile the spatial distribution of bottom elevation associated with the first lateral mode predicted in the initial
stage of the growth process. This comparison is reported
in 2. The qualitative similarity between the predicted pattern and the laboratory observations lends support to the
idea that topographic expansions do indeed arise from an
instability mechanism and encourage to extend the analysis to the non linear regime. Such extension is in progress.
Further insight into the phenomenon will also be pursued
exploring its features in the parameter space. Results will
be presented at the meeting.

2. Formulation of the problem
A simple way to model the basic process is to consider a
configuration such that water and sediments are supplied
from a central hole and flow on a cone shaped surface
confined by lateral walls forming a definite angle 0 < θ <
π =k, with k  0:5 (see Figure 1).

Figure 1. Sketch and notations
The governing equations are given by the shallow water equations coupled with the Exner equation written in
cylindrical coordinates. In analogy with the experiments
of Sittoni et al. (2014) we focus on supercritical flow conditions, with upstream water depth, liquid and solid discharges given as boundary conditions. Furthermore the
transversal component of the velocity is set to vanish at
the sidewalls.
The basic state is readily obtained assuming that the flow
field is radial, i.e. the dependent variables depend only on
the radial coordinate r.
The linear analysis investigates the conditions required
for the flow over the basic bottom profile to loose stability to a bottom perturbation of small amplitude, such that
linearization is a valid approximation. We may get advantage of cylindrical symmetry and expand the variables
in Fourier series only in the azimuthal direction, leaving
time and radial coordinate as unknowns. We end up with
a set of partial differential equations in t and r, that can be
solved marching in time starting from some initial state in

Figure 2. Comparison between the observed and
theoretical bottom topography.
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allow us to further explore the river bed
morphodynamics, and assess the impact of upstream
flow abstraction and sediment supply.

1. Introduction
Quantifying bed load transport and morphological
change in Alpine braided rivers is a challenging task, let
alone predicting river evolution and response to climate
change and human impacts. Of particular interest is the
response of these rivers to changing extremes in
discharge and sediment load. Besides this external
forcing, the ease with which braided rivers can partition
flow and sediment means that their morphodynamic
response may be significant if not critical in explaining
(future) river response. Variability in bed load transport
in braided river systems is characterized by the
migration of sediment units, ranging in scale from
bedload sheets to entire bar complexes. Therefore, the
river bed morphology, in which flow is routed and
sediment is (temporarily) stored, is both indicative of
and a crucial factor in downstream sediment transfer.
Whilst there are some flume experiments that have
studied how discharge-sediment supply events force
river evolution, these are few, and there are even less
field examples.
In this study we take advantage of a well-controlled field
setting: a braided river reach that is exposed to repeated,
regulated sediment-laden flows associated with
hydropower exploitation. To quantify morphological
change and sediment transfer, we adopted a combined
remote sensing and modelling approach.

3. Results
On the short time-scale of a series of purges, we show
that the spatial and temporal distribution of sediment
transport and morphological change varies strongly
within the braided reach. The imposed upstream
discharge and sediment load is rapidly and progressively
altered when passing through the system, due to the
forcing of the river bed morphology, which itself
continuously changes in response to the sediment laden
flows. Recurring patterns in sediment transport could be
directly related to the migration of bars, exemplifying
the strong interaction between morphology and sediment
transport. This behaviour was largely controlled by the
configuration of flow (channel cross section and
configuration) and local deposition, where sediment at
the end of any one flow event is locally stored and
subsequently transported in the following flow event.
The hydro-morphological modelling confirmed that
individual sediment-laden flow events strongly interact
with river bed morphology. In addition, we found that
the regime of purging events leaves a characteristic
imprint on river bed morphology. Therefore, besides the
altered sediment transport capacity the adapted
morphology affects both short and long term sediment
transport variability.

2. Approach
This study is set in an upstream reach of the Borgne
d’Arolla in south-west Switzerland. The river is subject
to flow abstraction and transfer for hydropower
purposes, and intermittent purges which are used to
evacuate sediment from the intake into the river reach.
Discharge and indirectly sediment supply of the purges
were derived from data provided by the hydropower
company Grand Dixence. Between these events, it was
possible to access the stream bed, allowing a high level
of quantification of the system evolution.
First, drone-based aerial photogrammetry and repeated
terrestrial laser scanner surveys were used to
characterize and to quantify river bed morphology and
morphodynamics. Second, we developed and calibrated
a 2D hydro-morphological model and performed
simulations for various flow and sediment supply
scenarios. Third, we combined morphological change
data with flow model predictions to infer spatiallydistributed sediment transport rates which we related to
both the purged intake volumes and the hydromorphological simulation results. Combined, these

4. Conclusion
In this study we combined discharge and sediment
supply data, remote sensing and hydro-morphological
modelling to investigate riverbed morphodynamics and
their interaction with sediment-laden flows. These data
reveal a crucial point for how we conceptualise braided
river dynamics. The internal morphodynamics of the
system condition their own response to external forcing
by, in this case, sediment laden purges. Thus, events
with similar external forcing may lead to a different
morphodynamic response and consequently sediment
transfer. This point challenges simplistic notions
regarding the equilibrium morphology that forms after
adjustment to a flood event and emphasises the need to
factor in historic evolution and morphodynamics in
order to quantify and predict future system response.
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1. Introduction

3. Results

Channel bifurcation is a key process in many fluvial systems, such as braiding and anabranching rivers, river
deltas and alluvial fans. Natural bifurcations often exhibit asymmetrical configurations, with an uneven partition of the discharge and the formation of a bed elevation gap between the downstream anabranches. Theoretical models, flume experiments and numerical simulation
demonstrated that a geometrically symmetrical bifurcation, with initially uniform bed elevation tends to develop
an asymmetrical configuration as the result of an instability mechanism. In a recent study (Redolfi et al., 2016) we
have theoretically analysed the close connection between
the bifurcation instability and the theory of morphodynamic influence (Zolezzi and Seminara, 2001). The study
is based on an analytical two-dimensional solution for a
geometrically simple bifurcation, and provides a physical explanation to the experimental results of Bertoldi and
Tubino (2007), who observed that the resonant value of
the upstream channel aspect ratio (Blondeaux and Seminara, 1985) is the key parameter discriminating between
stable and unstable bifurcations. However, natural river
bifurcations often exhibit a significantly more complex
planform structure (Kleinhans et al., 2008), so that it is
necessary to extend the theory towards more realistic geometrical configurations.

Thanks to the analytical approach it is possible to isolate
the role of the basic processes that are driving the bifurcation morphodynamics. Specifically, two fundamental
mechanisms can be identified: (i) the free autogenic instability, and (ii) the forced, externally driven response to
different geometrical configurations.

Figure 2. Dimensionless bed elevation for a bifurcation
with curved inlet channel (analytical solution).
The model illustrates how a bifurcation that is intrinsically stable can be unbalanced by the forcing effect of
the geometrical asymmetry. For example, this is evident
when there is curvature of the main channel that tends to
deviate the flow and the sediment flux towards the outer
bank (Figure 2). The model allows predictions of the
water and sediment distribution of discharge between the
downstream anabranches, depending on channel geometry and flow characteristics. The outputs are tested against
a wide dataset including field, laboratory, and numerical
data of both gravel and sand bed bifurcations.

2. Methods
We consider a geometrically asymmetric bifurcation,
where the main channel is curved and the downstream
anabranches have different angles and longitudinal gradients (Figure 1). We solve analytically a shallow water
morphodynamic model through an innovative application
of a perturbative approach to multi-thread channel configurations.
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Figure 1. Sketch of the asymmetric bifurcation
configuration.
Specifically, we solve the differential system for the main
channel and the two anabranches separately, and than we
impose an internal boundary condition that ensures the
continuity of all the variables across the joining channels.
In this way we obtain a linear solution in closed form that
is formally valid when the geometrical variations are relatively small (e.g., weak curvature).
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bifurcating branches and perform a stability analysis of
the equilibrium solutions. The extension to mixed
sediment reveals more complex behavior than the
unisize case. Depending on the values for l and m we
find 2 to 5 solutions for the combination of flow depths
in the bifurcating branches. Two of these solutions are
ones in which one of the branches silts up, yet their
stability depends on the values for l and m. Furthermore,
we find that whether the stable state consists of one or
two branches (for the same values of l and m) depends
on the initial conditions. The analysis also reveals the
time scales of the approach toward the equilibrium state.

1. Introduction
A river bifurcation, can be found in, for instance, a river
delta, in braided or anabranching reaches, and in
manmade side channels in restored river reaches.
Depending on the partitioning of water and sediment
over the bifurcating branches, the bifurcation develops
toward (a) a stable state with two downstream branches
or (b) a state in which the water discharge in one of the
branches continues to increase at the expense of the
other branch (Wang et al., 1995). This may lead to
excessive deposition in the latter branch that eventually
silts up. For navigation, flood safety, and river
restoration purposes, it is important to assess and
develop tools to predict such long-term behavior of the
bifurcation.

The form of the nodal point relations (for gravel and
sand) appears to determine the outcomes of our analysis.
As our nodal point relations neglect several physical
mechanisms (for instance bend flow upstream from the
bifurcation), the results of our analysis likely have
limited predictive value. Using measured data of a large
bifurcation in the Dutch Rhine River, we provide a
preliminary assessment of the stability of the bifurcation
point in the long term.

A first and highly schematized one-dimensional model
describing (the development towards) the equilibrium
states of two bifurcating branches was developed by
Wang et al (1995). The use of a one-dimensional model
implies the need for a nodal point relation that describes
the partitioning of sediment over the bifurcating
branches. Wang et al (1995) introduce a nodal point
relation as a function of the partitioning of the water
discharge. They simplify their nodal point relation to the
following form: s*=q*k, where s* denotes the ratio of
the sediment discharges per unit width in the bifurcating
branches, q* denotes the ratio of the water discharges
per unit width in the bifurcating branches, and k is a
constant. The Wang et al. (1995) model is limited to
conditions with unisize sediment and application of the
Engelund & Hansen (1967) sediment transport relation.
They assume the same constant base level for the two
bifurcating branches, and constant water and sediment
discharges in the upstream channel. A mathematical
stability analysis is conducted to predict the stability of
the equilibrium states. Depending on the exponent k they
find a stable equilibrium state with two downstream
branches or a stable state with one branch only (i.e. the
other branch has silted up). Here we extend the Wang et
al. (1995) model to conditions with gravel and sand and
study the stability of the equilibrium states.

3. Conclusions
Our extension of the one-dimensional bifurcation model
developed by Wang et. al (1995) to two sediment size
fractions increases the number of unstable and stable
equilibrium solutions with respect to the unisize case.
The time scale of the evolution towards the equilibrium
state appears to be in the order of decades. The form of
the nodal point relations for the sediment size fractions
largely affects the outcomes of our analysis and requires
further research to allow for physically based
predictions. This is worthwhile, as one-dimensional
models are computationally cheap compared to twodimensional models and provide a rapid assessment of
the river’s development on the long term. Yet twodimensional models represent some of the physical
processes in an improved manner and do not suffer from
the burden of the requirement of nodal point relations.
Efforts to improve the nodal point relations should focus
on including the effects of bend flow and lateral
sediment transport upstream from the bifurcation, which
will improve the validity of the one-dimensional model.

2. Extension to mixed sediment
Considering a two-fraction sediment mixture requires
two nodal point relations, one for sand and one for
gravel: sg*=g q*l and ss*=s q*m, where sg* (ss*) is the
ratio of the gravel (sand) transport rates per unit width in
the two bifurcating branches, and l, m, g, and s are
constants. Following Wang et al.’s (1995) analysis for
unisize sediment, we derive a system of ordinary
differential equations for the flow depths in the
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Numerical prediction of long term morphological evolution in rivers, estuaries and costal areas is computationally very costly. This problem is often tackled adopting morphodynamic upscaling techniques which allows
to speedup the bed level evolution. The most popular approach implemented in numerical models is the morphological acceleration factor (MORFAC) (Roelvink, 2006).
This is based on the assumption that the bed response
to hydrodynamic changes is linear within a single time
step and consists in multiplying the sediment fluxes in the
Exner equation by a factor Mcs > 1. At present, the choice
of the maximum speedup (Mcs ) that can be used to accelerate the bed evolution is obtained empirically using mesh
dependent criteria (e.g. Ranasinghe et al., 2011). This
leads to accelerated bed level configurations in which a
clear correspondence between the real and the accelerated
time scale is not known.
In this study a general criterion for the maximum speedup,
which can be obtained under the assumption of linear bed
response, is proposed. As a consequence a clear link between real and accelerated time scales can be established.
Finally a new speedup concept (MORSPEED) which allows to reach larger values of speedup is also proposed,
analyzed and tested.
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Figure 1. Maximum linear speedup, imposing a
tolerance on the exact linear acceleration equal to 1%.
Courant stability condition is adopted for the numerical
simulation, such relationship leads to a theoretical formulation for the computational speedup.

3. Numerical tests
The new MORSPEED concept has been tested performing a simulation of 100 days morphodynamic evolution
of a bottom hump in a straight channel, using the initial
bottom topography given in Ranasinghe et al. (2011) assuming steady flow conditions characterised by maximum
initial Fr = 0.2. The computational speedup is measured
comparing the MORFAC and MORSPEED approach to
the numerical solution obtained without acceleration.
Applying the maximum Mcs for Fr = 0.2, all the accelerated methods accurately simulate the hump’s evolution,
both in terms of volume and propagation. Nevertheless,
while the MORFAC solution requires a CPU time 4 times
smaller than the reference solution, the computational
cost of MORSPEED and A-MORSPEED are respectively
125 and 142 times smaller than the reference one.

2. Theoretical study
The general criterion for the maximum speedup achievable under the assumption of linear bed response and the
derivation of the new MORSPEED concept are derived
considering the one-dimensional Saint-Venant-Exner system of equations. Three acceleration coefficients (Mcw ,
Mq , Mcs ), each multiplying the fluxes of the three governing equations are introduced. Through the study of the
linearised eigenproblem of the system a relationship between the accelerated morphological time evolution and
the original one is obtained. Then, assuming an error tolerance on the exact linear acceleration (e.g., tol = 1%),
a maximum speedup for the MORFAC approach can be
computed as a function of the Froude number (Fr). An
example of the computed maximum speedup is displayed
with the dashed line in Figure 1, for a given closure formula for the solid transport discharge.
From this analysis it also results that, if the coefficients
multiplying the flux of the water continuity equation Mcw
and the momentum equation Mq are taken as Mcw = Mcs
and Mq = 1 (MORSPEED approach), the morphodynamic
evolution behaves linearly for larger values of acceleration (see the solid line of Figure 1). Moreover, because
the maximum speedup is a function of the highest instantaneous Fr, the maximum Mcs can be computed adaptively
inside the numerical model (A-MORSPEED), maximizing both efficiency and accuracy through all the simulation. Finally, if a numerical scheme that must satisfy the

4. Conclusions
This work presents a study on the numerical speedup of
morphodynamic simulations. A criterion to maximize
accuracy and efficiency of accelerated solutions is proposed (the A-MORSPEED). Adopting this new acceleration concept (assuming steady flow conditions) it is possible to obtained good results in morphodynamics simulations, with acceleration up to two order of magnitude
larger than the ones that can be obtained using the classical MORFAC approach.
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1. Introduction

The highly three-dimensional nature of the flow hints towards the possible failure of depth-averaged (2D shallow
water based) numerical models in simulating the hydrodynamics and the sediment transport at a diversion accurately. Though most depth-averaged models have corrections for secondary flows, which might be able to capture
some of the inherent physics. The objective of the current study is to analyze the hydrodynamics and sediment
transport at experimental-scale diversions across different
models of increasing complexity. This comparative study
will provide a clear indication of the minimum amount
of complexity a model should inculcate in order to capture Bulle-Effect relatively well. Comparisons would be
done for the movable bed case, in order to take analyze
the effect on the morphodynamics at the diversion.

Diversions are a subset of asymmetric bifurcations, where
one of the channels after bifurcation continues along the
direction of the original channel, this channel can also
be referred to as the main-channel. Diversions are not
only built for river-engineering purposes, e.g. navigational canals, channels to divert water and sediment to
rebuild deltas etc. (Giosan et al., 2014); they can also be
formed naturally, e.g. chute cutoffs (Zinger, 2016). Thus
understanding and correct prediction of the hydrodynamics and sediment transport at a diversion is essential for
accurate modeling of natural and engineered fluvial systems. One of the first extensive study on diversion was
conducted by Bulle (1926), where it was found that compared to discharge of water; a disproportionately higher
amount of bedload sediment entered the lateral-channel
at the diversion. Hence, this phenomenon is often known
as the Bulle-Effect.

4. Numerical Simulations
The numerical models compared in this study for the
rigid-bed cases are LES with sediment modeled as Lagrangian particles, 3D RANS based free-surface hydrodynamic model, 2D depth-averaged model Hervouet (2007),
and 1D analytical models. The 3D and the 2D model
would be using the same models for sediment the transport calculations. The movable bed case would be compared between the 3D RANS based model and the 2D
depth-averaged model.

2. Large Eddy Simulation (LES) Approach
In order to gain insight into the phenomenon of BulleEffect, a recent study has used high-resolution Large
Eddy Simulation (LES) to simulate the flow and sediment
transport at an idealized 90-degree diversion (Dutta et al.,
2016). The study showed that the preferential movement
of near-bed sediment into the lateral-channel, is caused by
an appreciable difference in flow structure near the bottom of a channel, and near the top of a channel. Even
though the total flow was equally divided between the
two channels at the diversion, most of the flow near the
bottom was found to enter the lateral-channel. This was
caused due to formation of a strong secondary current at
the diversion. As conducting LES at the scale of realworld diversions is computationally intractable, a recent
study used Reynolds Averaged Navier-Stokes (RANS)
based three-dimensional (3D) free-surface hydrodynamics model to simulate Bulle’s experiments (Dutta et al.,
2017).
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3. RANS Approach
The 3D model was able to capture the contrasting flowstructure between the near-bed and near-surface region of
the diversion. Percentage of the total bedload at the diversion that entered the lateral-channel was predicted within
10 percent of error for all the cases. The diversion-angle
for which the minimum amount of sediment enters the
lateral-channel was predicted by the model as 90-degree,
whereas it is 120-degree for Bulle’s experiments. Even
though the general trend was comprehensively captured
by the 3D model, discrepancies may arise due to use
of relatively fewer elements near the wall (compared to
Large Eddy Simulations).
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the boundary layer horizontal velocity. The boundary
shear stress induced by the reverse flow can exceed the
critical value, inducing backwards motion of the sand
particles. This process is localized in one or more
regions along the tank, depending on the wave features
and on the wave steepening process. Initial erosion and
accumulation zones form in these regions. The repeated
action of successive SSWs causes the generation of the
first isometric bedforms, which tend to migrate in the
direction of wave propagation, increasing their number
at the same time. The generation mechanism depends on
the adverse pressure gradient and on the velocity field at
the bottom during the wave passage.

1. Introduction
The role of solitary waves on sand-wave field formation
is a topic of great interest nowadays (Droghei et al.,
2016). We present results of a laboratory study of
bedforms produced in sand by surface solitary waves
(SSW). Our main focus is to investigate the dynamics of
bedform generation induced by solitary waves.

2. The experimental setting
We performed a series of laboratory experiments at the
Saint Anthony Falls Laboratory in Minneapolis, in a 12
m long, 0.15 m wide and 0.5 m high flume. Figure 1
shows the initial experimental setting.
The flume, filled with fresh water (ρ=1 g/cm3), has a
movable gate on the left hand-side, placed to generate a
displacement η0 between the free surfaces on either side
of the gate. We used the lock-release method, essentially
just a quick removal of the gate, to induce formation of a
single solitary wave. SSW features depend on three
parameters: the lock length x0, and the water depths h1
and h2. The bottom of the flume is rigid in the wave
generation region. The domain of interest, in which the
SSWs propagate, has a horizontal sand bed (D50=0.64),
2 cm thick (hs).

Figure 2. A SSW propagating over the wave-induced
bedforms.

3. Conclusions
Our laboratory experiments on solitary waves prove that
the bedform generation depends on the reverse flow
induced by the horizontal adverse pressure gradient. The
pressure field induced at the bottom does not uniquely
depend on the SSWs shape (i.e. amplitude and
wavelength). The dynamic pressure also increases the
adverse pressure gradient. The velocity field beneath the
solitary wave and the water depth both affect the reverse
shear stress at the bottom.

Figure 1. Schematic view of the experimental set up.
A high-resolution acoustic velocimeter and a digital
pressure gauge locally measured both 3D water velocity
and pressure induced on the bottom by each SSW. We
measured the main wave features (i.e. amplitude,
wavelength, and celerity) by image analysis.
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3. Results
For each experiment we generated 400 successive waves
with the same features, in order to study their effect on
the sandy bottom (Figure 2). The wave main action is to
apply shear stress on the sandy bed, causing particle
transport in the same direction of the wave. Depending
on velocity and pressure fields induced by the wave,
immediately after its passage, a back flow occurs near
the bottom (Dutykh and Clamond, 2014). The
experiments show that the reverse flow is induced by
boundary layer separation due to the adverse horizontal
pressure gradient as the wave passes. Both hydrostatic
and dynamic pressure act simultaneously to influence
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size of the flume. Analytical studies have provided
simple formulas for the assessment of their time scales
(e.g. de Vries, 1975; Crosato, 2008). The theory of
equilibrium gives an insight into the final configuration
(Jansen et al., 1979) and is therefore useful to interpret
the observed developments. Certain processes, such as
bar formation, may require long-duration experiments.
Stopping an experiment when the evolution is not
complete may lead to important misinterpretations
(Crosato et al, 2012).

1. Introduction
Laboratory experiments are key tools for the study of
morphodynamic processes in rivers, complementary to
numerical models and analytical descriptions.
River systems are reproduced in the laboratory under
strongly controlled conditions. This allows studying the
effects of changing single variables on channel
morphology. Because of their reduced scale, laboratory
experiments present also reduced time scales and for this
they also allow reproducing several scenarios in a
relatively short time. Shortcomings are mostly related to
the interpretation of the results at the real river scale, but
also to the difficulty to properly measure some variables
in strongly reduced settings. The present abstract
presents these issues on the basis of personal experience
gained in the laboratory at Delft Hydraulics and at the
Technical University of Technology.

4 Upscaling of results
An important issue regards the interpretation of
experimental results at the real river scale. Upscaling
rules are suggested by Kleinhans et al. (2014), among
others. Analytical studies have provided parameters to
scale the 2D bed topography response, such as the
interaction parameter (Struiksma et al., 1985) and the
bar mode (as in Tewolde, 2015). Upscaling of vegetated
systems remains an unsolved issue and can be only
(partly) achieved using appropriate numerical models.

2. Experimental set-up design
The design of experimental set-ups includes selecting
flume geometry, sediment (size, gradation, density),
vegetation (type, density, flexibility), boundary
conditions, upstream (discharge regime, sediment
inputs) and downstream, as well as initial configuration.
Previous works have shown that sediment gradation
strongly affects the channel width and depth evolution in
the laboratory. Uniform sediment produces wider
channels than graded sediment, since the latter results in
less erodible banks (Byishimo, 2014). Suspension of
sand requires velocities that are often difficult to obtain
in laboratory settings, especially if at the same time the
Froude number has to be small (Tewolde, 2015). This
means that sediment should be carefully selected.
The success of experiments depends also on flume size.
Wider flumes are necessary with sediment feeding and
variable discharge (Singh, 2015) and if vegetation is
placed on emerging bars (Vargas-Luna, 2016).
Measuring techniques and instruments often need
appropriate geometries and hydraulic conditions, such as
minimum water depths. Fulfilling those conditions often
requires a larger channel and therefore a larger flume.
Important morphodynamic characteristics, such as bed
roughness and longitudinal slope, cannot be accurately
predicted beforehand, but the geometry of the channel
and the flow characteristics depend on their value. This
means that mobile-bed experiments cannot be well
designed without carrying out several explorative tests
(e.g. Vargas-Luna et al., 2015).

References
Byishimo, P. (2014). Effects of variable discharge on
width formation and cross-sectional shape of sinuous
rivers. MSc Thesis, UNESCO-IHE, Institute for
Water Education, Delft, the Netherlands.
Crosato A. (2008). Analysis and modelling of river
meandering. PhD Thesis, TU Delft, the Netherlands.
Crosato A. et al. (2012). Experimental and numerical
findings on the long-term evolution of migrating
alternate bars in alluvial channels. Water Res. Res.,
48, W06524, doi: 10.1029/2011WR011320.
De Vries M. (1975). A morphological time scale for
rivers. In: Proc. 16th Congr. IAHR, São Paulo, vol. 2,
B3, 17-23.
Jansen P. Ph. et al. (1979). Principles of river
engineering. The non-tidal alluvial river. Reprint
Delft Academic Press (1994), Delft, the Netherlands.
Kleinhans M.G. et al. (2014). Quantifiable effectiveness
of experimental scaling of river- and delta morphodynamics and stratigraphy. Earth-Sci. Rev., 133, 43-61.
Singh U. (2015). Controls on and morphodynamic
effects of width variations in bed-load dominated
alluvial channels: experimental and numerical study.
PhD Thesis, Univ. of Trento and Queen Mary Univ.
Tewolde M.S. et al. (2015) Effects of suspended
sediment on river bars. In: E-proc. 36th IAHR World
Congress, 28June-3July, the Hague, the Netherlands.
Vargas-Luna et al. (2015). Laboratory investigation on
the hydrodynamic characterization of artificial grass.
In: E-proc. 36th IAHR World Congress, 28June3July, the Hague, the Netherlands.
Vargas-Luna A. (2016). Role of vegetaion on river bank
accretion. PhD Thesis, TU Delft, Delft, the
Netherlands.

3. Interpretation of observations
Similarly to numerical models, also morphodynamic
experiments require a spin-up period. The longitudinal
slope always gradually adjusts to the boundary
conditions, with consequent adaptation of the 2D bed
topography. These 1D and 2D morphological
adjustments may take hours to days, depending on the
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1. Introduction

Channel confinement for bridge reconstruction

A sequence of large strike-slip and thrust earthquakes
struck the north eastern side of the South Island of New
Zealand in 2010, 2011 and 2016. The most significant
events were:
 Darfield: Mw 7.1 on September 4, 2010;
 Christchurch: Mw 6.2 and Mw 5.9 on February
22, 2011, Mw 6.0 June 13, 2011, Mw 5.8 and
Mw 5.9 on December 23, 2011;
 Kaikoura: Mw 7.8 and Mw 6.3 on 14
November 2016.
The quakes were shallow with epicentres ranging from 6
km to 15 km deep. A total of 187 deaths occurred and
damage to buildings and infrastructure was widespread.
The tectonic changes also affected groundwater levels,
sediment yields, runoff characteristics and flood hazard.
This paper focusses on the influences of the earthquakes
on rivers, floodplains, coasts and estuaries.

Figure 1. River bank slump.

2. Major effects
The Darfield and Christchurch earthquakes affected
lowland rivers, floodplains and estuaries. The Kaikoura
quakes affected mountain catchments, rivers and
coastlines. On the plains where groundwater was close
to the surface, earthquake liquefaction caused buildings
to sink and 5,100 properties were declared unsuitable for
rebuilding. In March 2014 heavy rainfall produced
severe flooding in Christchurch due to quake-induced
topographic changes. In the mountains, quake related
landslides blocked rivers creating potential dam-break
and lahar hazards.

Figure 2. Lateral spreading beside lowland rivers.

2. Paper Summary
In addition to these major impacts, there were many
significant changes that occurred to rivers, coasts and
estuaries. The paper describes and illustrates these
effects (e.g. Fig.1 – Fig.3) which can be summarised
under the following headings:
 Bank failure
 Flood levee failure
 Channel narrowing (lateral ground spreading)
 Grade change (tectonics and avulsion)
 Aggradation in channel beds (liquefaction, sand
boils)
 Aggradation from sediment runoff
 Shoaling and bars from sediment loading
 Channel weed growth (siltation and nutrients from
sewerage network failure)
 Landslip lakes
 Estuary uplift
 Coastal uplift
 Sediment from river mouths
 Increased flood vulnerability

Figure 3. Catchment landslide dams.
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addition
to
characteristics

1. Introduction
The Depth of Caspian Sea which is located in North of
Iran is about 1025m. Research works and Technical
activities in such Depth is very difficult and sensitive.
By progressing high-Technology in Sub Sea, we can use
the special geometry of Robots and smart Rov’s for
inspection support sampling and recognize.
In controlling and stability the Sub-Sea Robot, The

considered. In the current research using neural network
and Mamdani fuzzy system for robot the right path
recognized. Effective factors are identifying in routing
underwater robot as input to the neural network and the
ability of the robot to be considerate as a parameter is

effect of Ekman depth and spiral also hydrodynamic
pressure and using of sea column energy for Robot

considered. Formation of the linguistic variables used in
Mamdani system. Effective parameters in undersea

motion are very important. because in the surface layers
of Caspian sea orbital currents,
Path-Lines, and
Stream-Lines due

to

precision
routing,
non-functional
such as response time are also

robot used in fuzzy system. Mamdani fuzzy rules
resulting from the system resulting in increased accuracy
and efficiency. With regard to the uncertainty on the

waves ,currents and high

turbulence
of this layers should be considered.
Understanding the Bathymetry of Caspian Sea, robot

parameters have been identified, the proposed approach
provides better accuracy compared with previous works.

should have at least four-characteristics such as S4
(small, smart, strong, speed systems). Construction,
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Caspian Sea, salinity and Depth-Environment geometry
and dimension are needed to control the pipeline and
platform systems. Neural and fuzzy Methods have been
used in computer Modelling .Robots can sink about
1025m depth to check the oil and gas sea bed systems
and environmental research. Bathymetry, sampling of
sediment, marine heritage tracing and biology research
are very important for such unmanned systems. In this
paper, by introducing a new high-tech Sub-Sea Smart
Robot by Neural and fuzzy Methods, we understand new
Techniques of complexity of such systems. In many
applications, Sub-Sea Robots needs to be flexible to any
given depth, properties of sea waters, hydrodynamics
forces and used energy .Tracing of a special Path-lines
in sea waters for Robots and stability the balance of
geometry are important. Controlling and guiding the
Robot to special points of Sea bed is a must.
Performance evaluation system is done in two method,
modelling and simulation as one of the most efficient
methods of modelling approach is considered. Smart
robots need to have the proper path along the way. In
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Abstract
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Hazard and risk associated with coastal erosion are
anticipated to increase on coastlines during the twentyfirst century due to rising sea level, increases in the
frequency and intensity of storms, and changes in
nearshore wave climate (Nicholls and Cazenave, 2010).
These processes and their consequent interactions can be
complex and non-linear, making future predictions
based on past erosion rates highly uncertain. To reduce
the risk associated with coastal erosion there is a need
to base predictions of coastal change on quantitative
methods.
At the mesoscale (101 to 102 km at annual to decadal
timescales) relatively small changes in coastal position
can have major social and economic consequences.
Some of the most dynamic coastal features at these
scales are sand waves, cuspate forelands and spits,
formed by oblique waves transporting sediment along
the coast. These features offer protection to soft
sediment coastlines and their loss can lead to instances
of increased erosion, while their addition can afford a
temporary or quasi-permanent (on the human timescale)
halt in erosion. At theses scales, numerical models
provide a tool to quantitatively assess the impacts of
climate and environmental change on coastal
morphology. They have been shown to reproduce the
range of coastal features formed under high-angle wave
climate, with model output matching observed coastal
features and their rates of migration (see for example
Ashton et al., 2001; Ashton and Murray, 2006; van den
Berg et al., 2012; Kaergaard and Fredsoe, 2013).
The focus of modelling studies has been on matching
geometry under differing wave climates; recreating sand
waves, cuspate bumps, flying spits and reconnecting
spits. Although the form of coastal features has been
explored in detail there has been little investigation into
the rate of migration, growth or loss under differing
wave modes. The evolution of these features is
important when considering the future risk associated
with coastal erosion for a particular location under a
changing climate or environment. To address this we use
the one-line Coastal Vector Evolution model (COVE:
Hurst et al. (2014) ) to quantitatively assess the impact
of current and future wave climate on the evolution of a
foreland cuspate feature. Taking Benacre Ness, UK, as
a case study, the model is calibrated against fifty years
of geo-referenced ariel photography. The influence of
past wave mode characteristics on migration is
elucidated before future migration up to 2100 is
assessed.
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1. Introduction

rip-current cells develops over the bars. They induce a
strong circulation cells in inner surf-zone that are located
close to the shore. The characteristics of this secondary
circulation depends on the cross-shore distance between
the shoreline and the crescentic bar location, the alongshore bar spacing and the offshore wave conditions. Both
secondary circulations in-phase and out-of-phase with respect the rip-current cells are found.
The secondary circulations trigger shoreline changes. After several days of morphological evolution, the shoreline
presents a steady undulating patterns (megacusp) with the
same wavelength of the crescentic bars (see figure 1). The
shoreline perturbation extends offshore forming an incipient transverse bar. The phase between secondary circulation and rip currents is consistent with the coupling between both morphological patterns (transverse and crescentic bars).

Undulating patterns of the shoreline, that range from meters to several kilometers, are usually observed. At intermediate length scales, from tens of meters to several hundred of meters, megacusps are observed. This shoreline
patterns are frequently associated to the presence of crescentic bars or rip-channel systems (Wright et al., 1985).
Fields observations suggest interaction between the dynamics of the shoreline and of the surf zone that results
in a morphological coupling between shoreline undulations and sand-bars (Price et al., 2014). The relevance of
studying shoreline dynamics since during extreme events
shoreline changes can result in severe ecological and economical damages (Castelle et al., 2015).
Over the last decade a large number of studies have improve the knowledge on the formation and evolution of
crescentic bars or rip-channel systems. These studies
cover field observation, physical modeling and numerical modeling (Garnier et al., 2008). Some studies has
taken into account the dynamics of the shoreline under the
presence of rip channels systems (Castelle et al., 2015).
However, there is a lack of knowledge of the dynamics
of the mega cusps and their relation with the presence of
surf zone patterns. Here we study the shoreline dynamics
when crescentic bars or rip-channel system are present.
A new numerical model that take into account shoreline
change, as a result of erosion and deposition processes
along the beach profile and using a dry-wet algorithm, is
used. Beside the mobile shoreline, the model includes
2DH wave propagation, wave-current interaction, rollers,
Q3D hydrodynamics, sediment transport and bed level
evolution.

3. Discussion
We reproduced the formation of megacusps. Modeling numerically a rip channel system and the deposition/erosions process in the shore can simulate shoreline
dynamics and the formation of megacusps. Megacusps
dynamics are related with the characteristics of the crescentic bars (wave-length and shoreline distance) and the
offshore wave forcing. A number of experiments for different crescentic bars and rip-channel system configuration will be presented an analyzed for a better understanding of the morphological coupling between shoreline and
surf-zone patterns for intermediate length scales.
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Figure 1. Shoreline evolution under the presence of a
rip-channel system. After simulating bed evolution
during one week, megacusps appeared in the shoreline.

2. Preliminary results
Numerical experiments have been performed on beach
with an existing pattern of crescentic bars and water motions forced by offshore-generated waves. As a result,
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into account the most relevant
ant discharge values in terms
of sediment transport, a specif
cific analysis based on daily
observed discharge is carriedd out
o to define the frequency
associated with medium andd high
h
flow conditions, also
considering the probabilityy rrelated to extreme flood
events. Bed load sampling iss carried
c
out using a HelleySmith bed load sampler; bed samples are also collected
by an USGS BMH-60 sampler.
sa
Complementarily,
hydrodynamic modeling of the lowest downstream river
reaches is carried out to takee in
into account any backwater
effects of hydraulic structure
tures (e.g. gates), the tidal
effects (though almost negligi
igible in this area), and then
to calculate bedload rating cu
curves and annual bedload
yields. Among the several be
bed-load formulas, those of
Meyer-Peter & Muller (1948)
48) and Martin (2003) seem
the most suitable to predictt reliable
r
bedload yields. In
addition, bathymetric surveyss of the river downstream
reaches, river mouths and th
the adjoining beaches are
carried out. All these data are
re essential for understanding
the beach hydromorphic proc
rocesses, changes and for a
sound risk assessment.

1. Introduction
Over the last fifty years, most of thee Emilia-Romagna
E
regional beaches have been affected byy a marked coastal
erosion that has seen an acceleration in the last decades,
related to a reduction in river sediment
ent supply. Despite
few sporadic field studies on sedimen
ent transport, bed
load yield data are extremely limited and
a referred only
to a few rivers (Billi and Salemi 2004
004, Ciavola et al.
2010). For this reason, the University
ty of Ferrara, with
the support of the Emilia-Rom
magna Regional
Government, carried out a few
w field bedload
measurement campaigns in represen
entative rivers to
check the hypothesis of a diminished se
sediment supply to
the coast. This hypothesis is suppo
ported by a few
evidences including, a marked shoreline
ine retreat and river
bed degradation (especially in the Reno
eno River - Preciso
et al., 2011). Preciso et al. (2011), have
ha analysed the
reasons for such a marked decrease in bedload yield.
They include land use change (mainl
inly reforestation),
dams, weir construction and bed mat
aterial harvesting.
Although previous studies largely contri
tributed to define a
more realistic picture of the sedimentt flux
f
to the study
area beaches, there is a need to exte
xtend the current,
limited knowledge of bedload yield too the
th entire EmiliaRomagna coast. The main aim off this research is
therefore to assess, at a regional scal
cale, the sediment
supply to the Romagna coast, located
ed south of the Po
River delta. The research focuses on the Fiumi Uniti and
Savio rivers, that are paradigmatic in terms of mouth
morphodynamics (Fig.1).

3. Final remarks
indicate that the bedload
The results of this study in
sediment yield to the Rom
omagna beaches is highly
variable and mainly influen
uenced by human impact
factors. The regional approac
oach used in this study to
produce bedload rating curv
urves for the main rivers
supplying the local beaches seems to have produced
results more accurately and
nd reliably than previous
works. Strong points are the exploitation of existing
bedload field data, the identif
tification of bedload criteria
most suitable for the studyy area and complementary
hydraulic modelling.

References
Billi P., Salemi E. (2004) “Mis
isura delle portate solide in
sospensione al fondo, dell F. Reno”, in Arpa Rivista,
supplemento al n.6, anno VI
VII nov-dic. 2004, pp.8-15
Ciavola P., Salemi E., Billi P. (2010) “Sediment supply
and morphological evolutio
tion of a small river mouth
(Fiumi Uniti, Ravenna,, Italy): should river
management be storm-dr
driven?”, in: China-Italy
bilateral symposium onn the coastal zone and
continental shelf evolutionn trend, October 5-8, 2010,
Bologna, Italy
Preciso, E., Salemi, E., Biilli, P., 2011, Land use
changes, torrent control wo
works and sediment mining:
effects on channel morpho
phology and sediment flux,
case study of the Reno
no River (Northern Italy),
Hydrological Processes, 266 (8), 1134-1148.

ft the Savio, on the
Figure 1. The river mouths: on the left
right the Fiumi Uniti.

2. Methodology
The activities essentially include
ude hydrological
investigation at a regional scale and bed
be load transport
sampling at the downstream end of the monitored rivers.
The representative annual discharge duration
dur
curves for
the rivers are calculated starting from
fro data-sets of
registered rainfall and flow levels aat several gauge
stations in the catchments. Since the study
s
has to take
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bars typically developed during periods with low- to
intermediate-energy wave conditions (Hrms≤0.8 m) and
both oblique and shore-normal angles of incidence.
Sandbar straightening at Castelldefels was preferably
observed in case of oblique waves (for both
intermediate- and high-energy conditions).

1. Introduction
Crescentic sand bars have been studied intensively
during the last decades, resulting in a relatively good
knowledge of their characteristics and dynamics (Price
and Ruessink, 2011; Garnier et al., 2013; and references
therein). However, the role of wave obliquity in
crescentic bar formation and destruction is not yet clear.
Crescentic bar destruction, also called bar straightening,
was previously associated primarily with high-energy
wave conditions, but recent observational and model
studies have shown that crescentic bars can straighten in
both intermediate- and high-energy wave conditions if
the waves are obliquely incident (Price and Ruessink,
2011; Garnier et al., 2013). However, crescentic bars
have also been observed to form under oblique waves
(Price and Ruessink, 2011). This paper aims at
increasing our understanding on the role of wave
obliquity on the dynamics of crescentic bars, combining
observations at an open, Mediterranean beach and
numerical simulations with a morphodynamic model.

4. Preliminary conclusions and further work
The observations at Castelldefels confirm the important
role of the wave angle in crescentic bar destruction since
most of straightening moments occurred under oblique
waves (of intermediate to high energy). Oblique waves
(of low to intermediate energy) were also present during
bar formation of some of the events, with normal waves
being present during the formation of the other events. A
more detailed analysis of the observations is needed in
order to distinguish and characterize the two scenarios
(formation versus destruction).
Moreover, a morphodynamic model based on linear
stability analysis (Ribas et al., 2011) will be applied to
the Castelldefels site in order to understand how wave
obliquity affects crescentic bar formation and
destruction. Particular attention will be paid to the role
of wave rollers, which are known to affect crescentic bar
dynamics (Ribas et al., 2011).

2. Study site and observational methods
The studied sandy beach is located at Castelldefels city
(20 km southwest of Barcelona, northeast Spain). Its
shoreline is oriented east-west and the median grain size
is 270 µm. During the study period (October 2010 to
December 2014), six bathymetric surveys were
conducted, which show the presence of an outer bar and
an inner bar or terrace. The long-term average values of
Hrms, Tp and (absolute) θ at 10 m depth are 0.32 m, 4.4 s
and 37°, respectively, so obliquely incident waves are
common.
During the study period, crescentic bar events were
detected using a dataset of time-exposure video images
(e.g., Figure 1), paying special attention to formation
and destruction moments. The barlines were extracted
from the planview images and the characteristics were
computed: alongshore-averaged cross-shore position,
wavelength, amplitude and alongshore migration rate.
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3. Preliminary results of the observations
The inner bar of Castelldefels showed a crescentic shape
during 48% of the study period. The formation of
crescentic bars was strongly influenced by the initial
configuration of the bathymetry since most of the events
occurred during periods when the bar was located
relatively far offshore, at about x=190 m. This happened
up to April 2011 and during 2013 and 2014 (Figure 1).
The characteristics of the crescentic bars detected during
2013 and 2014 were analysed in more detail. The bars
contained up to 9 undulations and showed a large
variability in wavelength (from 100 to 500 m), with an
averaged value of 245 m. The amplitude (ranging from 3
to 18 m) and the migration rate (ranging from 0 to 20
m/d) showed less variation. In 2013-2014, crescentic

Figure 1. Planview time-exposure video image of
Castelldefels beach with a crescentic bar (August 2014).
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The model scales were defined by considering the
Froude scaling relations. The modelled beach presents
both longshore and cross-shore extensions of 10m. The
sediments were characterized by a median grain size of
0.27mm. The submerged cross-shore profile was defined
with Dean’s (1991) equilibrium profile shape, while a
slope of 0.03 characterized the emerged extension. The
wave climate was defined through a JONSWAP
spectrum with a significant wave height of 12.5cm and a
peak period of 2.13s. The nourishment was designed to
increase the beach width in 2.5m and it had an extension
of 6.5m in the longshore direction. Three Acoustic
Doppler Velocimeter (ADV’s), 2 Optical Backscatters
(OBS’s), and 1 optical fibre concentration sensor (it has
a smaller control volume than the OBS) were deployed
at several positions over the middle cross-shore profile.
The bathymetry was monitored over 7 profiles using a
profiler with a mechanical probe.

1. Introduction
Assessment criteria for designing nourishment projects
should take into consideration the presence of coastal
structures and their influence on sediment transport and
hydrodynamic processes. Thus, this work aimed to
monitor the sediment transport characteristics and beach
morphological evolution in the laboratory, at model
scale, when combining artificial nourishments
operations with the presence of groins. The laboratory
tests were performed at a wave basin located in the
Faculty of Engineering of the University of Porto,
Portugal between September and December 2016. The
model was defined taking in consideration the most
common hydrodynamic and sediment transport
characteristics of the Portuguese NW coast.

2. Laboratory tests
Two main scenarios were defined, each one divided in
two stages, one with and another without the presence of
an artificial nourishment: scenario A, represent a beach
without the presence of hard coastal interventions
(Figure 1); and scenario B, corresponds to a beach
extension located updrift of a groin (Figure 2). For each
scenario, an artificial nourishment was placed over the
existing beach after a stable configuration (equilibrium)
had been reached.

3. Data analysis
The velocities (ADV) and the suspended sediment
concentrations (OBS) measurements allowed to estimate
the total longshore transport and its cross-shore
distribution. This, combined with the morphodynamic
data allowed to quantify both the impact of the groin and
nourishment in the sediment transport. From the he
spreading of the nourishment, the erosion or accretion
rates and the shoreline movement over time it is possible
to identify which nourishment configuration works the
best (higher increase in efficiency and maintenance cost
reduction).

4. Conclusions
The groin appears to lead to a slower spreading of the
nourishment and to a higher increase of the beach width
with the nourishment. The shoreline retreat was greater
and faster for scenario A after the nourishment.
Nevertheless, the cross-shore morphological evolution
(berm and the offshore profile limit) seems to have been
similar for both scenarios. The groin blocked almost all
of the longshore sediment transport.

Figure 1. Scenario A, laboratory configuration.
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Figure 2. Scenario B, laboratory configuration (groin
placed downdrift).
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and B, the value of H1/3 and T1/3 didn’t change, but bed
level change occurred through that process. When the
bed level changes occurred, current speed also was
faster. Figure 3 shows the time series of power spectral,
bed level change and the spectral width parameter (ν)
during the period of A in Figure 2. The ν is one of the
waves grouping parameter and the lower the ν, the
stronger wave grouping property. So I omit the details of
grouping waves, the point worth noting here is that there
is a strong link between Wave grouping and long period
waves. When the bed level changes began to happen, the
shape of peak power spectra became sharp. And when
the bed level change began to happen, the value of ν was
the lowest.

1. Introduction
Channel sedimentation has become a serious problem in
many fishing ports. Therefore, it is important for fishing
port manager to build the sedimentation countermeasure
for minimizing cost. Otoshibe fishing port is located at
the inner of the Uchiura Bay, Japan. Channel
sedimentation has been extremely important issues at
Otoshibe fishing port. Until recently, we had conducted
analysis of the relationships between channel
sedimentation and external force by interviews with the
local fisherman. In addition, we had conducted analysis
of bathymetric surveys observed several times each year.
From these data analyses, we have been considered that
channel sedimentation occur easily when grouping wave
(or long period waves) coming. In this study, to analyse
the relationships channel sedimentation and grouping
waves at the channel we conducted field observations,
such as waves, current speeds and bed level changes,
around the fishing port.
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2. Data Analysis and Result
For two months in the autumn of 2015, waves, currents
and bed level changes measurement were conducted at 5
points around Otoshibe Fishing port (Figure 1). We
acquired continuous observation data with time interval
of 0.2s. Field fixed point observations on waves and
velocities at St.1, 2, 3 and 4 were carried out by using
Wave and Current Meter. This observation equipment is
an automatic recording device that measures the x- and
y-components of velocity and water level fluctuation by
a pressure sensor. The wave gage at St.1 was installed at
the depth of about 12 meters offshore. Field observation
on the bed level change measurement at St.5 was carried
out by using an Acoustic Doppler Current Profilers with
bottom tracking instrument. Figure 2 shows the time
series of significant wave height (H1/3), significant wave
periods (T1/3), wave directions, current speed, and bed
level changes, respectively. During the observation
period, significant bed level changes occurred 3 times
(A, B and C, in Figure 2). During the periods of “C”, as
the wave height was high, sea bed level also continued
to be high. On the other hands, during the period of A

Figure 3. Time series of power spectral, bed level
changes and ν during the period of A

3. Conclusions
Based on littoral drift and nearshore current, when
planning a coastal structure to control sediment
movement, annual maximum wave heights is used as the
external forces condition in Japan. However, Channel
sedimentation often occurs easily when grouping waves
coming at fishing port located in Uchiura bay. However,
further improvement will be necessary to understand the
mechanism of channel sedimentation.
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1. Introduction

3. Linear stability analysis

It is commonly observed that bed waves such as antidunes
and cyclic steps are formed on the ocean floor by turbidity currents. In this study, we propose a linear stability
analysis of the formation of bed waves due to turbidity
currents on the ocean floor. We employ the assumption
proposed by Luchi et al. (2015) that the equilibrium normal flow condition can be achieved in a lower layer near
the bed which has no dynamic interaction with an upper
layer, and apply the simple mixing length turbulent model
as a turbulent closure to the lower layer.

We employ the following asymptotic expansions:
(ψ , c, Z, H) = (ψ0 , c0 , 0, 1) + A (ψ1 , c1 , Z1 , H1 ) ei(kx−ω t)
(7)
Here ψ is the stream function defined by (u1 , u2 ) =
(∂ ψ /∂ x2 , −∂ ψ /∂ x1 ), A, k and ω are the amplitude,
wavenumber and complex angular frequency of perturbation respectively.
We obtain the perturbation equations at O(A), which form
an eigenvalue problem with ω as an eigenvalue. The
eigenvalue problem is solved by the use of the spectral
collocation method with the Chebyshev polynomials.

2. Formulation
The movement of turbidity currents are described by the
following momentum equations and the continuity equation:
∂ Ti j
∂uj
∂ ui
uj
=
+ fi ,
=0
(1)
∂xj
∂xj
∂xj

4. Results

Here (i, j) = (1, 2), x1 and x2 are the coordinates in
the streamwise and depth directions respectively, ui is
the velocity component in the xi direction, ( f1 , f2 ) =
(c, −c/F 2 ), c is the concentration of suspended sediment,
and F is the densimetric Froude number. The stress tensor
Ti j is assumed to be
(
)
∂ ui ∂ u j
+
(2)
Ti j = −pδi j + νT
∂ x j ∂ xi
where νT is the eddy viscosity defined by

νT = l 2 |∂ u/∂ x2 | ,

l = κ x2 (1 − x2 )1/2

Figure 1. Instability diagram in the case that vs = 0.04.
Figure 1 shows the instability diagram (contours of
Im[ω ]) illustrated on the k-F plane in the case that vs =
0.04. The thick and thin solid lines are the neutral curve
and positive contours, and the dashed line is the line the
right and left sides of which correspond to the regions
where Re[ω ] > 0 and Re[ω ] < 0 respectively. Experimental data are also plotted in Figure 1. The closed circles and open triangles correspond to the downstream and
upstream migrating antidunes respectively. The agreement is not perfect, but it is qualitatively consistent with
the results of the analysis that the downstream-migrating
antidunes have larger wavenumbers than the upstreammigrating ones.

(3)

with κ denoting the Karman constant (= 0.4). The diffusion/dispersion equation of suspended sediment is
(
)
) ∂c
(
∂
∂c
=
(4)
νT
u j − vs δ2 j
∂xj
∂xj
∂xj
where vs is the settling velocity of suspended sediment.
In the above equations, all the variables have already been
normalized with the friction velocity Ũ f , the thickness of
the lower layer H̃, and the average concentration in the
lower layer C̃. The densimetric Froude number is then
defined by
F 2 = Ũ f2 /Rs gC̃H̃ = S
(5)

5. Conclusions
We perform a linear stability analysis of the formation of
bed waves due to turbidity currents with the use of the
mixing length turbulent model. The analysis can explain
the experimental results in part.

where Rs is the submerged specific gravity of suspended
sediment, and S is the bed slope. The time variation of the
bed elevation Z is described by

∂Z
= γ c(b) − unf
∂t

(6)
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where γ = ṽsC̃/Ẽ0 , Ẽ0 is the entrainment rate in the base
state normal flow condition, and b = 0.05.

107

Coupled topographic and vegetation patterns in
coastal dunes from remote sensing
F. Yousefi Lalimi1, S. Silvestri2, L. J. Moore3 and M. Marani4
1

Division of Earth and Ocean Sciences, Nicholas School of the Environment, Duke University, Durham, North
Carolina, USA. fateme.y@duke.edu
2
Nicholas School of the Environment, Duke University, Durham, North Carolina, USA, and Department of Land,
Environment, Agriculture, and Forestry, University of Padova, Padua, Italy. sonia.silvestri@duke.edu
3
Department of Geological Sciences, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, USA.
moorelj@email.unc.edu
4
Department of Civil, Environmental and Architectural Engineering, University of Padua, Padua, Italy, and Nicholas
School of the Environment, Duke University, Durham, North Carolina, USA. marco.marani@unipd.it
used as a reference for the LiDAR-based estimation of
the Leaf Area Index (LAI), a characterization of aboveground vegetation biomass and structure. LAI is
estimated based on the probability that a laser beam will
penetrate the canopy to reach the ground (Houldcroft et
al., 2005), in turn estimated by analyzing LiDAR
returns.
Finally, we study the spatial distribution of LAI, as a
proxy for biomass, as a function of different topographic
metrics, such as distance fromt the shoreline and from
the dune crest.

1. Introduction
Vegetation plays a key role in barrier islands dynamics
by moderating the effects of storms through sand
stabilization and trapping. Vegetation establishment and
growth are qualitatively known to depend on
environmental factors that vary with elevation and
distance from the shoreline (Young et al., 2011), but we
lack an adequate characterization of the spatial
distribution of barrier island vegetation in relation to
topographic determinants. Here we develop and use
remote sensing analyses to quantitatively characterize
coastal dune eco-topographic patterns by simultaneously
identifying the spatial distribution of topographic
elevation and vegetation biomass.

3. Conclusions
Our results show that whereas mapping dune vegetation
species using hyperspectral remote sensing is
challenging, optical and lidar data can be successfully
used to characterize overall vegetation density. A
comparison between hyperspectral-derived NDVI and
lidar-derived LAI shows a coherent relationship and the
spatial distributions of estimated LAI and NDVI agree
with the fractional vegetation cover observed in the
field. The results also suggest that on the seaward side of
foredune vegetation is sparser than in other areas, while
it is densest on the back side of a dunes. This higher
density is attributed to the sheltering effect of the dune
crest line. The position of the foredune crestline is here
proposed as a chief ecomorphodynamic determinant and
feature, resulting from the two-way interaction between
vegetation and topography.

Figure 1. Seaward side of the foredune (dune line
closest to the shoreline) at Hog Island. (a) Vegetation
cover is sparser on the seaward side of the dune and
increases toward the dune crest. (b and c) The photos on
the right illustrate the range of vegetation cover
encountered in the area.
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The study area is located in Hog Island (Virginia, USA)
and is characterized by multiple continuous dune ridges.
The most abundant vegetation species are Ammophila
breviligulata, Spartina patens, and Panicum amarum
(Figure 1). We performed a field campaign in July 2015
to quantify vegetation cover along 3 transects, from
shoreline to back dune area, to be used as groundtruthing for remote-sensing-inferred topographic and
vegetation distributions. We use data from an airborne
hyperspectral sensor to characterize the spatial
distribution of vegetation biomass through the
computation of the Normalized Difference Vegetation
Index (NDVI). We then use airborne LiDAR data to
generate an accurate digital terrain model (DTM), to be
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1. Abstract
Turbidity currents in lakes and oceans involve leveed
channels that document coherent runouts of 100's and up
to 1000's of km. They do so without dissipating
themselves via excess entrainment of ambient water.
It is generally known that currents associated with stable
stratification, such as thermohaline underflows, undergo
dissipation as they entrain ambient water. Here we ask
why some continuous turbidity currents do not follow
this tendency, as they can run out extremely long
distances while maintaining their coherency. A current
that becomes ever thicker downstream due to ambient
water entrainment cannot select the scales necessary to
maintain a coherent, slowly-varying channel depth and
width over 1000 km. It has been assumed that a turbidity
current may tend to a state with a densimetric Froude so
low that ambient water entrainment is largely
suppressed.
Here, we show that such an argument is a case of special
pleading. Instead, suspended sediment 'fights back’
against upward mixing through its fall velocity; the
water may be entrained, but the sediment need not
follow.
We use a formulation capturing the flow vertical
structure to show the conditions under which a turbidity
current can asymptotically partition itself into two
layers. The lower 'driving layer’ approaches an
asymptotic state with invariant flow thickness, velocity
profile and suspended sediment concentration profile
when traversing a constant bed slope under bypass
conditions. This thickness provides a scale for channel
characteristics. The upper 'driven layer' continues to
entrain ambient water, but the concentration there
becomes ever more dilute, and the layer ultimately has
no interaction with near-bed processes (and by
implication bed morphology).
This partition is a likely candidate for the mechanism by
which the driving layer is able to run out long distances,
maintaining coherence and keeping confined, over
repeated flow events, within a leveed subaqueous
channel of its own creation.
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shoreline undulations of any wavelength can emerge and
σ grows without bound when L→0. Thus, in contrast
with the traditional high-angle wave instability (θb < 45o,
Dc>Db) there is no preferred wavelength.

1. Introduction
The alongshore wave driven sediment transport can
render a rectilinear coastline unstable in case of very
oblique wave incidence. This can be seen by looking at
the total alongshore transport rate Q (m 3/s), which can
be parameterized, for instance, by the CERC formula:

Q  KH b5 / 2 sin 2( b  )

3. Discussion
Shoreline instability is driven by the alongshore
gradients in Q in case of an undulating shoreline. These
gradients come from the gradients in φ, Hb and θb in
equation (1). If Dc=Db, the waves do not feel any
bathymetric perturbation before breaking, with the result
that the undulations in the shoreline do not cause
gradients in Hb and θb. In this case, the governing
equation for the shoreline displacement (one-line
approximation) is a diffusion equation with positive
(negative) diffusivity if θb < 45o (θb > 45o) (Falqués,
2003). The free wave-like solutions of a diffusion
equation with negative diffusivity, ε <0, have a positive
real growthrate σ = − ε/L2, which is well reproduced by
the 1D-morfo model. But it is obvious that this
behaviour is unrealistic as the one-line approximation is
only valid at length scales larger than the surf zone
width. Thus, the 1Dmorfo instability curve is only valid
for L > ∼ 50 m and for smaller wavelengths surf zone
processes might interact with the basic instability driven
by the littoral drift described by 1D-morfo. As a result,
the σ(L) curve would have a maximum for some Lm,
hence determining a characteristic wavelength. This
requires, however, the use of a fully 2DH
morphodynamic model and work is in progress in this
line. The present research has been motivated by the fact
that complex morphologies are very frequent at the
shores of shallow enclosed water bodies as lakes, basins
and bays.

(1)

where K is an empirical constant, Hb is the wave height
at breaking, θb is the angle between wave fronts at
breaking and mean shoreline orientation and φ is the
angle of the local shoreline. For φ=0, keeping Hb
constant and varying θb, Q has a maximum for θb = 45o,
and this has been recognized as the source of the
instability for θb > 45o (Zenkovitz, 1959). But because of
wave refraction wave angle at breaking is hardly larger
than 45o and shoreline instability would rarely occur in
nature. If one assumes that a change of the shoreline is
linked to the same change on the bathymetric contours
up to deep water and that these contours are
approximately rectilinear, Q can be cast as a function of
the wave angle in deep water, θ0, in such a way that it
has a maximum for θ0=42o. As a result, the shoreline is
unstable if θ0>42o, which is not uncommon (Ashton et
al., 2001). The hypotheses of the latter study are very
strong but Falqués and Calvete (2005) (and others later
on) showed that realistic bathymetric changes linked to
shoreline changes could also lead to the instability
provided that they reach deep enough into the shoaling
zone. The aim of this contribution is: i) showing that
wave angle at breaking can be larger than 45 o in some
cases, ii) showing that the instability can occur in this
case without involving bathymetric changes in the
shoaling zone (which are essential for the traditional
high-angle wave instability, where θb < 45o) and iii)
exploring the features emerging from the instability and
their typical length and time scales.
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2. Preliminary results using a one-line type model
We have used a linear stability model (1D-morfo) based
on the one-line shoreline approximation that is capable
of describing shoreline instabilities associated to highangle waves (Falqués and Calvete, 2005). High angles at
breaking, θb, are more easily found in case of locally
generated wind waves in shallow enclosed water bodies.
Therefore, we focus in small short period waves with
high angles in relatively shallow water. We assume
waves of Hs=0.35 m, Tp=1.4 s with an angle θ=70o at a
water depth, D=1 m. By assuming γb = (Hrms)b/Db=0.5,
these waves break approximately at Db=0.34 m with an
angle θb = 45.1o . By assuming that the shoreline
perturbation does not reach beyond the surf zone, i.e.,
Dc=Db, we have computed the growthrate, σ, as a
function of the alongshore wavelength, L. It is seen that
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the boundary layer horizontal velocity. The boundary
shear stress induced by the reverse flow can exceed the
critical value, inducing backwards motion of the sand
particles. This process is localized in one or more
regions along the tank, depending on the wave features
and on the wave steepening process. Initial erosion and
accumulation zones form in these regions. The repeated
action of successive SSWs causes the generation of the
first isometric bedforms, which tend to migrate in the
direction of wave propagation, increasing their number
at the same time. The generation mechanism depends on
the adverse pressure gradient and on the velocity field at
the bottom during the wave passage.

1. Introduction
The role of solitary waves on sand-wave field formation
is a topic of great interest nowadays (Droghei et al.,
2016). We present results of a laboratory study of
bedforms produced in sand by surface solitary waves
(SSW). Our main focus is to investigate the dynamics of
bedform generation induced by solitary waves.

2. The experimental setting
We performed a series of laboratory experiments at the
Saint Anthony Falls Laboratory in Minneapolis, in a 12
m long, 0.15 m wide and 0.5 m high flume. Figure 1
shows the initial experimental setting.
The flume, filled with fresh water (ρ=1 g/cm3), has a
movable gate on the left hand-side, placed to generate a
displacement η0 between the free surfaces on either side
of the gate. We used the lock-release method, essentially
just a quick removal of the gate, to induce formation of a
single solitary wave. SSW features depend on three
parameters: the lock length x0, and the water depths h1
and h2. The bottom of the flume is rigid in the wave
generation region. The domain of interest, in which the
SSWs propagate, has a horizontal sand bed (D50=0.64),
2 cm thick (hs).

Figure 2. A SSW propagating over the wave-induced
bedforms.

3. Conclusions
Our laboratory experiments on solitary waves prove that
the bedform generation depends on the reverse flow
induced by the horizontal adverse pressure gradient. The
pressure field induced at the bottom does not uniquely
depend on the SSWs shape (i.e. amplitude and
wavelength). The dynamic pressure also increases the
adverse pressure gradient. The velocity field beneath the
solitary wave and the water depth both affect the reverse
shear stress at the bottom.

Figure 1. Schematic view of the experimental set up.
A high-resolution acoustic velocimeter and a digital
pressure gauge locally measured both 3D water velocity
and pressure induced on the bottom by each SSW. We
measured the main wave features (i.e. amplitude,
wavelength, and celerity) by image analysis.
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3. Results
For each experiment we generated 400 successive waves
with the same features, in order to study their effect on
the sandy bottom (Figure 2). The wave main action is to
apply shear stress on the sandy bed, causing particle
transport in the same direction of the wave. Depending
on velocity and pressure fields induced by the wave,
immediately after its passage, a back flow occurs near
the bottom (Dutykh and Clamond, 2014). The
experiments show that the reverse flow is induced by
boundary layer separation due to the adverse horizontal
pressure gradient as the wave passes. Both hydrostatic
and dynamic pressure act simultaneously to influence
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and extension of the dredging and disposal areas, the
composition of the disposed sediments and the choice
between constant fill or constant bottom level in a
disposal area. Furthermore, automatic dredging and
disposal operations can be defined by a criteria (e.g.
minimal water depth).

1. Introduction
Maintenance of a minimum depth in ports, harbors and
water intakes usually requires the removal and the
disposal of the dredged material. In considering the
environmental effects of maintenance dredging and
disposal, the potential impact of these operations should
not be overlooked. These include, for example, the
removal of sediments and their relocation to the river,
estuarine or marine environment, with possible
consequences on the ecosystem. The selection of a site
for sediment removal and disposal involves
considerations of the natural environment and
variability, and also economic and operational
feasibility. A numerical model capable to predict the
environmental effects of sediment dredging and disposal
for both the short and long time scale at the site of
dredging or disposal (near field) and the surrounding
area (far field) would be beneficial not only for the
assessment of potential effects but also to delimit the
boundaries of the sediment removal and disposal sites,
resulting in a selected area where the environmental
disturbance and detriment are minimal. The module
NESTOR, recently implemented into the TelemacMascaret
modelling
system
(TMS,
www.opentelemac.org), takes advantage of the existing
two-dimensional hydrodynamic, sediment transport and
bed evolution models to simulate sediment dredging and
disposal operations for near and far field environments
at the short and long time scales.

3. Model results
3.1 Dredging and disposal in a unidirectional flow
Dredged material dispersal was simulated at different
placement regions in a channel with trapezoidal section,
by considering both bedload and suspended sediment
transport. The model was calibrated with experimental
observations (Tanguy and Berni, 2015) and the
instantaneous sediment removal and dumping operations
were simulated for several hours. According to the main
sediment transport process considered, it was found that
(i) the bed deposit moves downstream of the channel
and collapses progressively, and (ii) the material is
completely dispersed at the end of the simulation.
3.2 Maintenance dredging in the Gironde estuary
The fate and behavior of the dumped material in the
vicinity of the entrance of the Bordeaux harbor were
evaluated with a model accounting for both tidal and
wind induced currents. Preliminary results showed that
the most active sediment transport process occurs during
ebb, when tidal currents are combined with the
discharge of the Garonne River, which is a conflux to
the Gironde estuary. Numerical simulations showed that
dumping downstream of the harbor during the ebb tide
ensures that sediments will not be returned to the harbor.
3.3 Sediment dispersal in the Loire River
Assessment of the potential effects of dredged material
is evaluated for different disposal areas and flow
conditions at a reach of the Loire River. For low flow
conditions, the disposal site exhibits a retentive
characteristic, where the material remains deposited
within the material discharge area. For high flow
conditions, the disposal site exhibits a dispersive
characteristic, with the material entirely dispersed and
smothered in the shorter term.

2. Numerical model
Numerical simulations of dredging and sediment
disposal operations can be modelled as discrete events
of bottom changes. Flow, sediment transport and
morphological changes interact with dredging and
sediment disposal operations. All these processes are
modelled with the hydrodynamics solver of the TMS,
internally coupled to the sediment transport and bed
evolution module and the dredging and disposal module.
In this work, only passive transport-dispersion is
considered. The hydrodynamics model is based on the
solution of the 2D depth-averaged shallow-water
equations. Forcing effects due to the wave’ action can
also be considered. The evolution of the bottom is
computed from the sediment mass balance equation and
a sediment transport model, with an appropriate
parameterization of relevant physical processes, such as
bed slope and secondary currents effects. The suspended
sediment transport is computed by solving an advectiondiffusion equation, with a closure relationship for the
entrainment of the non-cohesive sediment.
For sediment dredging and disposal operations, each
event must be described in the module NESTOR. The
describing parameters are the time period, the rate (or
volume) of dredged and disposed sediment, the location

4. Conclusions
In this work, a tool for the accurate assessment of the
fate of dumped sediments in rivers or coastal areas is
presented. It enables rapid modifications of the dredging
and dumping operations in order to optimize the
selection of the site and flow conditions for disposal
according to minimize the unwanted side effects on
vulnerable ecosystems.
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respectively. If  can be predicted, from the Eqs. 2 and 3
VBEI and VBEO can be determined. To first order, 
should depend on the relationship between H0 and Hc
(critical wave height defining the onset of the outer bar
formation); that is, a larger wave height with respect to
the critical wave height (Hc) will produce a relatively
larger offshore equilibrium bar volume. Based on this
observation, the following empirical relationship is
proposed:

1. Introduction
Many coastal systems across the world include natural
longshore multi-bar systems (e.g., along the Dutch coast,
US coast, and Japanese). Particularly for such sites, a
proper simulation of the bar-berm material exchange is
required to reproduce the seasonal behaviour of the
beach profile in order to realistically describe the effects
of the sediment release from the dunes during storms to
the subaqueous portion of the profile.
A model designed to simulate the long-term response of
longshore bars to incident wave conditions, as well as,
the exchange of material between the berm and bar
region, was introduced by Larson et al. (2013). The
variation of the bar volume was taken to be proportional
to the deviation from its equilibrium condition and
coupled to the berm response (i.e., bar growth implies a
decrease in the berm volume and vice versa).
Subsequently, this bar-berm material exchange model
was combined with modules to calculate dune erosion,
overwash, and wind-blown sand in Larson et al. (2016)
in order to simulate the evolution of a schematized
profile at decadal scale. In the present study, further
development are made to expand the theory of the
evolution of one single bar to a multi-bar system, where
the volume of the individual bars and their response can
be modelled. As a first step, a two-bar model is derived
and validated with field data from Duck, North Carolina,
where two bars (inner and outer) frequently form. The
prediction of the outer bar response is of particular
interest in this study, because it is located in water
depths where usual available equipment can have access
for nearshore placement of dredged material.
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(only the inner bar forms)
(waves will break offshore
and form an outer bar)

where  is an empirical coefficient. For each wave, the
change in the inner and outer bar volume is computed in
relation to its equilibrium value using a set of evolution
equations.

3. Selected results
Fig.1 shows the modelled and measured inner, outer,
and total bar volume, as well as the wave height
measurements, for a data set from Duck.

2. Two-bar system model
Larson et al. (2013) demonstrated that the empirical
model based on the equilibrium bar volume could be
employed to calculate the total volume stored in the
inner and outer bar at Duck, NC in USA (VBEI and VBEO,
respectively). Thus, the equilibrium bar equation can be
used to obtain the sum of the inner and outer bar
volumes at an equilibrium state. The normalized
equilibrium bar volume is given by:
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Satisfactory results were achieved for the outer bar
volume and for the representative total volume stored at
both bars. However, the inner bar volume was not as
well reproduced in the simulations, since the scatter of
the observations collected for the inner was considerable
(showing a quite random behaviour). Furthermore,
through the outer bar results, criteria have been derived
and validated against field data for predicting the
evolution of nearshore nourishments as hypothetical
outer bars.
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Figure 1. Model results.
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(3)
These equations yield how much of the total equilibrium
bar volume that belongs to the inner and outer bar,
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The Coastal Eco-morphological Real-time Forecasting
system represents a unique tool which is able to provide
valuable information regarding the overall conditions of
the basins. It offers the opportunity to adaptively
manage existing and planned diversions to meet certain
salinity and water level targets or thresholds while
maximizing land-building goals.

1. Introduction
Louisiana coastal area is among the most productive and
dynamic eco-geomorphic systems in the world. This
unique natural environment has been alternated by
human activities and natural processes. Sea level rise,
subsidence, dredging of canals for oil and gas
production, the Mississippi River levees which don’t
allow the river to distribute its sediment in a natural
way, storms and hurricanes are some of the major
reasons. As a consequence, Louisiana coastal zone is
experiencing a tremendous rate of land loss and its
vulnerability to flood events and other extreme weather
events is increasing more and more.
The effects and benefits of several restoration projects
have been carefully investigated and studied by
Louisiana authorities. Numerical models and field
measurements are used to plan and analyze engineering
solutions such as sediment and freshwater diversions
from the Mississippi River into Barataria Bay and
Breton Sound basin.

Figure 1. Example of the system output. Salinity, water
temperature and water level (from top to bottom) at one
of the USGS station. The time series show hindcast and
forecast trends and real time data.

The Water Institute of the Gulf, together with Deltares,
has developed a forecasting and information system for
a pilot location in Coastal Louisiana, specifically
Barataria Bay and Breton Sound Basins in the
Mississippi River Deltaic Plain.
Currently, the Coastal Eco-morphological Real-time
Forecasting system (CERF) forecasts water level,
salinity, and water temperature for the next seven days.
The system also forecasts nutrient distribution (e.g.,
Chlorophyll
a
and
dissolved
oxygen)
and
geomorphological processes (e.g., suspended sediment
transport).
The Flood Early Warning System FEWS is used as a
platform to import, from several sources, multivariate
environmental data, atmospheric and coastal forecasted
conditions, such as freshwater riverine inflow, rainfall,
evaporation/evapotranspiration, wind, and tide. The
system uses these real time data and external forecast to
monitor the pilot location and to provide boundary
conditions to the model. A hindcast model is applied in
order to compare the model outputs to the observed data
and assess the model performance, and to provide the
initial condition to the forecast model.

Figure 2. Salinity distribution map
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1. Introduction

storms. In order to take into account the effect of the tide
and storm surge, the mean water level h0 is larger during
the third and fourth trunks of each storm. The following
sequences of storms have been considered: C1 (S2-S2S2); C2 (S2-S1-S2); C3 (S1-S2-S1). At the beginning of
each storm cluster, the beach starts from an initially planar 1:15 sloping beach, then it evolves as a consequence
of the wave attack, of the changing water level and of the
wave-sediment-wall interaction. Figure 1 shows a close
up view of the profile of the active beach at the end of
the three storm sequences. In all cases a bar develops in
the outer surf zone, while additional scouring occurs at
the toe of the seawall (x = 240 m). Notwithstanding the
significantly different energetic levels of C1, C2 and C3,
the morphological features of the beach, i.e. the dimensions of the bar at the end of the cluster (O = 32 − 40cm),
are quite similar, indicating the importance of the storm
sequence on the morphodynamic response of the beach.

Beaches are often attacked by sequences of storms during which the intervals between two storms are too short
to allow the beach to recover. In these conditions, the
capability of the foreshore to act as natural defence is diminished. Field studies suggest that erosion of natural
beaches generated by clusters is larger than the cumulated
erosion of the individual storms in the cluster acting as
isolated events and it is a function of the previous storm
in the cluster (Dissanayake et al., 2015). Erosions volumes depends also on tide levels during the storms (Coco
et al., 2014). It follows that it is not possible to scale-up
single-storm erosion results to predict cluster-storm erosion. Engineered beaches, with a flood defence structure
at the back of the natural beach, are very common. During extreme events, the natural and the engineered components of these systems interact with each other, by affecting the morphodynamics of the foreshore. Notwithstanding their popularity, the effects of storm sequences
on these systems has never been investigated. The present
work illustrates results obtained by the ICODEP (Impact
of Changes in the fOreshore on coastal DEfence Performance) project, a large-scale lab investigation aimed at
analyzing the influence of bed mobility on the performance of a flood defence structure. In this paper the morphological evolution of an engineered sandy beach with
a sloped seawall is analyzed under energetically different
sequences of storms.
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Figure 1. Beach profile recovered at the end of each
sequence of storms

2. Experiments

3. Conclusions

The experiments were carried out at the Large Wave
Flume (GWK) of the University of Hannover (DE). The
flume is 300 m long, 5 m wide and 7 m deep. The tested
layout was designed based on a typical European waterfront and it is made up by a steep sloped 10:1 steel seawall
and a sandy foreshore with an initial 1:15 slope, made
up by a moderately sorted medium sand, d50 = 0.3 mm.
Wave characteristics, beach profile, fluid velocities, sediment concentration, underground fluxes, overtopping volumes and wave impacts on the wall have been measured
by means of resistive and acoustic gauges, mechanical
beach profiler and 2D and 3D laser scanners, ADVs and
ABSs, pore pressure sensors, a gravimetric wave overtopping tank, a force plate on the wall and an array of
pressure sensors respectively.
Different sequences of storms are investigated. They are
obtained by combining two storms profiles: S1 and S2.
The first one is characterized by lower energy, while S2
is more energetic, with the smallest wave height Hs in
S2 being the same as the highest wave in S1. Each profile is composed by six trunks, lasting about 30 minutes.
The peak of the storm is reached during trunk T3 for all

The experimental results suggest that the response of an
engineered beach is significantly affected by the position
of a specific storm within the sequence. Indeed, once the
beach profile has departed from the initial planar slope,
the mechanism of bar formation and migration strongly
influence the nearshore hydrodynamics, and in turn the
wave-structure interactions. Wave overtopping volumes
are found to be sensitive to morphodynamics as well as
other hydraulic parameters.
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on atoll formation and evolution. I will use Google Earth
Engine, a flexible, cloud-based geospatial analysis
platform and catalogue of satellite imagery to collate
Landsat imagery. I will measure a range of
morphometrics on the motu and atolls including atoll
size and shape, reef rim width, motu size and shape, and
distribution of motu around an atoll and globally. I will
compare these morphometrics to global waves simulated
by WaveWatch3. Detailed bathymetry and topography
may be spotty, but Landsat provides a global overview
of atolls throughout the different basins.

1. Introduction
Despite the essential role sub-aerial islands (motu) on
atolls play as home to terrestrial ecosystems and human
infrastructure, the morphologic processes and
environmental forcings responsible for their formation
and maintenance remain poorly understood. Given that
predicted sea-level rise by the end of this century is at
least half a meter (Horton et al., 2014), it is important to
understand how motu and atolls will respond to
accelerated sea-level rise for island nations where the
highest elevation may be less than 5 meters (Nunn,
1998; Barnett and Adger, 2003; Webb and Kench,
2010). By compiling, a global dataset of Atoll
morphometrics, I am able to better understand the
impact of wave climate on atoll morphology and longterm evolution.

3. Conclusions
While work has been done looking at quantitative
morphometric characteristics of specific atolls and
qualitatively on a large-spatial scale of different atolls
(Stoddart, 1965; Kench et al., 2006), there has been no
systematic analysis of the quantitative morphology of
atolls and how morphology relates to ongoing processes
for a wide geographic range of atolls. My database will
be the first global analysis of atoll and motu
morphometrics. I will explicitly compare morphometrics
to wave climate and quantify the impact of waves as a
primary driver of atoll morphology. This will help
inform researchers about potential future response of
atoll morphology to changing wave climate.

2. Approach
Atolls are oceanic reef systems consisting of a shallow
reef platform encircling a lagoon containing multiple
islets around the reef edge (Carter et al., 1994). Atolls
come in a variety of shapes from circular to rectangular
and size from 5 to 50 km width of the inner lagoon (Fig.
1a and 1b). Atolls are found globally in tropical and
subtropical oceans. I want to understand why atolls vary
in their morphology and whether wave climate is the
primary driver of atoll morphology. Previous work has
highlighted the importance of wave energy on reef
morphology and atoll morphology (Stoddart, 1965;
Kench et al., 2006). Mostly low-lying, motu are
comprised primarily of coral detritus and carbonate
sands; grain sizes, however, can vary from very finegrained sand to large boulder-sized pieces of coral
detritus. Around a given atoll, the morphology of motu
may change significantly from small individual islets or
larger continuous islets that are more suitable for human
habitation (Fig. 1c and 1d). Motu are morphologically
dynamic landforms that respond to external forcing like
sea-level change or a change in wave climate.
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Figure 1. Aerial imagery of a) Rangiroa Atoll and b)
Hikueru Atoll in French Polynesia with varying motu
morphology on the c) NW coast and the d) south coast.
2.2 Methods
Collecting a large dataset of morphometrics of atolls
enables me to compare morphologic characteristics to
external forcing and processes. By comparing, for
example, reef width to the mean wave climate, I can
hypothesize the effect and importance of wave climate
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1. Introduction

tionship between the circulation conditions and the tidal
phase. The non-astronomical tide events play a relevant
role in the water exchange between the bay and the coastal
area, generating important anomalies respect to the astronomical behaviour. The first obtained EOF describes the
flux through the bay mouths and outer area inside the bay,
while the second EOF describes the circulation in the inner are of the bay. Combinations of these two patterns allow to construct the circulation patterns identified in Santoro et al. (2013). It was found a relationship between
the non-astronomical currents PC1 and the SW-NE wind
component, and also between the PC2 and the SE-NW
wind component.
At the larger scale of the estuary the currents induced
stress is relevant to represent the permanent suspended
sediment concentrations, while the wave induced stress
is essential to reproduce the main re-suspension events.
Inside the Montevideo Bay the wave forcing plays a relevant role specially on the west area which is more exposed to the wave forcing coming through its biggest
mouth. However, the advection of sediment coming from
the near coastal area and the circulation conditions are
determinant, and can for example change the bed evolution tendency for similar wave conditions. We found a
connection between this behaviour and the dominant circulation conditions at the inner areas. The west mouth
plays a major role in the sediment exchange between the
bay and coastal area during the storm events, which is coherent with the water circulation characterization and its
relationship with the wind conditions. The highest sediment fluxes take place during strong storm conditions.
Wind blowing from the SE and SW quadrants are mainly
responsible for these severe wave conditions. When the
storm are generated by SW winds water with high SSC
goes inwards the bay through the west mouth. Wind from
NE direction enhances the opposite water circulation, and
do not have fetch to generate waves and induce important
sediment re-suspension.

The objective of this work is to advance in the characterization of the Montevideo Bay (Uruguay) hydrodynamics
and fine sediment dynamics providing a reliable numerical model able to simulate them. This involves the simulation of a fluvial-estuarine environment, the Río de la
Plata, which shows complex hydrodynamic and transport
processes.

2. Methodology
The methodology is based on the implementation of a
set of numerical models, able to represent the circulation,
waves and fine sediment transport in complex geometries
under the effect of several forcings (Santoro et al., 2016).
The hydrodynamics and fine sediment dynamics in the
bay were studied based on the 3D numerical model results
(TELEMAC Modelling System). The circulation patterns
were studied using the Empirical Orthogonal Functions
(EOF) technique. Santoro et al. (2013) have previously
studied the circulation in the bay using a simpler approach. The EOF technique provides a better description of the circulation patterns, and also allows to identify
their link with the main forcings. The water and sediment
exchange between the bay and adjacent coastal area was
analysed by computing the fluxes through the bay mouths.
An analysis of the sedimentation patterns in the bay was
performed, together with a sediment budget analysis. The
first one is based on the bottom evolution results after a
one year simulation using realistic forcings. The second
one is focused on the water and sediment exchange between the bay and the adjacent coastal area by analysing
the fluxes through the bay mouths. We finally connect
the previous analyses involving the water circulation in
the bay, the water and sediment fluxes through the bay
mouths and the bed evolution in order to explain the dynamics in the inner areas of the bay.

3. Results and Conclusions
The main circulation patterns in the bay and their relationship with the local forcings were identified. The
EOF method was applied to the depth-averaged currents
anomalies in the Montevideo Bay. Due to its different
time scales the analysis was performed both on the astronomical and non-astronomical signals by separate. Different combinations of the patterns arising from the EOF
method reproduce the circulation patterns identified in
Santoro et al. (2013). Analysing the Principal Components (PC) we found relationships among the different
contributions to the circulation patterns with the forcings.
The astronomical currents analysis showed two main
patterns both describing the main circulation conditions
through the bay mouths. The PCs series show a rela-
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3. Results and Conclusions

1. Introduction

The results shown in this paper are from the calibration
process of the model and demonstrate that, even without
the implementation of processes that become significant
at larger scales, such as the deviation of tidal currents
due to Coriolis forces, the model can depict complex
behaviour, significant for engineering works as well as
for environmental impact assessment studies and,
consequently, policy makers (Figure 1) (Schinaia, 2010).

A good understanding of the processes involved in the
morphological shaping of coastal sea beds is crucial for
the management of coastal areas and the delivery of
coastal engineering works. These areas are sensitive and
complex systems and any activity carried out in this
environment needs careful planning and an investigation
of their impacts to reach a compromise between
environmental equilibrium and the local economy. Too
often engineering works (e.g. pipeline burial) fail
because desk studies are not aimed at the long-term
behaviour of the natural environment. The consequences
of such a failure are then not only limited to industry, in
terms of costs and benefits, but to local communities and
the environment too.
This paper describes the emergence of complex
behaviour from a mathematical model of large-scale
morphodynamics for coastal and shelf sea areas; the
emergence of natural complex features is normally
observed on free aeolian dunes in deserts and
underwater dunes, although the manifestation (and
consequently depiction) of the complex behaviour from
the underwater world (especially on coastal and shelf
sea areas) is often hindered by the lack of either
sufficient evidences from long-term studies, or ad hoc
and long-term surveying and monitoring: e.g. scientists
and engineers only see one or more ‘snapshots’ of the
seabed and miss the evolution of the interaction of the
seabed morphology and sediment dynamics with both
local and large scale hydrodynamics. This is true for
both small- and large-scale projects. For this paper, only
the interaction of the morphodynamics and sediment
dynamics with the hydrodynamics are explored, without
considering concurrent factors, such as the geological
setting, the climate, and past human activities.

Figure 1. Bedforms generated by the model under
unidirectional currents.
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2. Methodology
The model is part of the morphodynamics and sediment
dynamics module of a more comprehensive model built
for the study of the recovery of the sea bed morphology
and associated benthic organisms after aggregate
dredging works (Schinaia et al., 2009).

Schinaia, S.A. (2010). Predictive modelling for the
recovery of biological communities after marine
aggregate
dredging.
ENG.D.
Environmental
Engineering Science Thesis, University College
London, University of London.

The mathematical model is based on discrete dynamics
approach with a combination of both simple Boolean
algebra and first and second order equations. The seabed
morphology is defined as a 2D coarse-grained lattice
and sediment transport is modelled as movement of
blocks. The rules governing the movement of blocks
take account of sand transport distance, mainly
dependent on the hydrodynamics strength and local
height, and gravitational shaping.
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The time-space evolution analysis reveals that the dense
layer travels around 1200mm after its release. For a
short period the dense layer was deposited but the
propagation of the top layer quickly eliminates its
thickness. The existence of back flow, in the form of
vortical structures, resulted in the increase of the total
flow thickness in the area close to the release point.

1. Introduction
Subaqueous mass movement events that are capable of
mobilizing huge volumes of soil and develop significant
velocities, impose a major geohazard on subsea
infrastructure. The understanding of the internal
processes governing the dynamics of these mass flows
becomes important for the risk assessment of the
impacts that they can cause. These events are
characterized by their transient nature and internal
stratification as they evolve from a dense debris flow to
a dilute turbidity current while propagating downslope.
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2. Experimental set-up and procedure
An experimental campaign studied small scale
subaqueous landslides of different grain size in a flume
with variable bottom slope located in the Hydraulic
Constructions Laboratory of the École Polytechnique
Fédérale de Lausanne. Dense mixtures of plastic
sediment (thermoplastic polyurethane) and water were
released into the water-filled flume from an 8-litre head
tank. Velocity fields were obtained using UVPs
(Ultrasonic Velocity Profilers) at various points along
the flume. A high speed camera was capturing the flow
with a frequency of 10 frames per second. The frontal
velocity and flow thickness data that were obtained after
image analysis, allowed the characterization of the
vertical stratification and layering during runout. The
information about the dynamic behavior that governs the
transition between different phases of subaqueous
density sediment flows will provide a useful database
for predictive numerical modelling of such flows.
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3. Conclusions
The formation of a dense layer at the bottom and a dilute
layer on top was observed. The two layers were defined
using the image brightness as an indication of
concentration. The brightness thresholds used for the
definition of each layer, were obtained after a correlation
of the brightness profiles and the UVP velocity profiles,
was established.
The frontal velocity of each layer was tracked utilizing
image processing. The dense bottom layer stopped its
propagation and deposited much earlier than the top
layer which continued propagating until the end of the
flume. The maximum velocities reached were 50mm/s
for the bottom layer and 72mm/s for the top layer.
Velocity profiles obtained from the UVP measurements
were in very good agreement with the respective
brightness profiles at the location of the transducers. The
height of the bottom layer as defined by the brightness
threshold of 140 coincided with the height of the flow
region characterized by its streamwise velocity, as seen
in the UVP results.
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independent of the inflow rate, q, and compared
favorably with the kaolin mixture yield strength. This
finding suggests that the onset of channelling occurs
when the pore water pressure exceeds the mixture yield
strength.
The time interval, ΔT, between the time of the Pmax and
the eruption of the channel at the layer surface was
found to rapidly decrease with increasing flow rate, q,
up to a threshold value, above which ΔT remained
constant. At the same threshold q value, the differential
Pmax – Pr, which represents the pressure released during
the channel formation, exhibited a breakpoint. These
trends were consistent for all mixture concentrations, C.
These results highlight the presence of two channelling
regimes, which were also verified by analysis of the
collected images. At higher flow rates, q, and lower
concentrations, C, the water propagates forms a single
channel, which propagates vertically upwards from the
nozzle and erupts at the column center. In contrast, for
lower flow rates, q, and higher concentrations, C, a
network of channels forms leading to the eruption of
multiple channels at the layer surface.

1. Introduction
The saturated, cohesive sediment beds of estuaries and
lakes are often subjected to the build-up of pore water
pressure due to the tidal and wave action, and the
consolidation of newly deposited sediment. This excess
pore water pressure initiates the upward movement of
water within the sediment bed, which in turn results to
the fluidization of the bed (e.g. Roche et al., 2001).
When the sediment beds are comprised of cohesive
material, fluidization is accompanied by the formation
of channels, which propagate through the sediment layer
until they erupt atop the sediment bed surface. Channel
formation is known to increase the hydraulic
conductivity of the bed by orders of magnitude and to
promote advection of contaminants over diffusion (e.g.
Liu, 1995; Vaughan et al., 2002).
Despite the important implications of channelling on the
transport processes at cohesive sediment beds, the
mechanisms leading to the formation and propagation of
these channels still remain poorly understood. Also, the
type of channels that favor advective or diffusive
transport regimes is not well known. The goal of this
study is to investigate the mechanisms as well as the
different types of channels that form under a range of
different controlled sediment and flow conditions.

4. Conclusions
The key conclusions of our study are the following:
• The channels are formed once the pore water
pressure exceeds the yield strength of the cohesive
sediment mixture.
• Channelling occurs in two regimes. Lower q and
higher C values promote the formation of a channel
network, whereas higher q and lower C values lead
to the formation of a single channel.
Future work aims at establishing a semi-analytical
model for predicting the flow velocity within the single
channel and the channel network for the two regimes.

2. Methods
A carefully designed fluidization column allowed
investigating the channelling phenomenon by injecting
water at the base of a 23 mm thick layer of a mixture
comprising of pure kaolin clay and deionized water. The
column was attached to a plenum, where water pressure
was monitored with a piezometer. The plenum pressure
increased linearly until reaching a maximum pressure,
Pmax, and then decreased rapidly to a Pr value,
corresponding to the eruption of a channel at the layer
surface. The Pr was identified by synchronous high
definition imaging analysis. For a subset of tests the
column was retrofitted with pressure transducers for
monitoring the pore water pressure within the layer.
A total of 140 tests were performed by systematically
varying the concentration of the kaolin mixture, C,
between 250 g/L and 500 g/L and the pump flow rate
rate, q, between 1.5 mL/min to 80 mL/min. The
numerous tests were conducted to isolate the conditions
under which the advective and diffusive regimes occur.
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3. Results
The pore water pressure measurements from the
transducers revealed that the pore water pressure buildup leading up to the channel formation was found to be
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1. Introduction

the growth is almost coincident with that predicted by
the weakly nonlinear model. If the initial height of the
disturbance is equal to 0.2h0 (the right panel of figure
1), nonlinear effects are stronger than those included in
the weakly nonlinear theory by Tambroni and Blondeaux
(2008). Moreover, the equilibrium profile obtained by
means on the fully nonlinear model, shown in figure 2,
has the typical flat crests observed in the field.

Sand banks are long parallel ridges with a crest-to-crest
distance of the order of kilometres and a height up to
several tens of meters. The formation of sand banks is
triggered by the instability of the morphodynamic system
describing an oscillatory tidal flow over a flat, cohesionless bottom. Previous models, which describe the formation of sand banks, are restricted to the linear regime
(Besio et al. (2006), Hulscher (1996)) or to the weakly
nonlinear regime (Tambroni and Blondeaux (2008)) and
consider perturbations of the flat bottom characterized by
small amplitudes. Linear models are able to predict the
wavelength of sandbanks, while weakly nonlinear models are able to predict the growth of the amplitude, for
values of the parameters close to the critical ones, till an
equilibrium is attained. The prediction of the equilibrium
height of sand banks in the fully nonlinear regime, can be
achieved only by numerical models (Roos et al. (2004)).
The present contribution is devoted to the investigation of
the relevance of nonlinear effects in the process of formation of sand banks and to the comparison between weakly
nonlinear and fully nonlinear approaches. A fully nonlinear numerical model, which will be briefly summarized in
the next section, is used.
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Figure 1. Time development of the bottom elevation at
the crest of an initial bottom perturbation (values of the
parameters as in figure 2 by Tambroni and Blondeaux
(2008) ).
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2. The model
We consider a tidal wave which propagates over a horizontal sea bottom composed of cohesionless material and
with an initial small-amplitude sinusoidal disturbance.
The flow field is described by the shallow water equations, where the Coriolis terms are retained because of
their relevance in the process which leads to the formation of sand banks. The morphodynamic evolution of the
sea bed is computed by integrating Exner continuity equation, where the sediment transport is evaluated by means
of the formula of Fredsøe and Deigaard (1992). Moreover, the effect of the slope of the bottom on sediment
transport is accounted for. More details on the physical
model can be found in Tambroni and Blondeaux (2008)
while the numerical approach is described in a paper in
preparation.
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Figure 2. Initial and equilibrium profile of the sand
banks for the case shown in figure 5 by Tambroni and
Blondeaux (2008), the initial water depth is 50 m
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3. Results
The obtained results show that nonlinear effects become
relevant even for values of the parameters rather close to
the critical ones. Figure 1 shows a comparison of the time
evolution of the bed elevation at the crest of the initial
perturbation (solid line) computed by the numerical approach together with the prediction obtained by means of
the weakly nonlinear model by Tambroni and Blondeaux
(2008) (broken line). If the amplitude of the initial disturbance is very small (left panel, where the initial height
of the distubance is 0.02 h0 with h0 =local water depth),
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1. Introduction
Estuaries are formed and evolve over centuries through
complex interactions between inherited geology, marine
and fluvial hydrodynamics, sediment supply and biota
(Vos, 2015). However, long term modelling has been
conducted in rather simplified settings and isolated
boundary conditions (e.g., Van der Wegen and
Roelvink, 2008). Here we combine effects of river
inflow, tidal currents and waves on large-scale evolution
of estuaries and effects of initial valley and coastal plain
morphology thereon.

Figure 1. Geological reconstruction of Old Rhine river
estuary. Note beach barriers (de Haas et al., submitted).

2. Methods
Idealized Delft3D model scenarios were based on spatial
and temporal high-resolution geological reconstructions
of Dutch estuaries (Figure 1) and their initial and
boundary conditions (de Haas et al., submitted). We ran
combinations of initial bathymetry variations, tidal
components (i.e. based on North Sea harmonics), river
discharge and wave action. Here we focus on effects of
waves on sediment stirring, littoral drift and onshore
transport in the mouth on the basis of scenarios with and
without an offshore wave climate, and sediment
transport with wave-current interaction (Figure 2).
Results were compared to geological reconstructions of
the Dutch estuaries and to physical experiments
performed in the Metronome flume (Kleinhans et al.,
this conference).

Figure 2. Preliminary simulations with tides and river
discharge without waves (A) and with waves (B).
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The outlet centre is dominated by tidal and river currents
while wave dominant zone emerged on both estuary
flanks, in agreement with Davis & Dalrymple (2012). At
the flanks, sediment was transported landward, into the
river mouth, which was not observed under conditions
of currents only. Therefore, net flood sediment transport
on the estuary mouth is partly controlled by wave action
(Figure 2B). This agrees with our hypothesis derived
from geological reconstructions and physical
experiments.

4. Conclusions
Sediment transported by alongshore littoral drift and
onshore directed transport was observed inside the
estuary due to wave action. The combination of highresolution geological reconstructions, comprehensive
numerical modelling and physical experiments show
that waves promote flood-directed net sediment
transport that can lead to estuary closure, infilling and
alongshore migration depending on its relative
dominance. Combined with river discharge decline and
sediment supply, this tentatively explains the closure of
Holocene estuaries along the Dutch coast.
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1. Introduction

Other equations were determined for relating the ABS
with the concentration of suspended sediment of sand
(materials > 63 m) and wash load (materials < 63 m).

This paper shows the results of analysing the suspended
sediment transport and concentration in the delta area of
the Magdalen River based on field measurements from
2006 to 2016 along 400 Km of the river. An equation
relating the Average Backscatter (ABS) and the
suspended sediment concentration (SST) was calibrated
and validated with data collected from 1982 to 2016
with USP-61 and ADCP, with which was possible to
compile more than 1,600 sections measured with ADCP
for the last 10 years by the Institute of Hydraulic and
Environmental Engineering IDEHA of Universidad del
Norte. An annual concentration and sediment transport
magnitude was estimated and related to the hydrologic
regime, including El Niño and La Niña phenomena,
occurred during the analysed time window.

From the measured data, the Magdalen River has an
average flow rate of 7,650 m3/s, a minimum of 2,100
m3/s, and a maximum of 18,000 m3/s in the delta area.
The suspended sediment concentration varies from 147
and 1,900 mg/L with an average of 535 mg/L. The total
suspended sediment transport varies from 26 KTon/day
to 952 KTon/day, with an average of 375 KTon/day.
The annual total suspended sediment transport obtained
from the collected data from 2006 and 2016 is between
137 MTons/year and 200 MTons/year with a wash load
of 85%. From 2006 to 2011 the tendency of flow rates,
and therefore of the total sediment transport, was
ascendant, related to an increment of frequency and
magnitude of high flow rates during that time period and
mainly associated with La Niña phenomenon. In
contrast, from 2012 to 2016, low flow rates were
predominant with low sediment transport rates,
associated with El Niño phenomenon.

2. Methodology and results
Figure 1 shows the sectors measured with ADCP and
USP-61 for calibrating the SST-ABS equation.

3. Conclusions
The paper shows the field work methodology by using
the ADCP and USP-61, and the calibration procedure
for the SST equation. The interannual variation of the
suspended sediment concentration for the years 20062016 based on field measurements is also presented,
time during which minimum and maximum flow rates
occurred in the Magdalena River. This research gives a
robust understanding of the temporal sediment transport
behavior of the Magdalena River.

Acknowledgments

Figure 1. Sectors measured with ADCP and USP-61 for
calibrating the SSC-ABS equation

The authors would like to thank the Centro de
Investigaciones del Río Magdalena - CIRMAG which
support this research.

The equation for estimating the total suspended
sediment concentration (SST) as a function of the
Average Backscatter (Latosinski et al 2011, and other
authors) was calibrated for the Magdalena River as
follow:

SSTABS = 10

(0.0272ABSprom +0.2724)

[mg/L]
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Where,
SSTABS = total suspended sediment concentration based
on ABS data
ABSprom = Average Backscatter of the river section
measured with ADCP rio Grande of 600 KHz
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4. Experimental Results
The characterization of the submerged granular flow
was placed in the middle of the foreset slope. 50 fps
videos were used for that flow; which only the 1% of the
images taken during the runs were analysed. An example
is shown in figure 1.

1. Abstract
In the present work, a submerged granular flow is
characterized. An experimental setup was conducted in
order to analyze the phenomena. The formation of river
deltas in lakes or the sea is constructed by the deposition
of material that falls down the slope formed by the
sediment transport of the river bed into the water corps.
An intermittent dynamics was observed in the top of the
foreset forming pulses of sediment that falls down the
foreset as granular tongue (debris flow). The friction due
to this sediment layer induces a deep movement of the
sediment grains that were deposit in the past of the
precedent pulses. Once the pulse arrives at the toe at the
bottom set an instantaneous deceleration occurs that
propagates backward until the top of the foreset. A
sediment stratigraphy was observed in the final
deposition that depends deeply on the sediment
discharge transported by the river.

Fig. 1 Experimental optimal image of the foreset

taken during an experimental run.
Two different image techniques were applied for the
video data set. One of them is used to determine the
position of the surface and the other to evaluate the
velocity profile. Both techniques had to be calibrated
adequately. In figure 2 it can be seen both results for a
typical run. Two different behaviour have been seen, a
linear distribution forced driven upper one and an
exponential deep one.
Figure 2. Dimensionless
Velocity profile in the
foreset. Depth h (mm)
and velocity v (mm/s). h0
depth in which the
behaviour change and a
is the mean diameter of
the particle, a50 =0.2 mm
The final deposit present a series of stratigraphy lines
parallel to the slope of the foreset. Those lines are
separated a distance proportional to the sediment
discharge. The results show straight lines separated by 6,
7 and 8 mm in average for the three different solid
discharges.

2. Introduction
Several studies were made in order to characterize dry
sediment flows, as related in Komatsu, T. S. et al.
(2000). It describes the creep motion as the movement
of the particles dragged by the falling tongue in which
the velocities decay exponentially with the depth. GDR
MiDi (2004), Pouliquen, O. et al. (2005), Courrech du
Pont et al. (2003), Gray & Ancey (2009), Viparelli et al.
(2014), had been worked on different aspects of
submerged granular flows. The present work adds new
observations on the topic.
3. Experimental set up
The experiments were carried out at the Morphodynamic
Laboratory conducted by GITS at the Hydraulic, Marine
and Environmental Department of Barcelona Tech. A
flume of 200cm length, 40 cm high and 5 cm width was
used in order to run the different tests. Uniform fine
sediment of 0.2 mm diameter was employed. Different
liquid and solid discharge was used to perform twelve
different experiments. A laser illumination and a
standard Cannon camera were installed for images
acquisition for posterior analysis.
Test
4
5
6
7
8
9
10
11
12

Qs (g/s)
4.4
4.4
4.4
6.6
6.6
6.6
11.4
11.4
11.4

Ql (l/min)
6
8
10
10
8
6
10
6
8

5. Conclusions
An experimental set up was implemented to evaluate the
granular flow in the foreset slope in a prograding delta.
A deep movement of the sediment were detected in the
foreset and a particular stratigraphy proportional to the
solid discharge was observed.

e (mm)
6
6
6
7
7
7
8
8
8
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salinity. More seriously, if more dams are constructed in
the future, damages caused by similar drought events as
those of 2015-2016 will indisputably impact the VMD.

Abstract
The Vietnamese Mekong Delta (VMD) (Figure 1) is
severely affected by climate change and hydropower
dam development upstream of the Mekong River (MR).
During the 2015-2016 drought period, water levels were
at their lowest values since 1926, even much lower than
those measured in the drought year of 1998.
Correspondingly,
sediment
concentration
was
significantly reduced and saltwater intruded 20-25km
further inland than seasonal average values.
The impact of eleven planned dams (Thailand, Laos, and
Cambodia) along with sea level rise on the
hydrodynamics of VMD was firstly studied by Kantoush
et al. (2017) using the one-dimensional (1-D) Mike11
model. This model covered a domain from the VietnamCambodia (VN-CB) border to seas. In the present study,
the 2-D depth averaged model Telecmac2D is used to
evaluate the impact of the upstream dams on the flow
regime of VMD. The domain covers the whole VMD
with a mesh including more than 6.5 million nodes
constructed using space steps of 10m and 50m in rivers
and channels and a space step of 100 m in the
floodplains. Two turbidity and one salinity stations were
installed in February 2016 at TanChau, VamNao, and
AnLacTay (Figure 1). Periodical field investigations (3
times a year) have been conducted and part of the
collated data has served to evaluate the impacts of
hydropower dams on the flow regime changes of VMD.
Simple stage-discharge rating equations have been
constructed to fulfil lacked discharges between 1980 and
1995 at TanChau and ChauDoc stations. In general, the
temporal trend of flow discharge during construction of
dams is not clear. However, the water level shows a
decreasing trend after the completion of each upstream
dam (Figure 2). Water levels during the period 20122015 (with six operated Chinese dams) are about 1m
lower and two months shorter than those observed in the
period 1993-2001 (with only one operated dam). The
eleven proposed mainstream dams in Thailand, Laos,
and Cambodia along with a 0.47 m sea level rise should
lead to a maximum discharge reduction of about 15%
and a maximum water level increase of 220% in the
VMD (Table 1). In this table, the difference of water
level between scenarios is calculated as,
N

P(%) 

[( H
i 1

Sc2 _ i

Figure 1. Study area – Vietnamese Mekong Delta
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Figure 2. Average daily water levels at TanChau station
Table 1 Average water level increase in VMD (Jan.-Jun.) (m)
Station TanChau
VamNao
MyThuan MyTho

 H Sc0 _ i ) / H Sc0 _ i .100]
N

400

(Sc2-Sc0)

0.423

0.436

0.456

P (%)

94.6

127.1

75.5

0.467
221.2

Station

ChauDoc

LongXuyen

CanTho

DaiNgai

(Sc2-Sc0)

0.436

0.452

0.458

0.467

P (%)

139.2

172.6

162

25.7
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where HSc2_i, HSc0_i: water levels of scenario 2 and the
baseline, respectively, at day ith; N: number of days.
Such discharge reduction and water level increase allow
intruding saltwater into the upper parts of VMD, even in
areas that have not been affected before, with very high
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also found at the sides of the estuary and in abandoned
channels. These deposition areas are generally near high
water level and experience low flow velocities.
Preliminary measurements suggest that due to nutshell
deposition on bars, bars become higher in the run with
cohesive sediment supply (Fig. 1). At the start of the
experiment nutshell is only deposited upstream and then
spreads downstream, though the concentration remains
larger upstream which might be representable for hyper
turbid conditions in real estuaries.
Due to the cohesiveness of the nutshell deposits, we
observe the formation of steep banks and sides of bars
that are subjected to undercutting. The cohesion
increases the critical shear stress for erosion and
influences the morphology. Widening of the estuary is
less, or less rapid. Furthermore, overall dynamics of the
estuary with cohesive sediment supply is lower than the
experiment without supply. We observe less chutes and
less migration.

1. Introduction
Mud plays an important role in alluvial estuaries in
relation to ecological restoration and harbour
maintenance but is rarely considered in long-term
models of these systems. Over the past years, substantial
progress has been made in long-term, morphological,
numerical modelling with mud (Braat et al., in prep),
however, physical experiments of estuaries have proven
to be difficult. Recently, a novel tidal facility, ‘the
Metronome’, was built in which self-evolving estuaries
can be studied (pilot: Kleinhans et al., 2015). After
successful experiments with sand we also started
physical experiments with cohesive sediment. Our
objective is to study the effects of cohesive sediment on
the large-scale morphology of estuaries. We compare an
experiment without cohesive sediment supply to one
with cohesive sediment supply.

2. Methodology
The Metronome drives tidal flow by periodically tilting
of the flume. By tilting the flume we exaggerate bed
slope to create realistic sediment mobility on a small
scale. To simulate the effects of cohesive mud we used
0.2 mm nutshell grains, because it has a low density and
is therefore transported in suspension. Moreover, it
becomes slightly cohesive, but less then real mud that
would fixate the bed (van de Lageweg et al., 2016).
The experiments started with a flat sand bed with an
exponential converging channel of 3 cm deep. 0.15 ml/s
nutshell was supplied with a river discharge of 0.1 l/s
during ebb. Waves were generated at the sea side during
the flood phase. The maximum tilting slope was 0.004
m/m with a period of 40 s.
Bathymetry was collected every 500 to 1000 tidal cycles
using Structure from Motion. Time lapse images were
taken every tidal cycle from which we could obtain
water depth by extracting the blueness of the water. In
total the experiments ran for 15000 cycles.

4. Conclusions
The cohesive sediment was mainly deposited on bars
and in smaller amount in abandoned channels and along
the sides of the estuary. The overall width decreased and
bars became slightly higher compared to the run without
nutshell. Furthermore, cohesive sediment decreased
morphodynamics and caused steeper banks to form.
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3. Results and Discussion
At the start of the experiment morphological changes are
fast, an alternate bar pattern develops and the initial
shape starts widening. Within 300 cycles ebb-flood
dominated channels develop as well (Fig. 1). The
nutshell initially deposits on top of the bars but is later

Figure 1. Bathymetry at three time steps of an experiment with (right) and without (left) cohesive sediment supply.
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However, mud mostly settles where vegetation settles,
whereas mud in isolation only deposits on the higher
floodplains and in estuaries forms flanking mud flats
and does not settle on mid-estuary bars (Figure 3). For a
combination of both factors we showed a further
enhancement of the mud fraction with mud
accumulation in areas where the vegetation is located.

1. Introduction
We hypothesise that large-scale planform shape and
development of estuaries are, like rivers, partly
determined by stabilizing and destabilizing effects
induced by mud and eco-engineering species
(Kleinhans, 2010). Numerical quantification of these
effects has only been investigated for static vegetation
and on small scales. As a result, the determination of
biostabilization and bioturbation are of main interest for
the understanding of morphological long-term
development.
Here
we
investigate
long-term
morphological effects of mud and eco-engineering
species on planform geometry and bar patterns along the
river-estuary continuum.

Reference scenario

Vegetation & mud

2. Methods
We combined a morphological depth-averaged 2D
model within the software Delft3D with a dynamic
vegetation model coupled to flow resistance (Oorschot
et al., 2015). The vegetation model represents speciesspecific settling, growth, and mortality which allow
analysis of their impact on flow and sediment patterns as
well as effects vice versa. The model was set up for the
main fluvial and estuarine species with stabilizing ecoengineering effects in the Scheldt system (Figure 1):
Salix and Populus in the freshwater zone and Spartina in
the brackish-saline zone. We investigated the role of
mud, and its interaction with vegetation through active
layer modelling and excess shear-stress relations for
erosion and sedimentation.

Vegetation cover

Figure 3. Bathymetry of an idealized estuary. Dark
areas are erosion, light areas sedimentation. Dark cells
in the lower picture represent settling of vegetation after
80 years of simulation.

4. Conclusions
The numerical model allows a quantitative
representation of hydraulic and morphological processes
in the fluvial and estuarine zone including the role of
biomorphodynamics and mud. In comparison with the
long-term development of the Scheldt system, the
inclusion of several eco-engineering types and their
interaction with mud and vegetation will allow
determination of the different processes induced by
typical eco-engineering species.
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Figure 1. Westerschelde and upstream river Scheldt in
the NW of Belgium and the Netherlands (Meire et al.,
1998)
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3. Results
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Figure 2. Bathymetry of an idealized river with different
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1. Introduction
Many of the world’s deltas are built through periods of
construction of depositional lobes punctuated by lobescale avulsions (Slingerland & Smith, 2004). Deltaic
rivers avulse when backwater effects create a locus of
deposition in the river that reaches a critical thickness
that scales with the channel flow depth (Mohrig et al.,
2000; Ganti et al., 2016). Recent work suggests that
relative sea-level rise can play an important role in
setting the pace of aggradation and frequency of
avulsions (Chatanantavet et al., 2012), but the
fundamental relationship between avulsion frequency
and sea-level change remains unexplored. We address
this knowledge gap using dimensional analysis and
quasi-2D morphodynamic modeling.

Figure 1. Long profiles of deltaic lobe growth under
varying rates of relative sea-level rise. Faster sea-level
rise rates result in enhanced deposition (gray) on the
topset compared to the foreset.

2. Methods
Following previous work (Chatanantavet et al., 2012),
we approximate the process of delta evolution using
sediment mass-balance applied to a single deltaic lobe.
We non-dimensionalize the 1-D steady St. Venant
Equations, England and Hansen total sediment load
equation, and the Exner equation for sediment mass
balance using the bankfull channel depth, backwater
length, and sediment flux in the normal flow reach
upstream. In this framework, we find an important
parameter is a dimensionless relative sea-level rise (or
basin subsidence) rate,
�
�∗ =
�! /�!
where � is the rise rate, �! is the sediment flux, and �! is
the length of the backwater reach. � ∗ describes the
balance of accommodation space created by relative sealevel rise as compared to the sediment supply to the
backwater reach. As the delta lobe grows, the channel
will aggrade and eventually surpass, at some location,
the critical channel aggradation level triggering an
avulsion at a frequency �! . We compare the quasi-2D
morphodynamic simulations to an analytical solution for
avulsion frequency by making the simplifying
assumption that channel slope and aggradation rate are
uniform over the backwater reach, and that the latter is
forced by progradation over pre-existing bathymetry.

Figure 2. Avulsion frequency increases with
dimensionless relative sea-level rise rate, according to
both theory and modelling. At higher � ∗ there is greater
variability in frequency (error bars) between consecutive
avulsions.

4. Conclusions
We predict that higher normalized relative sea-level rise
rates lead to more frequent avulsions by forcing
deposition on the delta topset at the expense of the delta
foreset. Results have implications for the sustainable
management of modern deltas undergoing relative sealevel rise.
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3. Results
In our preliminary simulations, avulsion frequency
increases under faster rates of normalized relative sealevel rise, because more sediment is deposited on the
topset relative to the foreset (Figure 1) and thus less time
is required before the channel avulses. This behavior is
well-predicted by our analytical solution, at least for
lower � ∗ (Figure 2). At higher � ∗ , avulsion frequency
becomes more variable because lobes partially drown
between avulsions.
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flats. Additionally, there is a relation between sediment
stabilization and reef characteristics, as a lower width to
length ratio and higher patch or oyster densities increase
the ability to accrete and stabilize sediment within the
reef.

1. Introduction
The realization of a storm surge barrier and two
secondary dams not only changed the hydrodynamics,
but also the geomorphological characteristics of the
Oosterschelde estuary (The Netherlands), creating a
disequilibrium between erosion and sedimentation
processes. Over the past 30 years, this has led to erosion
of the tidal flats(Louters et al., 1998; Nienhuis and
Smaal, 1994; Smaal and Nienhuis, 1992).
Due to this erosional trend habitat for intertidal softbottom benthic fauna slowly disappears, and with it,
foraging grounds and food sources for estuarine birds.
Furthermore, intertidal areas play a role in wave energy
dissipation. As a consequence, disappearance of
adjacent tidal flats will increase the risk of dike failures
and flooding during storm surges, since dikes will
become more exposed to wave action(Mulder and
Louters, 1994).
Ecosystem-based coastal defense is a promising way to
climate proof estuaries and coastlines. One of the
advocated methodologies is creation, restoration or
conservation of intertidal ecosystem engineering species
that stabilize shorelines and attenuate waves. The Pacific
oyster (Crassostrea gigas) is an ecosystem engineer
known for its wave attenuating, sediment trapping and
stabilization capacity(Borsje et al., 2009, 2009; Bouma
et al., 2007; Temmerman et al., 2013).

5.Conclusions
The ability of C. gigas to shape its environment depends
both on biotic and abiotic conditions. Stabilizing effects
of oyster reefs on tidal flats stress their importance as
ecosystem engineers in erosion dominated estuaries and
coastlines. Conservation of oyster reefs, as well as
construction of artificial reefs could be an important
management tool for tidal flat protection and
conservation.

References
Borsje, B.W., de Vries, M.B., Bouma, T.J., Besio, G.,
Hulscher, S.J.M.H., Herman, P.M.J., 2009. Modeling
bio-geomorphological influences for offshore
sandwaves. Cont. Shelf Res. 29, 1289–1301.
doi:10.1016/j.csr.2009.02.008
Bouma, T.J., van Duren, L.A., Temmerman, S.,
Claverie, T., Blanco-Garcia, A., Ysebaert, T.,
Herman, P.M.J., 2007. Spatial flow and sedimentation
patterns within patches of epibenthic structures:
Combining field, flume and modelling experiments.
Cont.
Shelf
Res.
27,
1020–1045.
doi:10.1016/j.csr.2005.12.019
Louters, T., Berg, J.H. van den, Mulder, J.P.M., 1998.
Geomorphological Changes of the Oosterschelde
Tidal System During and After the Implementation of
the Delta Project. J. Coast. Res. 14.
Mulder, J.P., Louters, T., 1994. Changes in basin
geomorphology after implementation of the
Oosterschelde estuary project. Hydrobiologia 282,
29–39.
Nienhuis, P.H., Smaal, A.C. (Eds.), 1994. The
Oosterschelde Estuary (The Netherlands): a CaseStudy of a Changing Ecosystem. Springer
Netherlands, Dordrecht.
Smaal, A.C., Nienhuis, P.H., 1992. The eastern Scheldt
(The Netherlands), from an estuary to a tidal bay: A
review of responses at the ecosystem level. Neth. J.
Sea
Res.
30,
161–173.
doi:10.1016/00777579(92)90055-J
Temmerman, S., Meire, P., Bouma, T.J., Herman,
P.M.J., Ysebaert, T., De Vriend, H.J., 2013.
Ecosystem-based coastal defence in the face of global
change. Nature 504, 79–83. doi:10.1038/nature12859

2. Aim
The aim of this research is 1) to quantify to what extent
oysters’ ability to stabilize sediment is conditional, and
2) if this effect can be predicted based on physical
forcing, morphological characteristics of the tidal flat,
and biological characteristics of the oyster reef.

3. Methodology
This was investigated by correlating long-term sediment
accretion patterns of tidal flats covered by natural
intertidal oyster reefs to reef characteristics and abiotic
conditions. Long-term morphological developments of
areas with and without oysters were derived from
detailed bathymetric measurements, between 1987 and
2013, at different cross-sections on several tidal flats.
The transects, done by walking, measured the sediment
altitude with respect to NAP.

4.Results
Results showed that stabilization of sediment by oysters
increases under erosional conditions. Furthermore, our
results showed that tidal flat shape determine the
strength of the engineering , as larger elevation changes
were found in convex tidal flats versus concave tidal
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1. Introduction

neglected when the estuary is narrow. For wider channels, as in Schramkowski et al. (2002), the scaling suggests that inertia becomes important and is therefore also
investigated. Figure 1 shows the relation between λ p and
the friction length scale H/cd .

Tidal bars are noticeable features in many estuaries. Understanding their dynamic formation is important as they
hamper ships and they play a crucial role for the ecosystem.
This study is concerned with the key factors that determine the length of the (free) tidal bars. Observations in
Dalrymple and Rhodes (1995) and by Leuven et al. (2016)
showed a correlation between the tidal bar length and
estuary width. Models studies by Seminara and Tubino
(2001) and Schramkowski et al. (2002) showed that, initially, the tidal bars can only occur when the width-todepth ratio, the friction parameter and the tidal current
amplitude exceed a certain critical value. Schramkowski
et al. (2002) also suggested that for wider channels, the
tidal excursion length is an important scale in determining the tidal bar length. Hibma et al. (2004) compared the
results from a complex numerical model to the idealised
models of Schramkowski et al. (2002) and Seminara and
Tubino (2001) and suggested that the estuary depth influences the tidal bar length.
From these studies not clear answer emerges on the question: ‘what internal length scale determines the tidal bar
length?’. The aim is therefore to bridge the gap between
different models and observations by building on, and extending previous model work.

20000
without inertia
with inertia

18000
16000

λp [m]

14000
12000
10000
8000
6000
4000

0

H=3m
2000

4000

6000
H/cd [m]

8000

H = 13 m
10000

Figure 1. Preferred wavelength, λ p , versus the friction
length scale, H/cd . The undisturbed depth, H, is varied
between 3 and 13 m and the drag coefficient, cd , depends
on H. The estuary width is 500 m and the current
velocities amplitudes are around 0.7 m/s.

3. Conclusions
The results suggest, under the assumption that the estuary
is spatial uniform over a length scale of the tidal excursion
length, that the length of tidal bars depends on the tidal
excursion length, the friction length scale and, to a lesser
extent, on the estuary width.

2. Internal length scales
Schramkowski et al. (2002) used a linear stability analysis to investigate the bottom patterns that form in a open
channel with a prescribed spatially uniform pressure gradient. The perturbations of the bottom height,
 nπ  o
n
y eikx ,
h′ (x, y,t) = Re h0 eωt cos
B
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were calculated. Here, t is the time coordinate, x is the
along-estuary coordinate, y the lateral coordinate, h0 the
amplitude of the perturbation at t = 0, n the lateral modenumber, B the width of the estuary, k the wavenumber
of the perturbation and ω(k, n) the growth rate of the amplitude of the bottom perturbation. The wavelength, λ p ,
of the perturbation with the largest growth rate, ω, is the
length of the tidal bars that will dominate the pattern after
some time and hence yields the dominant bar length.
In this study the sensitivity of the preferred wavelength,
λ p , on the internal length scales is investigated for a range
of parameter values that are retrieved from observations.
The internal length scales are the estuary width, B, the
tidal excursion length, l = U/σ and the friction length
scale H/cd . Here U is a typical velocity scale, σ is the
tidal frequency, H is the undisturbed depth and cd is a
drag coefficient.
As shown in Seminara and Tubino (2001), inertia can be
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main distributary and slightly increases in downstream
direction (Fig. 2c).

1. Introduction
Coastal lowland plains under mixed fluvial-tidal influence can form complex channel networks, where distributaries blend the characteristics of mouth bar channels, avulsion channels and tidal creeks. These networks
are shaped by the interplay of river flow and tides. Our
goal is to increase the general understanding of physical
processes in the fluvial-tidal transition. Here we present
first results of an extensive field survey of the Kapuas
river and give insight into the along channel trends of
cross section geometry and bed material grain size.

2. Field site
The Kapuas river is a large tropical river in West Kalimantan, Indonesia. Discharge ranges between 10^3
m^3/s in the wet and 10^4 m^3/s in the dry season. The
Kapuas consists of one main distributary from which
three smaller distributaries branch off along the alluvial
plain (Fig. 1a). Tides are mainly diurnal, with an average
spring range of 1.5m at the mouth.

Figure 1: Map of the Kapuas river delta plain
Figure 2: a) Bankfull width, b) Bed and mean surface
level, c) Median grain size

3. Methods
Between 2013 and 2015 we surveyed the Kapuas
from the sea to upstream km 300. Bankfull river width
was extracted from Landsat images. Bathymetry was surveyed with a single beam each sounder. Bed material was
sampled with a van Veen grabber.

5. Discussion and conclusion
The geometry of the Kapuas river deviates from that
of an idealized estuary, as it does not converge to an
equilibirum width and depth. Such a break in scaling was
previously found in the Mahakam Delta by Sassi et al.
2012, which suggests this may be a general characteristic
in the fluvial to tidal transition. There is no simple relation between bed material grain size and channel geometry.
The particular geometry of the Kapuas also leads to
particular hydrodynamics in the fluvial-tidal transition.
Thus the draw-down curve during high flow and backwater curve at flow are much less pronounced in the
Kapuas, and tides propagate far up the river.
At the moment we investigate the consequences for
river discharge-tide interaction. In particular we focus on
propagation of the tide depending on the river discharge
as well as consequences for delta morphology.

4. Results
All distributaries of the Kapuas consist of a short tidal
funnel that terminate in shallow mouth bars. The distributaries reach their maximum depth at the apex of the tidal
funnels. From the apex of the tidal funnel to the upstream
end of the alluvial plain, the bed level rises again to normal flow depth (Fig. 2b) and the river widens (Fig. 2a).
During high flow the contrasting trends of width and
depth cause the cross sectional area to remain constant
along the alluvial plain, but during low flow the cross
sectional area decreases along the alluvial plain in upstream direction.
The bed of the Kapuas consists mainly of sand. Bed
material is downstream fining from 0.3 to 0.25mm along
the alluvial plain within the main distributary. The trend
of downstream fining does not break at the transition to
the tidal funnel. There is a rapid downstream fining from
the transition of the upstream valley to the alluvial plain.
The grain size of the side distributaries differs from the
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1. Introduction
Ebb-tidal deltas are shallow sandy features located seaward of tidal inlets and are important for coastal safety in
barrier systems. They act as a shield for incoming (storm)
wave energy and they are a source of sediment for the
barrier islands and the back-barrier basin. This ‘feeder’
function is often related to the observed cyclic behavior of
shoal formation, migration and attachment to the downdrift island (Ridderinkhof et al., 2016a). A well-known
example of cyclic behavior is the ebb-tidal delta of the
Ameland Inlet, which is considered to be the most natural
system of the Dutch Wadden Sea. This system changes
from a one-channel-system to a two-channel-system and
back during one cycle and periodically shoals migrate and
attach to the downdrift coast. Yet, our knowledge of the
cyclic behavior of channels and shoals on the ebb-tidal
delta is insufficient to predict the period between successive shoal attachments and understand the physical processes involved. The main objective of this study is to
study the effect of different wave, tide and basin characteristics on the cyclic behavior of an ebb-tidal delta and to
study the underlying physical processes.

2. Methods
A numerical morphodynamic model - Delft3D/SWAN was employed with an idealized geometric set-up, representative for the tidal inlet systems in the German Wadden Sea. Hydrodynamic forcing consists of a combination of tides and waves and the model computes the resulting sediment transport and subsequent bed-level evolution. Many model runs were conducted to test the relative importance of waves and tidal currents on the morphological evolution of the tidal inlet and ebb-tidal delta.
Furthermore, the effect of basin geometry (size, shape,
depth) on the cyclic behavior was studied.

Figure 1. Top figure: Initial bathymetry of modeled
cyclic behavior with depth in meters and wave direction
as white arrow. Hydrodynamic forcing consists of tides
(amplitude M2 -tide = 1 m) and waves (Hs = 2 m).
Domain of detailed figures in white box with developed
ebb-tidal deltas (middle left), shoal formation (middle
right), shoal migration (lower left) and shoal attachment
(lower right).

3. Results
We modeled cyclic behavior of ebb-tidal deltas that resembles observed patterns in the Wadden Sea. Channels
migrated, shoals were generated and periodically attached
to the downstream coast. Obtained bathymetries (Figure 1) show that changes in the inlet - similar to the onechannel/two-channel transformation of the Ameland Inlet
- are an inherent feature of periodic shoal dynamics.
The results indicate a relation between incoming wave
height and time scale of cyclic behavior. Larger waves results in faster migration of shoals and smaller time scales,
which is in agreement with the findings of Ridderinkhof
et al. (2016b). The link between tidal prism and time scale
of cyclic behavior is found to be less pronounced. Furthermore, the results indicate that cyclic behavior occurs
if and only if the initial back-barrier basin is not too deep,
i.e. deep inlet systems tend to import sediment rather than
bypass the sediment by means of shoal dynamics.
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Water levels and tidal currents varied considerable in
along-channel and cross-channel direction, creating
cross-bar water level gradients. At these locations, crossbar channels formed, because water levels and flow
velocities in the ebb channel were generally larger than
in the flood channel (Fig. 2). A growing cross-bar
channel often reversed the role of the ebb- and flood
channels.

1. Introduction
The occurrence of mutually evasive ebb- and flood tidal
channels is one of the most typical features in tidal
basins and estuaries (Fig. 1). While Van Veen already
observed and described these striking elements in the
1950s, their forming mechanism is still largely unknown
because of the challenges in numerical modelling and
physical models of tidal systems. Recently, it was
showed that a periodically tilting flume can generate
dynamic tidal morphology (Kleinhans et al., 2015). In
this study we investigate the formation and evolution of
mutually evasive ebb- and flood tidal channels with
measurements of water levels and tidal currents. We
define the confluences of ebb- and flood channels as
nodes, for which we will show that they behave as
asymmetric stable bifurcations.

2. Methodology
We created estuaries in a tilting flume of 20 m long and
3 m wide. The maximum tilting slope was 0.004 m∙m-1
with a period of 40 s. The typical amplitude of tidal flow
velocity was 0.3 m∙s-1 and water depths were 0.02-0.05
m. The experiment started with an initial converging
channel at the centreline of the flume and was
subsequently tilted for 15,000 tidal cycles. Detailed
measurements of bathymetry, water levels and flow
velocities were made during 12 stages of the experiment.
Bathymetry was created using Structure for Motion
software (Agisoft) (Fig. 2a). Flow velocities were
measured using Particle Image Velocimetry (PIV) and
water levels were measured with echo sounders.
Overhead cameras collected time-lapse imagery to
monitor the evolution of the experiment. The water was
dyed blue and the blueness was used as a proxy for
water depth (Fig. 2b).

ebb
flood

Fig. 2. Bathymetry (a) with measurements of water level
(b) and tidal current (c) during the experiment.

4. Conclusions
Within 500 tidal cycles, mutually evasive ebb- and flood
tidal channels formed in our experimental setup.
Measurements of water level, bed level and flow
velocities show that tidal bifurcations evolve into
asymmetric stable bifurcations. After the formation of a
flood tidal channel, gradients in water level generate
cross-bar flow, which eventually cross-cuts the tidal bar
that formed between the flood channel and the parallel
ebb tidal channel.
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Fig. 1. Mutually evasive tidal channels.

3. Results & discussion
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only a modest improvement in explanatory power over
the 1:1 line model (i.e. Ψd = Ψm).

1. Introduction
The creation of islands on delta tops is a primary means
of coastal land generation and a critical process for
interpreting the stratigraphy of ancient deltas. To-date,
models of island creation have been largely based in
sediment laden jet-theory and its application to river
mouths (Fagherazzi et al., 2015). Inspired by a suite of
laboratory experiments and collection of planform data
from modern deltas, we propose another model for
island formation that is based on topographic flow
expansion (Sittoni, et al., 2014).

2. Experimental Observations
Consistent behaviour was observed in 9 new and 5
previously published delta experiments that began as
wall-bounded, planar turbulent jets. Initial deposition
occurred as predicted by jet theory produced elongate
deposits followed by lunate bars. The lunate bars did not
immediately evolve into islands. Instead the lunate bars
first transitioned into topographic flow expansions that
were stable to topographic perturbations. These deposits
prograded and maintained a uniform, characteristic flow
depth until Island formation and channel bifurcation
occurred. The islands appeared to form at a consistent
distance from the center of the spreading flow.

Figure 1. Dimensionless measured, Ψ*d, vs. modelled,
Ψ*m, distances to islands on delta tops in experiments
and field deltas. The model predicts the position where
discharge per unit width drops below that which is
required to produce enough stress to move the median
grain size.

3. Conclusions
We present a new model of island formation on delta
tops where radially symmetric flow patterns develop
from sediment-laden jets before prograding until flow
conditions drop below the threshold of motion through
radial expansion. This model explains well a set of
experimental and natural deltas. The model predicts that
the distance to the first channel bifurcation scales with
water discharge, scales inversely with flow depth over
the apron, and scales with the inverse square-root of
median grain diameter.

3. Theory
The experimental deltas all developed radially
symmetric deposits and flow patterns (i.e. where flow
width increases uniformly with radius). We hypothesize
that the islands on these deltas form at the distance from
the center of spreading, Ψm, where flow per unit width
drops below that which provides critical stress to move
the median grain size. This is given by:
*
Ψ=
m


1  Q0
=
− 1

W0 θ  H cU crW0 

Ψm

(1)
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where W0 is channel outlet width, Hc is the characteristic
flow depth on the delta top, Ucr is the critical velocity
associated with stress to move the median grain size, Q0
is the fluvial discharge to the channel mouth, and θ is the
opening angle at the channel mouth of the basin.
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2. Results
To test this hypothesis, we analyzed channelization and
island formation for the 14 experiment and 4 field scale
deltas gathered from the literature. Distances to the
position of channelization, Ψd, were measured and
compared to predictions of distance, Ψm (Fig. 1).
Experimental and field data are predicted with a rootmean-square error of 17%, and the best-fit model offers
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1. Introduction
Deltaic processes are governed by factors including the
characteristics of inflowing sediment (e.g., temporal
variability of the load and size class distribution),
receiving basins (e.g., water depth, tidal range,
circulation pattern, and wind field), and substrate (e.g.,
sediment type and soil strength).
These factors
influence the deltaic growth as well as the size and
pattern of channel bifurcations. This topic is of
importance to deltas experiencing land loss due to
subsidence and sea level rise. The Mississippi River
Delta is an example where a number of sediment
diversions are being considered in conjunction with
other restoration actions to minimize loss of wetlands.
Historically, the Mississippi River played a significant
role in providing sediment, nutrients, and fresh water to
support Louisiana’s coastal wetland system. As such, a
systems perspective for regional-scale implementation
of diversions is important. Field observations coupled
with numerical modeling at various temporal and spatial
scales, has provided insights toward a system-scale
approach to design, evaluate and operate sediment
diversions. These research activities investigate the
uncertainties associated with morphodynamic processes
both on the river and receiving basin sides and identify
parameters influencing the magnitude and rate of
building new land and sustaining existing wetland areas.
Specifically, this presentation discusses the impact of
extracting sediment and water from fluvial rivers, the
ability to convey (and retain) sediment to the receiving
basins. In addition to delivering sediment to receiving
basins, some proposed sediment diversions could
discharge high volumes of nutrient-rich fresh water into
existing wetlands and bays. A goal of the analysis
presented here is to improve our understanding of
morphodynamic responses of the receiving basins and
the ecosystem effects of discharges of freshwater and
nutrients at this scale.

Figure 1. Land change in the Mississippi River Delta in
50 years (Future without projects)

Figure 2. Preliminary results of potential land-building
capabilities of a sediment diversion from the Mississippi
River to Barataria Bay
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tidal discharge as an a priori indicator of the effect of
tides on delta morphology.
Our metric can be applied globally and give insight
into the distribution of deltas in different
environments in the modern and in the past. Simple
predictive metrics like the one proposed here can also
be applied to study how delta morphology might
adjust in the future in response to climate change and
human impacts.

1. Introduction
Tides move water and sediments in the coastal zone
and affect river delta morphology. Galloway (1975)
characterized deltas with estuarine geometry as tidedominated and quantified this dominance using the
tide-energy flux.
This description is useful for broad characterizations
of modern deltas and their global variability, but is
challenging to use in a predictive framework of delta
morphology and delta change because a vital link is
missing: what magnitude of tidal forces results in
which measurable feature of delta geometry?
Here we aim to establish that link. We use the
observation that the first order effect of tides on deltas
is downstream channel widening (Fig. 1) (Langbein,
1963). We hypothesize that this increase in channel
width is a signature of the downstream increase in
tidal discharge. Therefore, we define the effect of
tides on deltas by the non-dimensional metric T:

T

Qtide
,
Qriver

(1)

where Qtide is the tidally driven discharge at the river
mouth (m3s-1), and Qriver is the fluvial discharge at the
river mouth (m3s-1). If T > 1, the channel will widen
significantly and the delta is tide-dominated (e.g. Fly,
Fig. 1b), if T < 1, the channel does not widen
significantly and the delta is wave- or riverdominated (e.g. Mississippi, Fig. 1b).

Figure 1. (A) The Fly River Delta, annotated are
approximations of the river mouth width, the tidal
prism area, and the sediment fluxes. Image NOAA.
(B) The width of the Mississippi River and the Fly
River between the river mouth and 550 km
upstream.

2. Methods
To test our hypothesis, we developed a simple a-priori
predictor of tidal discharge based on a set of
independent variables: upstream river discharge,
channel bed slope, and offshore tidal range. We
rewrite Qtide as a function of the offshore tidal range
and the water surface area of the delta assuming a
simple sinusoidal tidal motion. Combined with
hydraulic geometry (e.g., D’Alpaos et al., 2010), Qtide
then gives us a prediction of channel mouth width that
we can test in the field.
For 71 deltas (from Syvitski and Saito, 2007,
supplemented with 20 other, mostly smaller deltas),
we retrieved their tidal characteristics, fluvial
discharge, and delta slope. We also measured
upstream channel width and downstream channel
width. In the case of a distributary network, we
correct the sum of the river mouth widths by n-0.5,
where n is the number of distributary channels and ½
is a scaling factor (Leopold and Maddock, 1953), to
only investigate widening in response to tides.
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3. Results and conclusions
For 71 deltas globally, we find that our predicted river
mouth width matches the observed river mouth width
(R=0.9). This gives us confidence in our predicted
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Another important parameter to be defined is the wave
characteristics like wave height and period (Hw, Tw).
Therefore, wind measurements have been taken since
August 2016.

1. Introduction

Combined flow areas, like river – sea interaction areas,
are the complex flow field for the sediment transport and
bedforms occurring. This study mainly focuses on the
detection and investigation of the effective parameters of
bedform formation in such dynamic and complex areas.
The research is developed based on the field
measurements at the Turkish Aegean coasts, in Gediz
and B. Menderes river mouths.

2.2 Sampling
Sediment characteristics like grain diameter distribution
(d50, d90), specific gravity (ρs), and porosity (n) are
another major component which affect the shape of
bedforms. Therefore, grab sampling method which is a
popular method in the literature to determine the
sediment parameters is used (Li and Amos, 1999; Smyth
and Li, 2005; Van Rijn, 1993). In this method,
considering adequate stations is important. Likewise,
suspended sediment measurement at some of these
stations are done to get Total Suspended Solid (TSS)
concentration at the bottom and surface layers. Deeper
stations also require middle water depth samplings.

2. Field Measurements
Developments of bedforms in the combined flow are
controlled by the wave, current, fluid and sediment
parameters. To obtain these parameters, field studies are
conducted
under
subcategories
as
acoustic
measurements and sampling. Figure 1 shows the
measured parameters and instrumentations.

3. Conclusions
Field measurements of the abovementioned study are
being carried out in order to represent maximum and
minimum river discharge conditions. This combination
of data set will give us an opportunity to understand the
relationships between all these parameters, by
performing dimension analysis and developing phase
diagrams.
Figure 1.Schematic view of field measurements,
instrumentations and target parameters
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2.1 Acoustic
Multibeam and singlebeam bathymetric measurements
are required to observe bedforms and their geometry,
which is the major acoustic measurement in the field.
Although the resolution of multibeam is very high and
detect even small morphological variations, they have
some complicated difficulties in shallow waters. For this
reason, singlebeam devices are used to prop the
bathymetric measurements. At the end of these
measurements, seabed map of combined flow area is
obtained and morphological parameters of bedforms (Lr,
Hr) are determined.
Then, ADCP and RCM acoustic current meters are used
to understand flow conditions in the sea. These
measurements are taken stationary to eliminate the
shallow water effect. Additionally, in the river mouths
different stationary propellers are considered to measure
the river currents (u) and related discharges (q). Physical
parameters of the water such as salinty (S), temperature,
conductivity (C), density (ρw) of fluid are determined by
a CTD profiler. These stationary profiling measurements
are performed at appropriate number of stations to
characterise the study area.
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1. Introduction
The knowledge and impact of the initial sediment bed
composition / distribution is a fundamental element of
calculating sediment transport and morphodynamics.
These calculations are basically driven by the
assumption of the spatial sediment conditions and are
important for the morphodynamic adaption procedure.

2. Sediment distribution calculation

The model set-up should be speciﬁed in a way that
imposes / prescribes no sedimentological / morphodynamic characteristics / patterns beforehand rather letting
them evolve freely within the calculation period (van der
Wegen et al., 2011).
The sediment composition of an entire estuary is characterised by complex driving forces and nonlinear effects,
which are not readily described in simple empirical or
mathematical models. Moreover, knowledge of the
spatial sediment variability is fundamental for an
acceptable calibration and validation procedure for
sediment models (Bussi et al., 2014).
The sensitivity of sediment distribution calculations
(SDC) to varying sediment bed properties was investigated (e.g. Table 1). An example for different sediment
mixtures produced by an SDC for a part of an estuary
with initially homogeneous bed is given (e.g. Figure 1).

Figure 1. Bed composition after 165 day run
2.5 Morphodynamic simulation
When a SDC is performed taking into account
morphodynamic changes, the rate of sediment
redistribution increases, reducing the time required for
an equilibrium sediment distribution forecast.
run fractions initial-sed underlayer morphodyn
A
B

3, 5, 9
3, 5, 9

homogen
inhomogen

no
no

no
no

C

3, 5, 9

inhomogen

yes

yes

Table 1. Parameter set of SDC sensitivity runs
2.6 Verification of calculation results
The evaluation of different parameter runs and comparison with measurements require objective criteria. Often
the verification of the SDC results is performed by
analysing the amount of displaced sediment volume or
integrated transport quantities through sections. A
different way is to include the sediment composition
using a set of statistical sedimentological parameters e.g.
the mean diameter, standard deviation, sorting, skewness
and kurtosis. This analysis can be applied to the entire
domain, a morphological compartment or predefined
regions. The time-invariant characteristic of the SDC is
an indicator of convergence.

2.1 Specifying sediment diameter fractions
The specification of amount and properties of each
individual sediment fraction used in the SDC are
important for the final result. Therefore different
configurations thereof should be considered and compared with field measurements and so determining the
demand of the following calculations.
2.2 Initial sediment distribution
The initial configuration of the spatial sediment
distribution in SDC (e.g. homogeneous / inhomogeneous) is sensitive to the additional parameterizations
documented below.

3. Conclusions
To date there are no approved criteria / rules concerning
the procedure of achieving a sediment distribution by
way of a training calculation. Still numerical results
should be cross-referenced with measurements, local
knowledge and common sense!

2.3 Underlayer concept
To incorporate bed stratigraphy an underlayer was
included in SDC, thus the total amount of sediment
available for distribution is increased. This effect is
directly controlled by the specification of the vertical
sediment mixture respectively the layer thickness and
the sediment properties.
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2.4 Calculation time effects
The SDC-result is also related to the duration of the
whole calculation including the spin-up time. Longer
runs produce an appreciable signal of typical grain-size
related sorting under the given hydrodynamic forcing.
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1. Introduction

ables are measured at multiple timescales (days, months,
years) to capture the multi-scale nature of process connectivity (Sendrowski and Passalacqua, 2017).

River deltas are complex ecogeomorphic systems that display great variability in channel network structure and island morphology. This variability arises due to the multiscale interactions between system drivers (e.g., discharge,
tides, and wind) and delta variables (e.g., water level,
sediment concentration, and nutrient concentration), also
referred to as process connectivity (Passalacqua, 2017).
While the importance of process connections has been
identified, these relationships are still poorly understood
(Paola et al., 2011). Deltas are also increasingly vulnerable to anthropogenic disturbance and eustatic sea level
rise, which has led to deltaic land loss in many areas
worldwide (Ericson et al., 2006). River diversions have
been proposed to mitigate this loss, wherein the floodplain area is inundated with water and sediment allowing
"natural" land building processes to occur (Paola et al.,
2011). A better understanding of process connectivity
would provide insight into land building mechanisms and
predicting diversion outcomes. To this end, the objective of this study is to characterize morphological process
connectivity (couplings between sediment concentration
and discharge, tides, and wind) in strength, direction, and
scale in a river delta.

3. Conclusions
The process connections we measure are highly influenced by the structural connectivity (physical link between locations) and functional connectivity (control of
fluxes) of the system. High hydrological connectivity between channels and islands exists in WLD (Hiatt and Passalacqua, 2015), resulting in high synchronization among
sediment and driver variables. However, there are distinct
differences between channel and island sediment process
connections through time, related to wind and tidal forcing and vegetation cover. These results are summarized
in a process network depicting the strength, direction, and
timescale of information flow among variables and reveal
delta-scale patterns related to the scale of forcing and system morphology.
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2. Analysis
2.1 Study area and data collection
Our study area is Wax Lake Delta (WLD), a 150km2
river-dominated tidally-influenced delta in coastal
Louisiana that is building land naturally and is often cast
as an analogue of diversion systems. A Delft3D model
run on WLD bathymetry generated two years of sediment
concentration at multiple islands and channels over
2014-2015. Additionally, three optical backscatter (OBS)
point sensors deployed in the field from November
2013-January 2014 captured time series of sediment
concentration derived from turbidity data. River discharge, tide, and wind measurements are collected from
the USGS and NOAA Tides and Currents databases,
respectively.
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2.2 Information theory
We measure process connectivity using information theory, a branch of mathematics quantifying the communication of information and uncertainty in a signal (Shannon,
1948). The flow of information (reduction in uncertainty)
among time series of variables are analyzed in terms of
their synchronization and information transfer using the
probability density functions (pdfs) of the data. Relationships are quantified in strength, direction, timescale, and
significance using the Shannon entropy, mutual information, and transfer entropy metrics. Couplings among vari-
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residual sediment transport and the sediment
accumulation patterns in the Yongjiang Estuary. The
residual flow and the residual sediment transport are
southwards directed.

1. Introduction
Shallow water coastal environments worldwide are
subject to increased human pressure and are
experiencing dramatic morphological degradation. The
morphological evolution of these environments strongly
depends on gradients in transport that control sediment
erosion and deposition. The distribution of suspended
sediment concentration (SSC) in space and time plays a
major role in determining erosion and deposition
patterns and is thus a key factor in the monitoring and
management of the morphodynamic evolution of
intertidal systems. A spatially refined quantitative
description of suspended sediment patterns and
dynamics is therefore a key requirement to address
issues connected with dynamical trends, responses, and
conservation of these systems.
The Yongjiang Estuary is a slow hybrid estuary, located
on the west coast of the East China Sea, immediately
south of the Hangzhou Bay, China (Fig.1). Sediments in
the Yongjiang Estuary are mainly composed of finegrained cohesive sediment which is transported from the
Hangzhou Bay.

3. Conclusions
SSC maps obtained by analysing 12 satellite images
during a whole tidal cycle in the Yongjiang Estuary
were successfully compared with the spatial distribution
of the SSC computed using the numerical sediment
transport model. The comparison highlighted the ability
of the sediment transport model to reproduce the main
features of the spatial patterns and gradients in the SSC
field, both qualitatively and quantitatively. The use of
point observations similarly allows us to constrain the
model temporally, thus leading to a complete space-time
evaluation of model abilities. Furthermore, the results
show that the combined use of both in situ point
observations, which provide information on the temporal
evolution of the local turbidity, and of satellite images,
which provide spatially distributed information about
the instantaneous turbidity field, allow to effectively
constrain a model of sediment transport dynamics both
spatially and temporally. Overall, it is a useful tool for
process understanding of sediment dynamics by means
of combined use in situ observations, satellite retrievals,
and numerical sediment transport modelling.

ĺ
Ļ

ķ ĸĹ

ķ Yongjiang Estuary
ĸ Jintang Island
Ĺ Jintang Channel
ĺ Hangzhou Bay
Ļ Andong Shoal

Figure 1. Model domain of sediment transport model
and bathymetry of the YongJiang Estuary and adjacent
waters.

2. Methods
We use a combination of a two-dimensional numerical
model of sediment transport dynamics and high
temporal-spatial resolution remote sensing data (GOCI)
to establish the robustness of numerical models in
reproducing
space-time
suspended
sediment
concentration (SSC) patterns and to investigate physical
mechanisms of sediment dynamics in the Yongjiang
Estuary. The numerical model reproduces the spatial
distribution patterns of SSC in the Yongjiang Estuary,
characterized by higher in the north and lower in the
south. It also correctly simulates the residual flow, the

Fig. 2. SSC maps obtained by analyzing satellite images
in the Yongjiang Estuary during four tidal phases, which
include the flood tide (a), high tide (b), ebb tide (c), and
low tide.
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1. Abstract
Tamsui river is the largest river in northern Taiwan.
Spatio-temporal variation of morphology in the Tamsui
River estuary and its adjacent coast is highly dynamic
and therefore complex. Primary reason of the variations
is the complicity of the hydrodynamic and
morphodynamic processes in the area. Morphological
changes often occur in a tropical storm or typhoon.
Sediment releases from reservoirs at upstream can also
contribute to the morphological changes in the estuary.
To better understand hydrodynamic and morphodynamic
processes in the estuary driven by river flood flows,
waves, tides, and winds, an integrated coastal process
model, CCHE2D-Coast, is used to simulate flows and
morphological changes due to multiple typhoons.
This paper introduces a
study on morphological
changes in the Danshui River estuary driven by tides,
waves, and river floods during the period of three
typhoons in 2008 using an integrated coastal process
model. The submodels for wave, current, and sediment
transport were validated by comparing the simulation
results with available observation/survey data. Model
validation results indicate that the simulated water levels,
flow velocities, and wave heights are in good agreement
with the measurements at gages, and the simulated bed
changes have captured the major features of deposition
and erosion in the river, the estuary, and adjacent coasts.
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2. Methodology

the channel that is transported downstream or upstream,
respectively (Figure 1). Finer sediments are transported
further away from their initial location, but also in a
different direction. For example, finer sediments are
transported into the northern side channel downstream at
the tidal flat of Ossenisse. The available sediment
volume from the shoal margin collapse determines the
acceleration of the formation of new bars/shoals at the
tidal flat of Walsoorden (Figure 2). This has
implications for navigation of ships towards the
Antwerp port, because of decreasing channel width by
the new bar. Inclusion of mud fraction in the model
increases the rate that the former shoal margin collapse
is filled again, but also limits channel widening.

We study the influence of shoal margin collapse on the
morphodynamics of the Western Scheldt Estuary by
using an existing Delft3D model schematisation of the
Western Scheldt (Van Schaick, 2015). The model is
setup around the tidal flat of Walsoorden, a location
subjugated to shoal margin collapses in the last decade.
Bathymetry measurements of 2013 by Rijkswaterstaat
and the Flemish government are used as the initial
conditions (Figure 1). We model the morphological
development for a period of 10 years, i.e., half year
hydrodynamic simulation with a morphological
acceleration factor of 20, and use the Van Rijn et al.
(2004) transport formula.

Figure 2. The elevation contour lines and difference in
elevation for a model run with a collapse volume of
1.0x105 m3 and 1.0x106 m3 shows channel widening at
the collapse (left) and accelerated bar development
downstream of the larger shoal margin collapse (right).

1. Introduction
Channel bank failure and collapses of shoal margins
have been recorded systematically in Dutch estuaries for
the past 200 years. Between 1800 and 1978 more than
1000 large failures with sediment volumes up to a
million cubic meters were documented in soundings of
the Eastern and Western Scheldt estuaries (Wilderom
1961-1979). In many locations collapses reoccur at
intervals of several years to decades. The objective of
this study is to investigate how locations, probability,
type and volume of channel/ shoal margin collapse
affect the morphodynamics at the channel-shoal scale.

4. Conclusions
We conclude that shoal margin collapses locally affect
the morphodynamics of the Western Scheldt leading to
formations of bars up or downstream depending on the
location in the cross-channel and along the channel.
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Figure 1. Initial bed elevation and shoal margin collapse
locations for the last 15 yrs. Contour lines show the
distribution of collapsed material after 10 years.
We test several settings regarding the influence of shoal
margin collapses on the development around the tidal
flat of Walsoorden; i) grain-size, ii) location of the
collapsed deposit, iii) volume of the collapse, and iv) the
role of mud.

3. Results & Discussion
The model outcomes show that the morphological
development of the Western Scheldt Estuary is affected
by sediment deposited in the northern or southern part of
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Errors in the initial bed level (and bottom
composition), introduced during measurements
or data processing.
Errors in the boundary conditions of the model,
i.e. schematisation of the forcing.
Errors in the model parameters.
Errors of the model, such as missing or
incorrectly modelled physics (incl. numerical
errors).
The time scale of the spin-up is dependent on the length
scale of the errors. The largest length scale of the errors
is most important, because it corresponds to the longest
time for damping out the error. Some of the errors
mentioned above can have the length scale of the entire
model domain. Such errors make the distinction between
changes due to spin-up of the model and the ‘real’
morphological developments difficult, if not impossible.

1. Introduction
Despite the substantial progress in last decades in
modelling short-term hydrodynamic and sediment
transport processes as well as long-term (centuries)
morphological
development,
the
ability
of
morphodynamic models to simulate medium-term
(decades) development of estuaries is still very limited.
One of the causes for the limitation is the problem of
spin up. Many application of morphodynamic models
show that at the beginning of the model simulation
model results are unrealistic, and only after a certain
period the model gives meaningful results. A extreme
example is presented by Dam et al. (2016), who
simulated the morphological developments of the
Western Scheldt estuary (The Netherlands) for decades
to more than a century. They concluded that the
performance of the model, expressed in the Brier Skill
Score (BSS), first decreases and then increases. The
model results are "good" only after many decades.
In this study, we aim to obtain more insight into the
problem. We try to answer the following questions:
What are the causes of the spin-up problem?
What is the time scale of the spin-up?
What can we do to avoid or minimise the
problem?

3. Possible measures minimising the problem
For the simple river example, the problem is not serious
because sufficient knowledge is available about the
morphological equilibrium. The knowledge helps the
modeller to identify the causes of the possible problems
and solving them.
For an estuary such as the Western Scheldt our
knowledge of the morphological equilibrium is much
more limited, and there are no easy solutions for the
problem at present. Improving our understanding on the
morphological equilibrium according to models will
require extensive fundamental research and is therefore
not feasible in the short term (Zhou et al., 2017).
Therefore, practical solutions are often used, such as:
Let the model spin-up first before the "real"
simulations are performed. The results at the
end the spin-up simulation are then used as the
initial conditions.
Consider the model results in relative way.
Forcing equilibrium: the adaptation of model
input can bring the morphological equilibrium
close to the initial bed level.

2. The problem and its causes
2.1 The spin-up phenomenon
The spin-up phenomenon in numerical modelling occurs
in any hydrodynamic model simulating e.g. tidal flow.
As the initial conditions are not known, one often gives
an arbitrary flow field at t=0. Fortunately, the initial
conditions affect the results only within a limited period
of time, in the order of a few tidal periods. The initial
conditions are then non-essential conditions and the
spin-up is not really a problem.
The
same
spin-up
phenomenon
occurs
in
morphodynamic modelling. It is more a problem
because the spin-up can last a relatively long time so
that it becomes difficult to distinguish its effects from
the morphological developments to be modelled.
Furthermore, the dynamic morphological equilibrium
state (after spin-up) is not well defined. The initial bed
level (and composition) in a morphodynamic model is
an essential initial condition and spin-up is really a
problem.
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2.2 Causes of the problem
Using a simple example of 1D river case we
demonstrate that the spin-up problem in morphodynamic
modelling occurs if the morphological equilibrium
according to the model deviates from the initial bed
level which is in morphodynamic equilibrium in reality.
There are several reasons for such a deviation:
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1. Introduction

velopment of high-velocity secondary channels in the islands when the percent cover is below a threshold value
analogous to the percolation threshold. Due to channelization, we hypothesize that models accounting for heterogeneity would predict a higher capacity for sediment
transport than would a model with uniform vegetation.

Coastal river deltas have been described as a "leaky network," and it has been suggested that any morphodynamic
models of deltaic evolution should account for the influence that inter-channel islands have on the transport of
flow, sediment, and nutrients. (Passalacqua, 2017). Field
work in the Wax Lake Delta (LA, USA) has shown that a
considerable portion (>50%) of the channel flow can get
allocated to the adjacent wetlands (Hiatt and Passalacqua,
2015). Modeling results have shown that vegetated resistance in the islands significantly affects hydrological
connectivity. Models tend to treat vegetated roughness as
homogeneous, which leaves open the question of how the
spatial variability of vegetation influences connectivity.

3.2 Tracer Results
At steady state, a passive tracer is released into the system, and breakthrough curves are used to develop residence time distributions (RTD) for each scenario. While
the bulk behavior of the RTD is similar between uniform
and patched scenarios, the island contribution of the RTD
in the patched scenarios tends to be multimodal, especially for large patch sizes.
The total fractional allocation of tracer to the islands decreases approximately log-linearly with vegetated roughness. However, in patched scenarios at <40% cover, there
is a significant increase in the amount of tracer allocation to the island (sometimes >2 times higher) with a
threshold-style drop off above 40%. These effects could
have implications for solute transport in a river delta.

2. Methods
The 2-D hydrodynamic model, FREHD (Hodges, 2014)
was used to solve the shallow water equations in an idealized channel-island complex based on the bathymetry of
the Wax Lake Delta in coastal Louisiana.
The effect of vegetation on the flow is accounted for using a modified bed roughness calculated using the Baptist equation, Cv = 21 CD nhv + Cb (Baptist et al., 2007), in
which Cb is the bed coefficient, Cv is the vegetated drag
coefficient, and the remaining terms are vegetation characteristics for which representative values of sparse and
dense vegetation were assumed.
Vegetation patches are distributed randomly throughout
the deltaic islands according to some percent cover (5% 70%) and patch size (1, 2, or 5 grid cells in length) at a
50m grid resolution. These characteristics are varied, and
each scenario runs until a steady state solution is reached,
at which point a passive tracer is sent through the system.
All runs are then compared to identical runs with the same
spatially-averaged roughness applied uniformly throughout the island, to determine the effect of heterogeneity.

4. Conclusions
Vegetation can be accurately approximated as uniform
roughness at high percent cover values — however, when
vegetation covers less than 40% of the island domain, the
effects of heterogeneity on hydrodynamics and transport
can be significant. There is a threshold-style behavior
once the domain becomes highly channelized that could
impact sediment and solute transport, as well as bioticabiotic feedbacks and patch evolution.
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3. Results
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3.1 Hydrodynamic Results
In all model scenarios, we see a decrease in hydrological connectivity for increases in average vegetated roughness, consistent with previous work. This is true for both
increases in vegetated percent cover and roughness value.
The decrease in lateral flux also has the effect of raising
the water surface elevation in the main channel. Increasing vegetated patch size, on the other hand, tends to increase connectivity and decrease the water surface elevation in the main channel.
Patched runs demonstrate behavior very similar to their
uniform counterparts at high percent cover values — however, when vegetation covers <40% of the domain, a large
discrepancy emerges between the behavior of the uniform
and patched cases. We attribute this difference to the de-
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were exposed during the day time in summer, the SSC
surge at the initial stage of flood could be restrained due
to the higher-temperature-strengthened surface sediment
consolidation (Fig 2b). It is indicated that the
contributions of surge phenomena to geomorphic process
are different between seasons. Under calm weather, fine
suspended sediment, ranging from 20-100μm, was
transported landward. Due to the disturbance of the
consolidated surface sediment and the settled suspended
sediment reworked at the early stage of flood, the
elevation of mudflats increased, and the destruction of
fluid mud structure formed during the slack time also
caused an increase in bed level. In addition, the bed shear
stress induced by tides and waves were calculated
respectively. Results indicate that bed-level changes were
more sensitive to waves than tides.

1. Introduction
Mudflats are submerged and exposed periodically under
the action of tides, which are often dissected by creeks
and characterized by obvious cross-shore zoning. The
processes controlling the evolution of intertidal mudflats
are highly complicated, such as tide currents, waves,
sediment consolidation and so on, which are poorly
understood compared with those on sandy beaches
(Wang et al., 2012). Tides and wind waves are the
prevailing forces on mudflats of Jiangsu coast, the
cross-shore profile of which shows a distinctive
double-convex shape (Gong et al., 2013). However,
observations indicate that the lower-convex is
disappearing gradually. Therefore, it is of great value to
explore short-term sediment dynamic processes on
mudflats of Jiangsu coast.

2. Methods
Field observations were conducted on mudflats of Jiangsu
coast (China) during spring tide periods (Dec 24-26,
2015, and July 21-24, 2016). Based on previous
observations of bed elevation by our research group,
three typical stations (S5, S6, S7) at intertidal zone were
chosen (Fig. 1), and Station Xiyang was set in an
along-shore deep channel for comparison. Water levels,
high-resolution near-bed velocities, waves, bed-level
changes and suspended sediment concentration (SSC)
were measured simultaneously by a self-designed
measuring system (Zhang et al., 2016). Both suspended
sediment and bed load were sampled and took back to
laboratory for further analysis. Grain size was analyzed
by the Malvern Mastersize 3000 laser particle size
analyzer.

Fig 2. Flow velocity and SSC at 5cm above the bed in
Stations S5, S6, and S7 observed during July 22-23, 2016.
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Fig 1. The locations of observation stations on mudflats
in the central Jiangsu coast, China.

3. Conclusions
The near-bed velocity structure maintained a logarithmic
distribution at Stations S5, S6, and S7. Surge of velocity
and SSC occurred at the early stage of flood and late
stage of ebb at Stations S7 (Fig 2). When the mudflats
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suppressed. Then more suspended sediments settle.
(Zheng Bing Wang, 2014).

1. Introduction
Yongjiang River is located in the central zone of the
coastal area in Zhejiang Ch ina. Sediment dynamic is
active and sediment concentration reaches two peaks
during a tide cycle as well as the flow velocity. In recent
years, deposition of channel of the Yongjiang River
becomes severe, and it dose damage to the flood control,
shipping, environment and so on.
Unlike other estuaries in China, there is no mouth-bar in
the estuary and the convergence width is narrow and the
convergence length is long. The law of the propagation
and attenuation of tides and its relationship with
sediment concentration will be g iven. The deposition
mechanis m of channel in Yong jiang will be given and
that of other narrow and long rivers like Yongjiang will
be summarized.

depth(m)

Fig2. Outline and bathymetry of model of the Yongjiang
River

2. Methods
Field observations were conducted in Yongjiang River in
June, 2015 and Jan, 2011. Four cross-sections (CS2, CS3,
CS4 and CS5) are chosen (Fig1). Water levels, stratified
velocity, SSC (suspended sediment concentration) were
measured. The deposition or erosion of these
cross-sections will be concluded fro m these data. Then, a
2D depth-averaged numerical model is set up by Delft 3D
to simu late the macro-scale hydrodynamic characteristics,
sediment transport patterns in Yongjiang River. Figure 2
shows the model outline and bathymetry of the
Yongjiang River with details of the model grid and
bathymetry. The upstream boundary is located in the
Chenglangyan station, and downstream boundary in
Zhenhai station, the water level is prescribed by time
series.

Fig3. Concentration distribution in vertical
Fro m CS2 to CS5, the flocculation effect of sediment
particles is enhanced by the mixing of salt-freshwater.
With the increase of salinity, the flocculation effect is
more significantly, and the effect of gravity on sediment
becomes more remarkab le. Ho wever, the strengthening
of turbulent fluctuation in the estuary results in the
increase of sediment diffusion and then sediment
suspend. Therefore, the cross-section CS4 will be the
heaviest deposition area in Yongjiang River, especially
in dry season.
The anticipated result of the numerical model will be
consistent with the result above. And the result of
deposition area with d ifferent runoff and tidal discharge
will also be given. Fro m the situation of erosion and
deposition during the whole year, it can be concluded
that the channel is eroded in flood season and deposited
in dry season in the study area.
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Fig 1. Map of gauging cross-sections in Yongjiang
River, Zhejiang Province, China.

3. Results and Conclusions
The SSC in CS4 and the gradient of SSC is larger than
others, especially in dry season(Fig3). The gradient
Richardson number
Ri (Wright,L.D.,1999)
is
approximately 0.26, which means that vertical mixing is
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1. Introduction

3. Morphodynamic regimes in the Alpine Rhine

Analytical theories indicate the channel width to depth
ratio  as the key parameter for alternate bar dynamics
in channelized streams, with two thresholds (cr and res)
controlling the conditions under which (i) migrating
alternate bars may develop in long enough straight
reaches (if cr) and (ii) the presence of bends or local
persistent perturbations in channel geometry may give
rise to longer, steady alternate bars downstream or also
upstream (Zolezzi and Seminara, 2001). While
confirmed by laboratory experiments, the implications
of such behaviours for the morphodynamics of real
rivers have been much less explored. While the
threshold cr clearly discriminates between channels
where migrating alternate bars occur and those where
they do not, evidence of different river dynamics under
sub-resonant (< res) and super-resonant (>res)
regimes has not been reported so far.
Thanks to a detailed dataset on multidecadal (30 years)
alternate gravel bars dynamics, in this work we show
evidence of contrasting properties of alternate bars in
three homogeneous sub-reaches of the channelized
Alpine Rhine river, and we relate such differences to a
downstream gradient in the cumulative duration of subresonant and super-resonant conditions.

Analytical theories typically assume a constant
discharge, which is instead variable in real streams.
Based on the 30-years hydrograph of the study reach, we
quantify the cumulative duration of sub-critical (<cr),
sub- and super-resonant conditions (cr< res and
>res respectively) for every homogeneous sub-reach
(Figure 1). Cumulative duration of super-resonant
conditions (blue) decreases downstream, the opposite
occurring for sub-resonant conditions (red).

4. Observed dynamics of alternate bars
Figure 2 shows the dimensionless alternate bar
wavenumber computed over 30 years (1984-2013) from
Landsat images (Adami et al., 2016). The upstream
straight sub-reaches have longer (~ 0.2) steady bars,
while shorter migrating bars (~ 0.3-0.4) appear in the
straight downstream sub-reaches.
The presence of longer, steady bars in the upstream subreach is coherent with a longer persistence under superresonant conditions, which would favour the
development of steady bars both upstream and
downstream the existing bends, thus promoting steady
bars for the whole length of the straight reaches.
Conversely, the consistent observation of migrating bars
downstream matches the higher persistence under subresonant conditions, whereby steady bars only develop
downstream of bends with decaying amplitude, thus
allowing migrating bars to be observed.
Upstream

Central

Downstream

Bar wavenumber 

0.5

Figure 1. Relative temporal persistence under different
morphodynamic regimes of the four subreaches.
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Figure 2. Alternate bar wavenumber  as function of the
longitudinal coordinate of the Alpine Rhine.

2. The Alpine Rhine study reach
The 41.2 km reach of the Alpine Rhine river located in
Switzerland between the confluences of the Landquart
and Ill rivers represents an almost unique case in Europe
of a regulated river with fixed levees, long straight
reaches and bends of constant radius (vertical grey
bands of Figure 1), with an impressively regular
sequence of alternate bars since more than a century.
The reach can be partitioned into three distinct subreaches, characterized by homogeneous conditions of
channel width, slope and mean sediment diameter.
Downstream the Ill confluence bars are not present.
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it is considered that there was no transition. We
calculated τ* from the high water mark and τ*’ from the
Kishi-Kuroki’s chart. Finally, we calculated the
maximum peak discharge from the average velocity as
Eq(3).

1. Introduction
In order to design the hydraulic structure, maximum
peak discharge values are usually implemented.
Therefore, observation of the maximum peak discharge
in the large-scale flood is important. However,
observation conditions are not necessary appropriate
because the large-scale flood sometimes involves the
disaster. For example, they are an evacuation order from
the observatory, or a destruction of the observation
facility. This paper describes how the maximum peak
discharge are estimated in such an adverse condition.

4. Conclusions
The authors succeeded in the discharge measurements
using STIV and DIEX method at the situation that the
float measurement was impossible and calculate the
maximum peak discharge from extrapolation of H-Q
relationship using the flow resistance of τ* and τ*.

2. Flow velocity and discharge measurement
Float measurements supposed to be conducted, since it
is the Japanese standard method. However, the
measurement cannot be conducted due to the distraction
of the bridge. Therefore, the authors tried to obtain
surface velocity using STIV (Space Time Image
Velocimetry) method developed by Fujita et al (2013).
Thereafter, we tried to calculate discharge values using
DIEX (Dynamic Interpolation and Extrapolation)
method developed by Nihei et al. (2007). Figure 1 shows
the observed value by the STIV on the water surface,
and velocity distribution with counter curves, which are
evaluated by DIEX method. (Figure.1.)
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3. Extrapolation of H-Q relationship considering
flow resistance

356

Because of the evacuation order, extrapolation of the
discharge values are necessary based on not observed
one but the high water mark. For this purposes, the
authors applied flow resistance analysis. Firstly, we
calculated the dimensionless shear stress τ *(Eq(1))
and the dimensionless effective shear stress τ * ’
(Eq(2)).
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where R= hydraulic radius, I=is water slope, s=water
specific gravity of sand (1.65) ,d=sediment particle size,
U=average velocity, R’=hydraulic radius due to skin
friction, κ=0.4
Secondly, we plotted the calculated R’ and τ*τ*’relation proposed by Kishi-Kuroki which is shown
as Figure.2. The observed data could be plotted on the
line where the riverbed form transitions from Dune to
Dune . When the maximum peak discharge occurred,
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Figure 2. τ*-τ*’relation proposed by KishiKuroki(1973)
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1. Introduction
Fluvial paleo-depth (paleodepth) is a crucial parameter used to estimate paleodischarge, paleoslope, channel
scaling, and sediment transport in ancient fluvial systems (Bhattacharya et al., 2016; Hajek and Heller, 2012;
Mohrig et al., 2000). Clinoforms exposed in rock outcrop are commonly interpreted to be the preserved slipfaces of ancient, migrating barforms, and the difference
in elevation between the crest and base of clinoforms (clinoform height) is widely used as a measure of bankfull
paleo-streamflow depth (Hajek and Heller, 2012). Despite the common use of clinoforms, field evidence of the
scaling between clinoform height and mean flow depth
ranges from 0.2 to greater than 1.0 (Mohrig et al., 2000;
Smith et al., 2009). We used a unique dataset to create
a probability density function (PDF) of clinoform height
and flow-depth scaling.

Figure 1. Probability density function of clinoform
height scaling to global mean flow depth in a wide,
sandy, braided river. The density curves were generated
from a monte-carlo simulation of 100,000 possible
realizations of censored values.

2. Methods
Unusual hydrologic conditions in 2011 forced dams on
the Missouri River to operate at full discharge capacity.
The 87-kilometer long, wide, sandy, braided segment of
the Missouri National Recreational River near Yankton,
South Dakota, experienced a steady bankfull flood lasting
two months. We extracted clinoform heights from a 1.5meter (m), LiDAR-derived digital elevation model taken
after flow recession. Clinoform heights were extracted
every 2m along approximately 10,300m of slipface from
46 sandbars, for a total of 5,166 observations. Approximately 37% of our observations had some censoring because water prevented LiDAR penetration. A monte-carlo
simulation of bed topography was used to assign uncertainty bounds to our censored values, and build a PDF of
clinoform heights scaling relative to global mean channel
depth during the flood.

noform height values for scaling fluvial paleo-flow depth.
We suggest that barforms climbing over other barforms
may be the most common clinoform realizations in sandy
braided rivers, and their heights are likely to be as little as
one third of the mean channel flow depth.
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3. Results
Our PDF of clinoform scaling is bi-modal, with most of
the density focused in the first mode, centered around 0.25
(Figure 1). The weaker second mode is centered at approximately 0.80. These modes are in reasonable agreement with clinoform data from ground-penetrating radar
(Smith et al., 2009) and actively migrating dunes (Mohrig
et al., 2000), respectively. We speculate the two-mode
structure may be a consequence of most clinoforms initiating in areas of flow expansion, or climbing over other
barforms, but occasionally migrating into deep channel
threads, where the slipface grows substantially, and migration may stall.

4. Conclusions
Clinoform scaling has a wide range, may not be unimodal, and likely depends strongly on local bed topography. Our data suggest caution in using single, mean cli-
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consists in an explicit 3D representation of the dam
gates. An algorithm was implemented in TELEMAC in
order to adapt the gates position at each time step, in
conformity with the real regulation rules followed by the
dam operator.

1. Introduction
The upper Rhine River is a highly harnessed and
regulated river. Its main channel is navigable and its
water is used for agriculture, drinking water supply and
electricity production. EDF (a French electricity
company) is in charge of eight dams on the upper Rhine
River for producing hydro-electricity. In order to
increase the safety and the competiveness of the
installations, but also to reduce their environmental
impact, the sediment dynamic in these reservoirs has
become a key factor to control and predict.
In this study, we focused on the Marckolsheim reservoir,
which is located 50 kilometres upstream the city of
Strasbourg. Since its construction in 1961, this reservoir
has been filled continuously with cohesive sediments.
To keep the water level suitable for navigation, the dam
is regulated with a high-frequency repositioning of its
gates. This regulation, combined with the bifurcation
configuration of the channel, leads to a complex and
unsteady hydrodynamic in the reservoir. Furthermore,
the high temporal variations of suspended sediment
supply makes the deposition in the reservoir even more
difficult to predict.

Figure 1. Simulated velocity field in the reservoir.
Comparison with measured data (green light)
By using upstream measured data of discharge and
suspended sediment concentration as boundary
conditions, a six months period was simulated thank to
the EDF R&D clusters.
The comparison of the
simulated results with bathymetric surveys shows good
agreements if specific properties of sediments related to
settling processes are taken into account.

2. Field campaigns in 2015 and 2016
Two field campaigns were performed in 2015 and 2016,
with the objectives of estimating hydraulic and
suspended sediment transport variables. In 2015, the
discharge of the Rhine was low enough to be entirely
used for electricity production, so the dam gates were
closed. In 2016, the campaign was performed during a
large flood event, with a significant part of the discharge
transferred
downstream
the
dam.
Velocity
measurements were done with an acoustic Doppler
celerity profiler (aDcp) along seven cross sections.
Turbidity measurements were realized as well along the
same cross sections in order to calibrate the
backscattered signal from the aDcp. Additionally, a
flying drone was used during the 2016 campaign for
estimating the surface velocity field by using the LSPIV
method.

4. Conclusions
This study has focused in great detail on the deposition
and erosion dynamic in a strongly regulated reservoir of
the upper Rhine River. The numerical work, combined
with a detailed measured data set, shows that the
sediment dynamic in the reservoir during a six months
period can be well reproduced by the model if some
hypothesis are made on the settling properties of the
upstream suspended sediment supply. As a perspective,
a SCAF device (Wendling, 2015) will be used in 2017 in
order to measure the temporal dynamic of the incoming
sediments settling properties.

3. Numerical modelling
The numerical codes TELEMAC-2D and SISYPHE
(http://www.opentelemac.org/) were used to simulate in
2D (integrated along the water depth) the hydrodynamic
and the suspended sediment transport on this site. A ten
kilometres long model was built and calibrated with the
measured data of the 2015 and 2016 field campaigns (cf
Figure 1), but also with measurements of sediment
parameters that have been done previously, like erosion
tests (Westrich, 2010). The originality of this model
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1. Introduction

dynamic equilibrium state and are therefore only applicable in a river’s so-called quasi-normal flow zone, which is
characterised by the absence of significant dynamic fluctuations of bed elevation and texture.

A river that is forced by statistically invariant boundary
conditions and is not subject to any forcing with a temporal trend continuously tends to an equilibrium state in
which the bed level and texture fluctuate around stable
mean values. Studying the equilibrium state of a river
can therefore help us explain some of the long-term trends
that are observed in natural rivers (de Vriend, 2015).
A sufficiently accurate solution of the 1D morphodynamic equilibrium state can be found by running a SaintVenant-Exner/Hirano model until the long-term average
morphodynamic state has converged to a stable value.
Yet, this often requires hours to days of computation time
and it is therefore not suitable for a quick assessment of
the morphodynamic equilibrium state. In this research we
study this state using a newly developed numerical spacemarching model (i.e. a backwater-alike solution procedure) that allows us to compute a river’s equilibrium profile in backwater dominated reaches efficiently.

3. Model description
The model that we propose assumes that the flow can be
treated as a series of consecutive steady flows. In comparison to analytical models, this means that we assume
that in the equilibrium state the backwater approximation
holds, rather than the normal flow approximation. Although this allows us to describe the behaviour in backwater dominated reaches, the relaxation of this assumption makes the resulting governing system of equations
of the equilibrium problem a system of partial differential equations. However, using the additional assumption
that the temporal fluctuations in bed level and texture are
small, the system reduces to a system of ordinary differential equations, with the spatial coordinate as only independent variable. In subcritical flow conditions, we then find
a solution to the equilibrium state by numerically integrating the system of equations in upstream direction, starting
from a local equilibrium solution at the downstream end
that can be derived from the imposed downstream water
level(s).

2. Dynamic behaviour
In the equilibrium state, temporal fluctuations in the flow
rate and/or base level introduce (amongst others) backwater effects that lead to dynamic behaviour of the bed
elevation and bed texture. This dynamic behaviour, on
its turn, results in spatial variations in the mean channel
bed slope and texture. For instance, a prismatic channel
that is forced by varying flow rates and a constant base
level shows a predominantly convex upward bed profile
with a trend of downstream fining (see Fig. 1), while the
channel bed slope and texture are spatially constant under
a constant flow rate (in absence of abrasion, tributaries
or lateral inflow/outflow). Existing analytical equilibrium
models for variable flow (e.g Blom et al., 2017) do not
incorporate these dynamic effects on the mean morpho-

4. Validation
The model is validated by comparing its results with
those obtained by a Saint-Venant-Exner/Hirano model.
In backwater and quasi-normal flow dominated reaches
the space-marching model performs well, especially for
mildly sloping rivers. The accuracy reduces when sources
of dynamic behaviour other than backwater effects become dominant, such as morphodynamic change below
a dam during peak and base flow.

5. Conclusions
Temporal fluctuations in flow rate and base level influence the mean equilibrium state of a river system. We
have developed and validated a space-marching model to
efficiently compute the morphodynamic equilibrium state
in backwater dominated reaches.
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1. Introduction

3. Preliminary Results

The vegetation in rivers is of crucial importance for
ecological, hydrodynamic and morphodynamic aspects
related to the channel and the banks. In particular, the
interaction among solid transport, riverbed and
vegetation determines the altimetric and planimetric
morphological evolutions of the riverbed.
This research focuses on the effects of submerged
vegetation on the altimetric behaviour of the bed.
The influence of emerged vegetation on solid transport
and morphology of the bed was already investigated by
Armanini et al. (2010). These authors demonstrated that
the stationary condition, (i.e. constant liquid and solid
discharges), coincides with a uniform flow condition
that is constant depth and depth-average velocity in the
direction of the flow.
This research aims to extend the analysis to the case of
homogenous submerged vegetation. From a review of
the literature on this topic and from the theoretical
analysis results that, in case of submerged vegetation,
the stationary condition does not imply a uniform flow
profile, that is, the profiles are decelerated or accelerated
according to different boundary conditions.

Some preliminary results confirm the existence of
stationary non-uniform profiles, that is the ratio between
the height of cylinders and the height of the water depth
resulted a function of space.
Stationary but not uniform profiles were also found in
the experimental investigation by Le Bouteiller &
Venditti (2014).
We are working on the theoretical demonstration,
looking for an analytical simplified solution of these
types of flow regimes.
Besides, in certain condition we observed also the
formation of large bars migrating downstream. Even in
this case a similar result is present in Le Bouteiller &
Venditti (2015).

2. Experimental set up
In order to better understand the phenomenon we did a
laboratory investigation on a channel 12 m long and 50
cm wide, feed with constant liquid and solid discharge.
We did different test with different boundary conditions
(downstream flow depth, and solid and liquid
discharges). Rigid cylinders of 8 mm diameter represent
the submerged vegetation. In each test we took constant
the density of vegetation, but we tested different
densities and different degrees of submergence.
Figure 1 shows a sketch of the configuration of the
channel, for a density of 200 cylinders/m2.

Figure 2.: Example of the bed configuration.
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For this reason, Patsinghasanee et al’s (2016) model is
modified in order to include the effect of the curvature
and evaluate the effect of the slump blocks in meander
migration. The 1D grid for the flow field is extended to
a 2D grid and, the 2D grid used for the soil has now
been extended to a 3D grid. In the current model, the
secondary current is taken into account to calculate the
sediment transport rate in the lateral direction (qbn) by
using Hasegawa’s formula:

1. Introduction
Herein the development of a numerical model that
represents the meander migration including the effect of
slump blocks is described. The model is an extension of
the one created by Patsinghasanee et al (2015). The
mentioned numerical model is improved by taking into
account the effect of curvature, including the effect of
secondary current, in order to evaluate the meander
migration evolution due to the effect of slump blocks.

U
 *c Z b 
qbn  qbs  bn 
 s k * y 
 U bs

2. Methodology
Patsinghasanee et al (2015), developed a model by
implementing a triple-grid approach, consisting of a
coarse one-dimensional (1D) grid for the flow field in
the lateral direction, a fine 1D grid for sediment
transport and bed deformation in lateral direction and a
2D grid for cantilever failure and slump block in the
vertical and lateral directions (Fig. 1).

(1)

Height (m)

where Zb=bed elevation; y= coordinate in lateral axis; μs
and μk=static and kinetic friction factors; Ubn and Ubs=
near-bed velocities in streamline and transverse
directions; τ* and τ*c= actual and critical bed shear stress
and qbs= sediment transport rate in the streamwise
direction.. The results obtained can be observed in the
following figure:
Cohesive
material

Slump blocks

Water
Width (m)

Figure 2. Cross sectional view of computational result.
Figure 1. Triple grid approach of cantilever failure
model (Patsinghasanee et al, 2016).

3. Conclusions
A new model that represents the effect of slump blocks
in the meander migration of cohesive riverbanks has
been developed. The first case modelled is the meander
migration of the channel generated by a sine-generated
curve. The results show that the model is able to predict
reasonably the meander migration.

The model is divided in four parts: the fluvial erosion,
the cantilever subsequence failure, slump block effect
and bed load transport and bed deformation.
The fluvial erosion is determined by using an excess
shear stress formula around the wetted perimeter,
including bottom, lateral and top sides of cohesive bank.
The velocity is calculated using the Manning equations
and the shear stress by the actual shear stress equation.
The cantilever block is expected to fail in two ways i.e.,
the shear-type and beam-type failures (Patsinghasanee et
al, 2015). Once the overhanging block falls into the
water, it becomes a slump block. Then, the submerged
parts start to decompose due to fluvial erosion and after,
the materials are assumed to become non-cohesive and
part of bed load transport. More detailed description of
the model can be found in the bibliography. Due to the
complexity of the phenomena, the 2D cross-sectional
model has some limitations. Motta et al (2014) pointed
out that cantilever failure continuously affects meander
migration, because it is primarily controlled by the
fluvial erosion at the bank.
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bend. At slopes steeper than 0.15, a sharper transition
was observed and all coarse sediment was located at the
outer bend. Experiments with high sediment mobility
resulted in higher dunes, which caused more vertical
sorting and somewhat reduced the pronounced lateral
sorting (Figure 2).

1. Introduction
Large-scale morphology is greatly affected by the
amount of downslope sediment transport on slopes
transverse to the main flow direction. When secondary
currents are present, downslope sediment transport due
to gravity is balanced by helical flows dragging the
sediment upslope. This balance determines e.g. the
length of river bars and braiding index and influences
bifurcation dynamics. Consequently, the transverse
slope parameter is a crucial part of morphodynamic
models. However, existing transverse slope predictors
were validated with a small series of experiments with a
limited range in flow characteristics and sediment
mobility. Furthermore, the effect of helical flow
intensity could not be isolated, since experiments were
either executed in straight flumes or in bended flumes
with a fixed radius. As a result, existing models have the
tendency to over-predict channel depth and braiding
index, and therefore slope effects are often artificially
increased when calibrating on existing morphology (Van
der Wegen and Roelvink, 2012).

2. Objective and methodology

Figure 1. Range in slope effects of the experiments with
fine and coarse sediments against relative sediment
mobility (θ/θc), compared with existing predictors.

The objective of the current research is to
experimentally quantify slope effects for a large range of
flow velocities, helical flow intensities and sediment
characteristics. In order to isolate all parameters, a
rotating annular flume was used in which helical flow
intensity can be varied separately from the main flow
velocity (Booij and Uijttewaal, 1999). We varied
sediment characteristics in three ways: we used uniform
sediment ranging from fine sand to fine gravel (0.17 –
4mm), low-density sediment, and a sediment mixture to
quantify sediment sorting processes. In total 327
experiments were conducted.

Figure 2. Fraction of grain sizes at several locations
along the cross-section relative to flume radius (r/rc)

3. Results

5. Conclusions

The equilibrium transverse slopes in the experiments
with uniform sediment show a clear trend with sediment
mobility and secondary flow intensity. This trend is
strongly influenced by bed state and sediment transport
mode, which was not yet included in existing slope
predictors. For fine sand we obtained bed states from a
lower plain bed, across the ripple-dune threshold and up
to an upper plane bed. With coarse sand and fine gravel,
dunes developed with varying dimensions depending on
the flow conditions. Surprisingly, resulting slope effects
are generally comparable or lower than suggested in
literature (Figure 1). This implies less downslope
sediment transport with a certain secondary flow
intensity, which is in contrast with the tendency to
increase slope effects in current morphodynamic
models.
Results of the experiments with a sediment mixture
showed that mild slopes caused a gradual transition of
fine sand at the inner bend to coarse sand in the outer

We experimentally tested the effect of a large range in
helical flow intensity and sediment mobility on
equilibrium transverse slopes, which resulted in a
function for slope effects depending on bed state and
sediment transport mode, that deviates from linear
functions with sediment mobility in literature.
Furthermore, we obtained basic relations for sorting
patterns as a function of transverse slope and sediment
mobility.
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1. Introduction

2.2 Short cuttings
Sixteen short cuttings with two lengths (i.e., 10 and 15
cm) were used. In this case, they were planted 5 cm deep
in sand and the water table level, after having been set at
the soil limit for a week, was then decreased in five days
at a constant either high or low level.

Plant roots influence the riparian ecosystem functioning
in various ways thanks to their ability to adapt to environmental heterogeneity. Also, they affect fluvial morphodynamics processes, e.g. sediment transport via mechanical stabilization and trapping, which in turn determine the
resilience of plant uprooting by flow erosion processes.
Several flume experiments have started to address such a
dynamic using small scale vegetation, e.g. grass. Based
on previous experimental (Gorla et al., 2015) and modelling (Tron et al., 2015) works, we developed an experimental technique to grow desired root vertical density distribution of small-scale Salix cuttings that can be used to
make flume experiments more realistic.

3. Results
As far as the long cuttings are concerned, in the case of
a high water table, the root density is actually shallow
near the sediment surface, vice-versa for the case of the
lower table (see Figures). The difference in vertical root
density distribution was less evident for the short cuttings, which will therefore be subject of future experiments. The model of Tron et al. (2015) for the vertical density distribution of the below-ground biomass was
used to show that experimental conditions that allow to
develop the desired root density distribution can be fairly
well predicted. Results are good as far as long cuttings
are concerned, whereas would require a better specification of the shooting/decay ratio function, θ (z) (see Tron
et al., 2015) to model the short ones.

2. Methodology
The study has been carried out by forcing the growth of
the below (root vertical density distribution) and above-ground biomass of small-scale Salix cuttings of different
size and length under controlled water level conditions.
The latter variable has been changed to induce different
root depth profiles depending on the sediment size distribution and the cutting lengths. Four experiments have
been performed from May 2016 to August 2016 on cuttings of different length, namely 18 ‘long cuttings’ (30-35cm) and 16 ‘short cuttings’ (10-15cm). The belowground biomass was measured by scanning and analysing
the roots by means the root analysis software WinRhizo,
from which root morphology statistics and the empirical
vertical density distribution were obtained.

4. Conclusion
Our work is an attempt to test whether the analytical
model of Tron et al. (2015) for the root vertical density
distribution can be used to predict the water table experimental conditions that allow cuttings to grow roots at a desired depth. This being the case, the model increases the
flexibility and the applicability of the proposed methodology in view of using such plants for novel flow erosion
experiments.

2.1 Long cuttings
Eighteen long willow cuttings were grown in a 25cm deep
sand bed with two different water table levels regardless
of cuttings’ dimension (30-35cm): i) high water table,
which is expected to maintain most roots near the substrate surface, and ii) low water table, which forces roots
to grow deeper within the sand. Once set, these two water table levels were maintained constant over the whole
growing period.
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Gorla, L., Signarbieux, C., Turberg, P., Buttler, A. and
P. Perona (2015). Transient response of Salix cuttings to
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Figure 1. Low water level, averages
of root vertical density distribution
(cuttings 30-35cm).

Figure 2. High water level,
averages of root vertical density
distribution (cuttings 30-35cm).
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1. Introduction
Typically bank erosion expected to occur in the outer
bank of river bends, however, a reach of the Mezcalapa
River, located in the Southeast of Mexico, has recently
experienced erosion processes in the inner bank of a
bend (see Figure 1). The river has an annual average
discharge of 600 m3/s and a channel width of 700 m in
the reach of interest. This region of the river has been
affected by a series of works that pretended to control
the distribution of flow discharge in the bifurcation,
since the right branch, Carrizal River, was causing
inundations downstream.
Gates were built in Carrizal River to control de
discharge, also spur dikes have been built in the left
bank of Mezcalapa river as can be observed in Figure 1
that pretended to control the bank erosion. It is
speculated that such works have inference in the recent
problems of bank erosion.

3. Conclusions
Results of 3D modelling show that the flow in the right
bifurcate has been highly altered by the works made
there and velocities are lower than 0.5 m/s, (see Figure
2) which may be the origin of the sediment deposits
identified in Figure 1, at the entrance of the right
bifurcate. This situation may lead to develop higher
velocities in the entrance of the left bifurcate,
specifically in the area where bank erosion is observed.

Bank
erosion
Flow

Figure 2. Results of 3D modelling with the bankfull
discharge.

References
Hervouet, J. M. (2000). Telemac modelling system: An
overview, Hydrol. Processes, 14(13), 2209–2210

Figure 1. Mezcalapa River bifurcates in Samaria River
(left branch) and Carrizar River (right branch), bank
erosion is observed in the left bank of Mezcalapa River.

2. Study of flow patterns
To find the influence hydraulic behaviour on the erosion
processes observed in the bend, a 3D model is utilized to
analyse the flow patterns in the reach. For that purpose,
it is utilized the 3D flow module of the TelemacMascaret System (Hervouet, 2000); the model solves the
Navier-Stokes equations.
Validation of the modelling results is done with
information of ADCP data obtained during the last year.
During the same period, it was collected the bathymetry
of the river that is used for the modelings.
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1. Introduction

was obtained from pictures analysis.
It was found that initial beds were not exactly the same for
each experiment as the infiltration process was undertaken
under different conditions. Initial bed of experiment 1
presented the largest ripples all along the flume whereas
ripples were quite flattened for experiments 3 and 4.
A laser scanner was used to obtain bed roughness along
the flume. Bed form roughness (ks f ) was estimated via
the standard deviation of a bed elevation profile of 10 cm
and grain roughness (kss ) via the standard deviation of a
3.5 cm (≈ 5 d50,gravels ) detrended profile. As a reference,
the roughness of a flat gravel bed is about 3 mm.
Table 1. Average form (ks f ) and grain roughness (kss ) of
the bed before and after each flushing experiment and
average erosion (E) all along the flume.
ks f (mm)
kss (mm)
E (mm)
initial final initial final
Exp 1
3.3
1.1
0.7
0.5
4.7
Exp 2
1.8
1.0
0.6
0.6
9.0
Exp 3
2.2
2.4
0.6
1.3
9.7
Exp 4
2.2
1.5
0.9
0.8
8.6

Water management requires a good understanding of sediment dynamics. Dam management, sediment mining,
channel training works are all anthropogenic activities
that deeply affect this dynamics. In many areas of the
world, their level is such that fine-grained sediment fluxes
have been, or are being, modified significantly in magnitude and rate. This results in a complex evolution of the
river bed and banks that may alter living conditions for
fishes and might be detrimental for human activities (see
Wood and Armitage, 1997).
Fine sediment infiltration particularly affects the river bed
structure and permeability. Clogging depends both on hydraulic conditions and bed sediment grain size distribution (Gibson et al., 2009). The hydraulic conditions for
the deposition or erosion of fine and coarse sediment mixtures are poorly known. A better river management requires further investigations, particularly on flushing event
efficiency and impacts in terms of restoration. Flushing
operations are already launched in the Durance river but
still needs to be optimized. In this paper, several experiments are presented which aim at better understanding
the removal of a fine sediment clog by flows restoration.

For experiments 1 and 2, the ripples were washed out
but the small grain roughness attests that fine sediment
mainly remains at the bed-surface. Hydrographs, and especially the experiment 3, better removed fine sediments
(higher grain roughness, closer to the one of gravels).
Both hydrographs slightly eroded the bed, similarly to the
experiment 2 but more than the experiment 1.

2. Laboratory experiments
Four experiments have been conducted to flush previously infiltrated beds in the tilting flume of Irstea LyonVilleurbanne (HH-Lab). Gravel bed (d50 = 6.8 mm) was
initially clogged with sand (d50 = 0.813 mm) and small
glass beads (d50 = 0.066 mm). To obtain such bed, fine
sediment-laden flows were recirculated over an initially
clean gravel bed. Fine sediment were inhomogeneously
distributed along the vertical in the bed as predicted by
Herrero and Berni (2016). The same amount of water was
released in the flume for each experiment but the shape of
the hydrograph was different (see figure 1). Bed shear
stress was estimated using water depth and velocity measurement. As a reference, inception of movement of particles of a gravel bed starts for a flow discharge Q ≈ 35 L/s.

4. Conclusions
From these experiments, it appears that with a given
amount of water, the best strategy to wash fine sediment
from the surface with a limited mobilisation of the coarse
matrix is a rising hydrograph. An additional experiment
has shown that higher discharges do not better clean the
bed. None of the experiments results in a gravel bed free
of fines over a larger depth than one gravel grain. However, if the bed needs to be entirely preserved, lower
discharges can partially clean the surface.

Flow discharge (L/s)
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Figure 1. Water discharge for the four different
experiments.

3. Results
Pictures of the bed were taken at the beginning and at the
end of the experiments. The evolution of fine sediment
deposits (shape of the dunes, fine content within the bed)

157

The dynamics of a gravel-sand transition
Astrid Blom1 , Víctor Chavarrías1 , and Enrica Viparelli2
1

2

Delft University of Technology, Delft, Netherlands. astrid.blom@tudelft.nl
Civil & Environmental Engineering, University of South Carolina at Columbia, USA.

1. Introduction

the outcomes of a numerical research code that solves
the Saint Venant-Hirano equations. The comparison illustrates that the simple model is capable of predicting
the wedge progradation speed. The runs indicate that at
field scale such a wedge front migrates at an extremely
slow pace, of the order of a few meters per year or less.
This implies that so far we simply may not have noticed
GST migration in the field due to (1) the fact that its large
time scale makes our observation records merely a snapshot, (2) the large variation of the bed surface texture, and
(3) the difficulties of measuring the bed surface texture.
The model also provides a criterion for the onset of GST
halt or retreat.

A special case of downstream fining associated with profile concavity is the gravel-sand transition (GST), which
was first identified by Yatsu (1955) in several Japanese
rivers. Such a relatively abrupt transition between the
gravel-bed reach and the sand-bed reach is generally accompanied by a similarly abrupt transition in channel
slope. The correlation between these two characteristics
(i.e., bed surface grain size and slope) is explained by the
fact that coarser sediment requires a larger slope to be
transported downstream (Mackin, 1948). Yet the origin of
the formation of a GST seems to be a chicken or the egg
causality dilemma, which so far has remained unsolved.
Several ideas on the origin of a GST have been suggested:
sudden breakdown of gravel into sand, a river running
out of gravel (Paola et al., 1992), subsidence, sand in a
gravel-bed reach behaving as wash load, or, more specifically, sand settling from suspended load, and tributaries.
Our objectives are (1) to describe the dynamics of GST
migration and (2) to develop a simple model describing
GST migration.

4. Conclusions
A gravel-sand transition (GST) seems to be the result of
a gravel wedge. Such a wedge can prograde, halt, and
even retreat. It is typical of an ungraded or transient reach
(Blom et al., 2016), where profile concavity and downstream fining can be much stronger than in a graded or
equilibrium river reach. The GST migration speed decreases in time and is likely of the order of a few meters
or less per year. The effect of abrasion on GST migration
is limited to mainly affecting the sand and silt load transported into the sand-bed reach and so its slope. Our simple GST migration model describes GST dynamics fairly
well. It provides an estimate of the time scale of GST
migration and a criterion for the onset for a GST to halt
or retreat. We recommend analysis of temporal change in
bed elevation and bed surface texture in GST zones, and
the development of new techniques to measure the bed
surface texture to assess GST dynamics in the field.

2. Gravel wedge progradation: the physics
Here we follow Paola et al. (1992) and assess the migration of a gravel wedge into a sand-bed reach. The gravel
supplied from upstream requires an increased bed slope to
be transported downstream. As such, the upstream gravel
supply builds a relatively steep gravel-bed reach, whose
length increases with time. Wedge front migration slows
down in time due to the increasing wedge length and
the associated increasing sediment volume required for
aggradation to make the wedge advance. In addition, the
prograding coarse wedge reduces the sand supply to the
downstream reach, as some sand is trapped in the wedge
deposit. This is because the bed surface in the gravel-bed
reach typically consists of about 10% sand to provide sufficient mobility for sand transport down the gravel reach.
The reduced sand supply to the sand reach induces bed
degradation and reduces the sand-reach slope. The resulting sharp transitions in slope and surface texture are
characteristic of a GST. The fact that a GST results from
the progradation of a gravel wedge seems to be confirmed
by the following phrase by Venditti and Church (2014):
‘The downstream front of the final gravel bar is like a
miniature Gilbert delta with the gravel face avalanching
into the deeper water downstream.’ Systems governed by
subsidence, delta progradation, or sea level rise create accomodation space for the deposition of gravel in the upstream reach, which may cause the GST to halt and even
migrate upstream (Parker, 2004).
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3. Gravel wedge progradation: a simple model
We propose a simple model that provides an estimate of
the wedge progradation speed. The validation of the simple model was performed by comparing its results with
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1. Introduction

processes at the banks, allowing the possible occurrence
of neck cutoffs.

Modeling of long-term evolution of meander planforms
is usually characterized by the assumption of a uniform
flow perturbed by the effects of curvature and width distributions along the river. However, the hypothesis of a
sufficiently long reach having constant forcing characteristics could limit the reliability of the numerical simulations, as natural meandering rivers may be characterized
by localized changes in floodplain slope, tributary confluences, or backwater effects. We introduced a mathematical extension of the model developed by Frascati and
Lanzoni (2009) in order to manage internally localized
boundary conditions which affects the characteristics of
the flow field.

3. Application
We applied the mathematical framework to situations
characterized by a localized variation in the flow field,
e.g. the part of the Mississippi River affected by the confluence of the Arkansas River (Figure 2), as well as to
river reaches where the flow properties slowly vary along
the river reach, e.g. due to the backwater effect that arise
in the proximity to the river mouth.

2. Mathematical framework
We considered the case of a meandering channel characterized by the presence of an internal section where one or
more changes in the main flow field are introduced (Bogoni et al., 2016). As a consequence, not only the main
uniform flow, but also the secondary flow field driven by
the channel axis curvatures is affected by these changes
(Figure 1).

Figure 2. Simulated planform dynamics of the reach of
Mississippi River from Memphis (Tennessee, US) to
Natchez (Mississippi, US), affected by the confluence of
the Arkansas River (dashed section).

s = L0
s=0

u
d

4. Conclusions

s = L1

The model of Zolezzi and Seminara (2001), owing to the
presence of four particular solutions, ensures the coupling
of the main uniform flows and of the curvature-driven secondary flows that take place in two river subreaches. Simulations show that the different effects triggered by the
presence of internal boundary conditions are relatively localized and, rather than producing strong variation in the
overall river dynamics, determine variations at the meander scale and in the short term (∼ 50 − 100 years).

Figure 1. Sketch of a meandering river affected by a
singular section (s = L0 ) which introduces variations in
the flow field, and splits the domain in a upstream
subreach u and in a downstream subreach d.
At the leading order of approximation (the main, uniform
flow), the required internal conditions are the conservation of the liquid and sediment fluxes upstream (superscript u) and downstream (superscript d) of the internal
section (superscript s), accounting for the possible flux
variations in the correspondence of the section itself.
Analogous conditions are required for the curvaturedriven secondary flow, for which the coupling between
the upstream subreach and the downstream subreach in
correspondence of the internal section s = L0 has to be
considered. In particular, the four possible resonance
(subresonance or superresonance) combinations for each
couple of two subreaches has to be considered when imposing the coupling (Zolezzi and Seminara, 2001).
The resulting modular model computes the flow field in
the meandering subreaches determined by the presence
of an internal section experiencing changes in external
conditions, and simulates the long-term lateral migration
above the floodplain surface due to erosion and deposition
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(6.4 mm), as well as the ripple porosity (0.4) (Figure
1c). Those results are spatially and temporally
synchronized with hydrodynamic measurements
(Figure 1a & 1b). The hydraulic roughness length (Z0=
0.0009 m) can be derived with the Law of the Wall (i.e.,
logarithmic law) using the velocity profile. The friction
velocity, related to bottom shear stress, derived with the
log method (ulog*=0.035 m s-1) is higher than the value
derived with the TKE method (uTKE*=0.013 m s-1). The
ripples displacement was easily quantified with 4D CT
scan measurements (Figure 2). The mean velocity of
ripples is 1.2 mm s-1 at fluid velocity near the bed of
0.3 m s-1, which determines the bedload transport.

1. Introduction
The fluid-particle interface dynamics is important to
understand the physical mechanisms involved in
sediment transport. This thin boundary layer is however
difficult to sample without disturbing the flow. The Xray computed tomography (CT) technology, combined
with hydrodynamics measurements, is then a powerful
tool considering that it is a non-destructive method
providing density and porosity of materials.

2. Materials and Methods
The method consists of coupling a medical X-rays CT
scan, (Siemens, Somatom Definition AS+ 128), and a
particle image velocimetry (PIV) system to sample the
fluid-sediment dynamics in a rectangular flume (0.30 m
x 0.30 m x 7.0 m) filled with quartz sand, median grain
diameter (d50) of 217 μm, and water as conducted by
Brunelle et al (2016). A cross-correlation algorithm for
particle image velocimetry (PIV) technique is used to
compute the velocity vector field (Scarano, 2012) of
ripples displacement using the 4D CT scan
measurements.

Figure 2. Velocity vector field of ripple displacement at
fluid velocity near the bed of 0.3 m s-1.

3. Conclusions
The experimental setup combining two high resolution
imaging techniques is a promising a way to better
understand the underlying mechanisms of fluid-particle
interface dynamics. Further work will focuses on the use
of these optical imaging techniques to characterize the
effect of different flow types on sand bed roughness and
total sediment transport.
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Figure 1. PIV measurements of (a) fluid motion and (b)
turbulences (TKE) at height h above the bed (side
views). (c) CT scans of bed topography, where d is the
transversal and L is the longitudinal axis of the flume
(top view).

2. Results
The bed roughness (ks), which is two times the standard
deviation of bed elevation, can be derived properly
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1. Introduction
The flow (Wright and Kaplinski, 2011), suspended sediment transport (Topping et al., 2000), sediment storage
(Grams et al., 2013), and sedimentology of sandbars (Rubin et al., 1998) of the 250 miles of the Colorado River
that run through Grand Canyon National Park have been
well studied and described. However, there has been little systematic or synoptic description of the morphologies and sedimentology of the riverbed, where at least 80
percent of the active sand occurs (Grams et al., 2013).
Here, we use high-resolution bathymetric and backscatter measurements collected with multibeam echosounder
to comprehensively describe the morphology, sedimentology, and kinematics of sand dunes, and to estimate bedload sediment transport in certain reaches of the river.

Figure 1. Hillshaded digital elevation model (25 cm grid
resolution) of a small portion of channel bed consisting
of a sand dune field with 15 m primary spacing and
smaller superimposed dunes.
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2. Morphosedimentary characteristics of the bed
Detailed bathymetric maps have been collected from 140
km of river using multibeam echosounder from expeditions in 2009, 2011, 2012, 2013, 2014, and 2016. We
present a 140-km inventory of morphological and sedimentological metrics using bathymetric and substrate
maps (using the acoustic method of Buscombe et al.
(2014)) on coincident grids at 25 cm resolution, analyzed
with respect to the changing hydraulic character of the
river, to develop morphosedimentary ‘bed state’ indicators of sand storage and recent sediment transport trends.
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3. Dynamics and bedload of migrating bedforms
Comprehensive repeat surveys of migrating dunes have
been conducted at 2 sites: RM (‘River Mile’) 30 (48 km
downstream of Lee’s Ferry, Arizona), and RM225 (362
km downstream). The data at RM30 consist of 83 surveys
conducted over 1 day in May 2016 during low flow. The
RM225 data consist of 185 surveys over 5 days on March
2015 during low flow, 144 surveys over 2 days in July
2015 during moderate flow, and 75 surveys over 2 days
in November 2016 during high flow. On each occasion,
15-minute discharge, suspended sediment concentration
and grain size data are available, as well as supplementary
measurements of bed grain size and flow (with ADCP). At
all sites, calculated bedload flux due to the translation of
dunes is analyzed with reference to discharge, bed grain
size and suspended sediment flux. Building on previous
work by Rubin et al. (2001) who estimated bedload flux
at different sites from repeat sidescan images, a simple
operational model is proposed that predicts bedload flux
based on discharge and suspended sediment flux.
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Several events of coastal and river floods have affected
Monasterace, and one of the most emblematic cases is
described below:
• On the 5th October 1996, Guardavalle broke its banks
and threatened the towns of Marina and Campomarzio.
This stream marks the boundary between Monasterace
and Guardavalle, and has a catchment area of 28.58 km2
and the main stream of the river basin is 18.26 km long;
• On the 4th to 6th October 1996 a strong storm threatened
the coast. In the 72 hours of observation, there were a
many intense waves. The maximum wave height HS was
recorded on October 5th, which coincided with the flood
event and had a HSmax value of 3.41m.

1. Introduction
The paper describes an investigation carried out on the
coastal municipalities of the province of Reggio Calabria
in order to see if there is contemporaneity between floods
and sea storms.
The geomorphological features and seismic dynamic,
landslide and erosion of the Italian territory have led to
the need for in depth studies into hydrogeological risks.
Such risks are associated with Italy’s particular
geographic location as the Italian territory is surrounded
almost entirely by the Mediterranean Sea which exposes
its coasts to the risk of strong winds and intense storms.
In particular it was noted that in the province of Reggio
Calabria, the torrential character of the rivers and the
presence of both Ionian and Tyrrhenian Seas present a
combination which can cause disastrous phenomena. It is
noted that in the province of Reggio Calabria, there is a
significant coincidence of floods and sea storms. The
study described in this paper was carried out on the basis
of such individual events, and not on the analysis of
rainfall data alone.

As for Monasterace, the critical height hcrit, evaluated
with the Boccotti definition, was 0.93m.
By plotting the trend of the significant wave height as a
function of time, it was observed that the HS were higher
than hcrit for well over 40 hours, as shown in Figure 1.

2. Methodology
The dates of the floods which occurred in this province
were provided by the National Research Council, located
in Cosenza. In particular, the Council provided
information on these floods for each of Reggio Calabria’s
municipalities, devoting particular attention to the
characteristic river floods.
As regards the sea storms, the analysis was focused on the
significant height values of storms recorded at a depth of
-200 m, obtained by applying the ABRC-MaCRO
software, developed by HR Wallingford Ltd, that allows
us to obtain time histories of wave data, starting from the
information available at the Met Office database. A storm
is defined "a succession of sea states where the significant
wave height exceeds a critical threshold hcrit, and does not
fall below this threshold for a length of time of over 12
hours" (Boccotti, 2015).
For each flood event, the correspondent storm was
considered by recording the significant wave height
values for a variable time interval from 2 to 5 days of
observation around flood event.

The study carried out in this paper for the province of
Reggio Calabria satisfactorily led to the conclusion that
the municipalities analysed, which are subject to
disastrous floods, are simultaneously affected by intense
storms. The research will extend on the entire Calabrian
region, in order to confirm the results obtained.

3. Case study
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Figure 1. Monasterace: concurrent storm with the flood
event of October 5th, 1996.

4. Conclusion

Monasterace presented an interesting case study. Located
on the Ionian coast of Reggio Calabria, its coast has
important historical and environmental characteristics,
with the ancient remains of Kaulon. This coast stretches
for. about 4.5 km
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channel seems to be laterally stable. To gain more
insight into the current morphodynamics, empirical
channel and bar pattern models are used to determine the
potential for meandering and to compare with the
historical potential for meandering. In addition, highresolution coring, 14C and GPR data from the inner- and
outer side of several rectangular bends is performed to
obtain insight into the meandering evolution over time
and explain the rectangular planform.

1. Introduction
In lowland stream restoration, there is a tendency to
(re-)create meanders, regardless of the stream’s potential
for lateral migration. Historical maps often function as a
reference for stream restoration, indicating sinuous
planforms prior to the channelization. However, the
planform of many low-energy streams is remarkably
rectangular compared to the planform of large
meandering rivers. Here we investigate whether the
difference in planforms is related to a difference in
dominant morphodynamic processes. We approach this
issue through a palaeohydrological reconstruction of
low-energy streams during the Holocene in two
contrasting valley settings; a peat-filled and a sand-filled
valley. We combined coring, ground-penetrating radar
(GPR), optically stimulated luminescence (OSL) and
radiocarbon (14C) dating for the reconstruction.

2. Streams in a peat-filled valley
We found that the sinuous planform in peatlands is
partly inherited from the period prior to peat growth in
the valley. We show that the present planform is a result
of oblique aggradation, which is a combination of
vertical aggradation and lateral displacement (Candel et
al., 2017). During peat growth, the stream tends to
adhere to the sandy valley side, rather than the less
erodible peaty valley-fill (Figure 1). Consequently, the
sinuosity increases over time as peat fills the valley and
channel reaches alternately aggrade along opposing
valley sides.

Figure 2. Historical map of 1850, showing the sinuous,
rectangular planform of the Dommel stream in The
Netherlands.

3. Conclusions
This study provides valuable insight into the
morphodynamics of low-energy streams and resulting
planform evolution. Although the sinuous, rectangular
planform is similar in peat-filled and sand-filled valleys,
the stream planform evolution and dominant
morphodynamic processes are different. This knowledge
contributes to the development of sustainable and costeffective stream restoration approaches in both settings.
These should be aiming at restoring the natural
morphodynamic processes, as alignment with these
processes is expected to increase robustness and reduce
maintenance efforts.
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Figure 1. Conceptual model of oblique aggradation
(after Candel et al., 2017), showing schematic crosssections of a peat-filled valley in which the stream
aggraded along the valley side, explaining the sinuosity.

3. Streams in a sand-filled valley
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A similar stream planform was found in sand-filled
valleys (Figure 2). However, coring and GPR data from
a rectangular bend of the Dommel indicate lateral
accretion surfaces and no adherence of the channel to
the valley side, indicating that the sinuous planform in
this sand-filled valley is the result of lateral migration.
The OSL data suggest that the stream formed meanders
over the last 2000 years, although the current stream
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1. Introduction

3. Results

Confluences are key elements of dendritic drainage
networks. They are known to have a very specific bed
morphology. Field and experimental studies have shown
that the river bed has erosion and deposition patterns
linked to the specific fluid circulation that occur in the
junction zone. Previous studies have emphasized that
one of the main drivers of the morphology of the river
bed is the symmetry ratio between the two incoming
channels. The symmetry ratio is generally expressed as
the ratio between the two drainage areas, reflecting the
relative size and then the averaged discharge of the
tributary to those of the main stem. However, previous
studies have also shown that the bed morphology of
confluences vary with time, especially with the variation
of the discharge ratio (i.e. the ratio Qr=Qt/Qm, where t
refers to the tributary, and m to the main stem). Further
the angular momentum ratio (i.e considering the
geometry of the confluent channels) may better explain
confluences morphology. Variation of the discharge
ratio, and then of the angular momentum ratio, is natural
in any river basin because the response time of different
basins is a function of basin size and shape, but also
because the hydrological processes dominant in different
basins may vary. For instance, the response of Alpine
sub-basins to temperature and precipitation will depend
upon the distribution of elevations in each basin, and so
cause differences in discharge ratio through time.

The results (e.g Figure 1) show that confluences located
upper in the catchment tend to have a wider range of
discharge ratios than those located further downstream,
reflecting the ‘scaling effect’ of the drainage network,
introduced first by Horton (1945). The ratio may also
reverse sometimes (i.e. the tributary has a higher
discharge than the main stem).

Figure 1. Hourly discharge ratio occurrence at
confluences between the Rhône river and three
tributaries. The three tributaries are respectively located
around 150, 125, and 55km from the Rhône river source.

3. Conclusions
As the morphology of a confluence is not always in
equilibrium with the delivered flow, it follows that
associations between discharge ratio and confluence
morphology may be more complicated than suggested
by flume experiments.

2. Methods
2.1 Hydrological model
A distributed (250 x 250 m) hourly-based hydrological
model of the Upper-Rhône (south-western Swiss Alps)
basin (Fatichi et al., 2015) is used to determine the
temporal variability of the discharge ratio at a large
number of confluences spread within the catchment.

References
Fatichi, S., Rimkus, S., Burlando, P., Bordoy, R.,
Molnar, P., (2015). High-resolution distributed
analysis of climate and anthropogenic changes on the
hydrology of an Alpine catchment. J. Hydrol. 525:
362–382. doi:10.1016/j.jhydrol.2015.03.036
Horton, R.E., (1945). Erosional development of streams
and their drainage basins;Hydrophysical approach to
quantitative morphology. Geol. Soc. Am. Bull. 56,
275. doi:10.1130/0016-7606(1945)56[275:EDOSAT]
2.0.CO;2

2.1 Geometrical properties
Geometrical characteristics of the confluent channels are
collected through geodatabases and digitization from
aerial imagery together with complementary field
measurements.
2.1 Discharge and angular momentum ratios
The discharge ratio is computed at each time-step on a
subset of nearly one hundred confluences. The angular
momentum ratio is then computed thanks to geometrical
properties of the junctions. The occurrence of different
ranges of ratios are investigated in the light of factors
such as the confluence position within the catchment
and the characteristics of the two confluence subcatchments.
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2015b). RFID surveys occurred in 2010 (Chapuis et al.,
2015a) and 2017 (this study). In addition, we performed
numerical 3D hydraulic modelling in order to link
spatial distribution of bed shear stresses and particle
displacements during a 4-years recurrence flood
(Chapuis et al., 2015a).

1. Introduction
The Durance River is a dynamic, wandering gravel-bed
river located in the Southern French Alps. In the last
century, its sediment dynamics has been heavily
modified because of dam infrastructures and gravel
mining. This study aims at studying the mid-term (7
years) morphodynamics of a wandering reach located
downstream a dam that lets sediment go through, in
order to assess the mid-term sediment fluxes in relation
to the modified hydrology downstream the dam.

3. Results
The results from the diachronic study of aerial
photographies show an intense lateral mobility of the
bed between 1993 and 2017: bank retreat can reach 25
m within one single hydrologic event. This confirms that
the Durance River is very active laterally, including
downstream the dam. RFID tracking results show spatial
and temporal variability of particle mobility within the
active channel.

2. Study site and methods
2.1 Study site
The Durance River is a large (mean width: 240m) and
steep (mean slope: 0.28%) river, deeply impacted by
flow diversion and gravel mining in its entire catchment
area (14,000 km2). It is characterized by sediment deficit
that led to a reduction of its active channel width and to
river bed degradation (from 50 to 80% for the 19602000 period) (Chapuis, 2012).
The river is characterized by a peculiar hydrological
regime because of both Mediterranean and alpine
influences (low flow: 32 m3/s; mean interannual flow:
174 m3/s; maximum flow: 5000 m3/s). Thus the Durance
River experiences intense and short floods that intensely
rework the bed (Chapuis et al, 2015a).
The study reach is located in the lower Durance River, 5
km downstream of the Cadarache dam. In the study
reach, the bed is composed of gravel (D50= 40 mm for
the coarse fraction) and fine sediments (D50 = 33 µm for
the sand and silt fraction). It is to note that the active
channel is surrounded by riverbanks that are between 3
and 4 m high and that are composed of mixed sediment
(gravels and fine matrix) of a similar GSD compared to
that of the bed.

4. Conclusions
These results suggest that the Durance River is coping
with sediment deficit downstream the dam by reworking
its banks, thus reintroducing coarse sediment within the
bed. The mid-term RFID tracking also suggest that the
in-bed mobility of particles is very active: this study
highlights an intense flushing of particles in this reach
located downstream the dam, thus suggesting that the
dam hydraulic management effect on sediment mobility
is limited.
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2.2 Methods
This field-based study spanned along 7 years, during
which the river experienced several intense floods (two
of which were at least 4-years return period floods).
We used RTK DGPS to monitor the bed topography
during 2 series of field campaigns (2010 and 2017) and
aerial photographies to assess the long-term (25 years:
1993-2017) evolution of the reach riverbanks.
We used RFID tracking in order to monitor sediment
particles displacements, by inserting RFID transponders
in the coarse fraction of indigenous gravel (the method
and material used are described in Chapuis et al.,
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scales of the processes. The parameters modify the
eigenvalues and can be chosen such that all eigenvalues
are real. A two sediment fractions case assuming steady
flow allows us to obtain analytical expressions for the
values of these parameters for which the model is
hyperbolic and well-posed.

1. Introduction
The active layer model (Hirano, 1971) is the most
commonly used model to account for mixed-size
sediment processes in modeling morphodynamics of
rivers, coasts, and estuaries. In this model, only the
sediment in the topmost part of the bed (the active layer,
characterized by a certain thickness, and assumed to be
fully mixed) interacts with the flow. The sediment in the
active layer can be entrained and the transported
sediment can be deposited in the active layer. The grain
size distribution of the sediment below the active layer,
the substrate, typically varies with elevation. There is a
net flux of sediment between the active layer and the
substrate if the bed aggrades or degrades.
Due to the highly schematized treatment of the bed
processes, the active layer model may present elliptic
(rather than hyperbolic) behavior (Ribberink, 1987). A
system of equations that models changes in time cannot
be of an elliptic type. This is because in that case future
conditions influence the present, which is physically
unrealistic. Such a model is mathematically ill-posed.
The solution of an ill-posed problem is unstable to short
wave perturbations.
Another example of an ill-posed problem is the twofluid model. Zanotti et al. (2007) developed a
regularization strategy to restore the hyperbolic
character when it becomes ill-posed. Our objective is to
apply a similar concept to guarantee the hyperbolic
character of the active layer model.

2. Laboratory Experiments
We test the validity of the regularization strategy by
comparing the results of the regularized active layer
model to measured data of a preliminary laboratory
experiment conducted in the range of conditions in
which the active layer model is ill-posed (Figure 1). The
regularized model does not present the oscillation of the
active layer model due to its ill-posedness. Yet, the
regularized model does not capture the coarsening and
subsequent fining measured in the laboratory
experiment. It seems to represent the average behaviour
only. More extensive laboratory data will help to assess
the regularization strategy.
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2. Regularization Strategy
In a hyperbolic system of equations the eigenvalues of
the system matrix are the celerities at which information
propagates throughout the domain. The system of
equations is elliptic if a celerity is complex. Here we
modify the system of equations by multiplying each
term containing a time derivative by a certain parameter.
This strategy can be seen as a modification of the time

Figure 1. Bed elevation and surface mean grain size with time: (a,b) measured data, (c,d) active layer model, and
(e,f) regularized active layer model.
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1. Context and objectives
The Isère River (France) has been strongly impacted
during the 19th and 20th centuries by human activities,
such as channelization, sediment dredging and
damming. The hydrology and river morphodynamic
have been significantly altered, thereby leading to
riverbed incision, a decrease in submersion frequency of
gravel bars and an intense development of riparian
vegetation on the bars. The flood risk has increased due
to the reduction of the flow conveyance of the river, and
the ecological status of the river has been degraded.
To face these issues, a research program involving EDF
and French state authorities has been recently initiated.
Modification of the current hydrology, mainly controlled
by dams, and definition of a new bed cross-sectional
profile, are expected to foster the submersion frequency
and mobility of the bars, thus limiting the riparian
development. To assess the performance of these
mitigating solutions, a physical and numerical modelling
study has been conducted, applied to a 2 km long reach
of the Isère River (Figure 1).

3. Results
The numerical simulations show, for the current
morphology, a limited sediment mobility (Figure 2) and
bar submersion for flow discharge lower than 400 m3/s.
This confirms that the actual conditions in the Isère
River promote the development of riparian vegetation.

Figure 2. Evolution of the Shields number on vegetated
bars as a function of flow discharges.
Various modified bed geometry profiles have been
evaluated using the numerical model. Two
configurations have been selected and tested using the
physical model: one based on the creation of deflecting
bedforms in the thalweg (Figure 3a) and one based on
the transformation of the long lateral bars into small
central bars (Figure 3b).

Figure 1. Aerial photo of the study site. The black arrow
indicates the flow direction.

2. Materials and methods
2.1 Experimental setup
The experimental setup consists of a 1:35 scale,
undistorted movable bed designed to ensure the
similarity of Froude number and initial conditions for
sediment particle motion. The physical model is 35 m
long, 2.6 m wide, with sand mixture composed of three
grain size classes (D16, D50 and D84).
2.2 Numerical model
Flow and sediment transport simulations were
performed with the Telemac Modelling System
(www.opentelemac.org). The hydrodynamics part of the
system is based on the solution of the 2-D depthaveraged shallow-water equations, with closure
relationships for turbulence and roughness effects. For
the morphodynamics simulations, Telemac2D is
internally coupled to the sediment transport and bed
evolution module Sisyphe. The riverbed evolution is
computed from a sediment mass balance equation (i.e.
Exner equation) and a graded sediment transport model,
with an appropriate parameterisation of relevant
physical processes, such as transversal and longitudinal
bed slope effects.

Figure 3. Bed configurations tested with the physical
model: a) Creation of deflecting bedforms, b)
Transformation of long lateral bars into central bars.
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heterogeneous.
The
granulometric
perturbation
associated with this eigenvalue propagates downstream
with a wave speed that is of the same order of magnitude
than the averaged flow velocity, in accordance with
Stecca, Siviglia and Blom (2014) who found that the
perturbations triggered by a local variation of the grain
size distribution propagate downstream at a faster pace
than the bed wave arising from the unisize-sediment
Saint-Venant-Exner model.
However, contrary to its bed counterpart, the sorting
eigenvalue is found to be unstable, so that the uniform
flow over a well-mixed heterogeneous bed loses stability
towards a perturbed configuration characterized by the
formation of sorting waves. Instability is confined to
subcritical flows and to relatively large values of the
Chézy coefficient, thus implying a small median
diameter of the sediment or a large flow depth or both.
The case of weak-sorting (i.e. of a mixture composed by
two sizes very close one another) is also considered,
allowing for an expansion of the eigenvalues in powers
of the geometric standard deviation of the grain size
distribution, which vanishes in the limit of weak sorting.
At leading order, the wave speed of the perturbation is
found to be inversely proportional to the active layer
thickness, as in Stecca, Siviglia and Blom (2014)
whereas instability appears at second order, in
accordance with the results of Seminara, Colombini and
Parker (1996). Instability is also shown to be strictly
connected to the process of hiding, disappearing if equal
mobility of the sediments is assumed

1. Introduction
The presence on the bed of sediments of different sizes
is a ubiquitous feature of rivers. During bedload
transport, heterogeneous sediment mixtures undergo the
process of sorting, whereby the superficial concentration
of the sediment fractions develops a spatial pattern. In
particular, sorting waves result in an alternation of
patches of finer and coarser material, which propagates
downstream with a wave speed of the order of the flow
velocity.
In this work, we approach the problem of the formation
of sorting waves through the use of a 1D linear stability
analysis. The base state consists of a uniform flow in an
infinitely wide channel with active bed load transport.

2. Formulation of the problem
The governing equations describing the flow are the
steady 1D shallow-water and continuity equations.
Sediment transport is modelled making use of a threelayer (substrate, active, bedload) model.
A discrete grain size distribution composed by just two
sizes in the same proportion is considered, whereby the
finest and the coarsest grain diameters are, in the
sedimentological phi-scale, equally distant from the
average grain size of the mixture.
Two Exner-like equations are thus obtained for the
sediment phase, which, after linearization, reduce to a
quadratic eigenrelationship that, in turn, provides two
eigenvalues, associated with the perturbation of the bed
elevation and of the superficial concentration of one of
the two species, respectively. The celerity and the
growth rate of these two eigenvalues are investigated for
different values of the flow and sediment parameters,
namely the Froude number, the Chézy coefficient (or the
relative submergence) and the standard deviation of the
grain size distribution. It is worth mentioning that the
above procedure can be straightforwardly generalized to
the case of a mixture of N sizes, providing one bed
eigenvalue and N-1 sorting eigenvalues.

3. Conclusions
A linear stability analysis of flow over a bed composed
by a heterogeneous mixture is performed. The simplest
case of a mixture composed by two size fractions is
considered. Results confirm that the perturbations
associated with the sorting eigenvalue propagate much
faster than those associated with the bed eigenvalue.
Moreover, even a weak heterogeneity of the mixtures is
shown to produce instability, which leads to the
formation of sorting waves. Instability is suppressed for
relatively large median diameters of the mixture or for
shallow flows.

2. Discussion of results
It is found that one of the two eigenvalues, named the
‘bed’ eigenvalue, recovers the behaviour of the single
morphodynamic
eigenvalue
obtained
in
the
homogeneous sediment case. In particular, the
perturbation of the bed amplitude is characterized by a
slow downstream (upstream) propagation when the flow
is subcritical (supercritical), whereas the growth rate is
invariably negative, corresponding to a decay of the
perturbations. This result confirms the well-known
inability of the 1D shallow-water flow model to describe
the formation of bed forms (e.g. dunes and antidunes).
The second eigenvalue is named the ‘sorting’
eigenvalue, since it only appears if the sediment is
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The bedload transport rates are characterised by the
alternation of strong and weak transport phases during
the whole duration of the experiments. Fluctuations are
within one order of magnitude. When the sediment feed
rate is higher, sediment bursts are more frequent and of
less relative amplitude (when compared to the mean
rate).
The bedload transport rate fluctuations are related to the
migration of bedload sheets that move downward. The
passage of these bedload sheets modifies the pool
geometry, which controls their sediment transport
capacity.

1. Introduction
Bedload transport rate in gravel-bed rivers under steady
flow conditions shows large fluctuations (Singh et al.,
2009). The development, destruction and migration of
bedforms (Gomez et al., 1989; Recking et al., 2009), in
combination with grain sorting (Iseya and Ikeda, 1987),
were identified as the main processes creating
fluctuations.
Past observations were often qualitative, and thus further
investigations are required to better understand the role
played by these processes in the intermittent character of
the bedload transport (Church and Ferguson, 2015).
In this study, we experimentally investigate the effect of
alternate bars on the fluctuations of the bedload
transport rates under steady state conditions. The
experiments are performed during long periods of time
(hundreds of hours) in order to account for long time
scale processes and characterize any possible
equilibrium state.

4. Conclusion
In the experimental setup presented, and possibly in
similar natural systems:
• An equilibrium state, regarding the bedload
transport rate or the bed topography, is not
reached.
• The bed seems to “breath”, i.e. to vary between
different configurations which enable to store
or evacuate sediments. These configurations are
characterized by the geometry of the bar and
pool system.
• The sediment bursts seem strongly linked to the
migration of bedload sheets.
• It is crucial to study bedload transport over
sufficiently long time scales given the potential
effects of mesoscale morphological processes
on it.

2. Methods
Experiments were carried out in a 16-m long (usable)
and 60-cm wide tilting flume. The bed was made of
moderately sorted natural gravel (d50 = 6 mm) and was
flattened before each experiment. During each
experiment, the water discharge, the sediment feed rate
and the flume angle were kept constant. The bedload
transport rate was monitored continuously using six
impact plates mounted vertically at the flume outlet. The
water and the bed elevations are measured every ten
minutes using two measurement systems mounted on a
moving trolley that scans the bed:
• an array of eights ultrasonic probes,
•
a camera that takes top-view images of a laser
sheet projected from the trolley on the bed
surface, through the water.
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Three experiments were performed with a water
discharge of 15 l/s. Each lasted at least 100 hours. The
sediment feed rate and the flume angle were
respectively:
• 2.5 g/s and 1.6% (experiment 1),
• 5.0 g/s and 1.6% (experiment 2),
• 7.5 g/s and 1.7% (experiment 3).

3. Results
In each experiment, alternate bars develop in the bed.
The number of pools varies from two to four. Once the
bed is formed, the average bed slope varies slightly
around a mean value that increases with the sediment
feed rate. The alternate bar configuration fluctuates in
time, although it can remain stable for relatively long
periods of time.
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failures, undercutting (Figure 2), smoothed surfaces
clearly eroded by plucking and scouring flow. Erosion
rates show large spatial and vertical variation in
correlation with positions of equidistant ‘navigation’
trees and traceable meter-thick strata of different
lithologies in the banks and bank toe. Locally,
vegetation settled on failure blocks or the bank toe
terrace.

1. Introduction
Bank erosion involves many processes that result in
complex dynamics. Erosion patterns and magnitudes are
not only difficult to predict but their accurate monitoring
presents challenges in either space or time (Rinaldi and
Darby, 2007). Here we take advantage of recent
development of Unmanned Aerial Vehicles (UAVs)
(Nex and Remondino, 2014) for close-range
photogrammetric techniques for reach-scale mapping
(Fonstad et al., 2013). Our objective is to develop a
high-resolution photogrammetry and analysis workflow
for monitoring and analysing bank erosion.

floodplain

2. Method
A restored reach at the Meuse river in the Netherlands
(Figure 1) serves as case study for the application of this
technique. This lowland river is regulated and serves as
waterway. Exceptional damage to a sluice caused
extreme draw-down, exposing the subaqueous bank toe
in one campaign.

water surface

Figure 2. Textured DSM of one embayment.

flow
direction
surface

4. Conclusions
The use of photogrammetry based on UAVs allows to
survey long distances of riverbanks with a resolution
capable of identifying detailed bank erosion features and
quantifying retreat rates with an accuracy of centimetres.
The identification of these features would be missed in
slower and more expensive GPS profiling. Moreover,
moving terrestrial laser scanning would require
significant greater times and costs for comparable
results.

flow
direction
surface
Figure 1. Photo of erosion patterns, Meuse River.
embayment
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3. Results
The erosive bank surface is captured with a vertical
precision in the order of centimetres. We identified mass
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relatively stronger near-bed currents going into the
channel with a larger diversion-angle.

1. Introduction
Bifurcations are fundamental units of river systems, and
are prevalent in different settings like lowland river
plains, braided rivers, alluvial fans, and deltas
(Kleinhans et al., 2013). Diversions are a special class of
asymmetric bifurcations, where one of the channels after
the bifurcation continue along the direction of the
original channel. Existing experiments on diversions
have shown that disproportionate percentage of
sediment traveling near the bed enters the lateralchannel at a diversion. This phenomenon is often called
the Bulle-Effect, after one of the first extensive study on
topic was conducted by Bulle in 1926 (Bulle, 1926).

2. Numerical Model
High-resolution LES would be conducted using a
spectral element based open-source computational fluid
dynamics solver Nek5000 (Fischer et al., 2008).
2.1 Hydrodynamic Model
The full 3D Navier-Stokes is solved using the Spectral
Element Method (SEM), which combines the accuracy
of spectral methods with the flexibility of numerical
methods based on local approaches. For LES, turbulent
energy from the unresolved scales must be dissipated;
this process is modeled using a local element based
explicit cutoff filter in the wave number space, which
removes energy from the highest wavenumbers.

Recently Dutta et al. (2016) conducted high-resolution
Large Eddy Simulation (LES) of flow and bedload
transport at an idealized 90-degree diversion similar to
Bulle’s experiments. The Reynolds number of the flow
and the property of the sediment in the numerical
simulation were also similar to Bulle’s experiments. The
simulation showed the presence of strong secondary
circulation at the diversion, which tends to divert
majority of the flow in the lower 15 percent of the
channel into the lateral-channel, even though the total
flow was divided equally between the two channels.
This was found to result in movement of majority of the
near-bed sediment into the lateral channel, thus hinting
towards the mechanism behind Bulle-Effect.

2.2 Sediment Transport Model
Sediment transport is modeled using a Lagrangian
particle model, developed to efficiently model polydisperse sediment (Dutta et al., 2017). A version of the
model had been successfully used to model near-bed
sediment transport at a diversion (Dutta et al., 2016).
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A recent study on symmetrical bifurcation (Thomas et
al., 2011) studied discharge partitioning and structure of
the flow. Through the experiments, the authors observed
relatively stronger near-bed flow going into the bifurcate
channel that captured larger percentage of the total flow.
Further experiments by Marra et al. (2014) explored the
patterns of near-bed and surface flow division, and their
dependence on discharge ratio, width-to-depth ratio and
bed roughness. The experiments showed the formation
of secondary flow cells upstream of the bifurcation, with
strong near-bed currents entering the channel into which
a larger proportion of the flow goes through. The above
observations point towards presence of a mechanism
similar to Bulle-Effect, especially in the case of
asymmetric bifurcations.
The objective of the current study is to conduct highresolution LES of the flow and sediment transport at a
symmetric and an asymmetric bifurcation, in order to
compare the dynamics of the flow and sediment
distribution pattern between the cases. The hypothesis is
that if equal amount of the total flow enters the two
channels after bifurcation, the bifurcating channel at a
larger bifurcation angle with original channel will
receive a relatively larger percentage of near-bed
sediment. This would occur due to formation of
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1. Introduction
Recent advances in braided river morphodynamic
studies suggest that numerical models replicate
adequately the morphological nature of braiding (e.g.
Williams et al., 2016). However, at times, when
computation results are validated against observed and
measured flume and field studies data sets, some
inconsistencies are reported, emphasizing the need for a
better mechanistic understanding. Such is the case of the
regime characteristic of braided network complexity
(active and total braiding intensity, BIA and BIT,
respectively) when discharge varies. This issue refers to
the inundation of bars and vegetated islands and
therefore affects braiding channel pattern indices (e.g.
Egozi and Ashmore, 2008) but also ecological process
(e.g. Bertoldi et al., 2009a; Surian et al., 2015). It is also
strongly tied to bedload transport and active width
(Egozi, 2006; Bertoldi et al., 2009b; Ashmore et al.,
2011) and therefore to braiding morphodynamics. The
questions addressed here are: (i) what are the changes in
braiding intensity (BIA and BIT) under varying
discharge? (ii) what is the nature of the relation between
BIA and BIT over a range of competent discharges in a
braided river? (iii) what braiding processes affect BIA
and BIT during a typical hydrograph? We use both
physical model experiments and field observations to
describe the response of braiding intensity to varying
discharge. The flume experiments had taken place at
UWO (3 m wide, 18 m long, 0.3 m deep with 0.15 m
layer of mixed sand) and a field campaign run in
Sunwapta River, a gravel-bed pro-glacial river in Jasper
National Park, Canada. The hydrograph simulation was
based approximately on the daily melt-water flow cycle
of the pro-glacial Sunwapta River. Sunwapta River
discharge was monitored continuously during the
summer of 2003. The hydrological data were used to
determine the discharges for the model hydrograph
(Figure 1). The results indicate that a hydro-geomorphic
link exist between braiding intensity and glacial melt
flood hydrograph (Figure 2) which can be explained
based on stress history effect.

Figure 2. Temporal change of braiding intensity.

3. Conclusions
Maximum BIT occurs below peak discharge. This stage
is the channel forming discharge.
BIA increases with discharge but the main active channel
transports bed load also at very low flow stages relative
to peak discharge.
Stress history coincide with the diurnal flood event and
explains the BIA/BIT constant value.
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2. Figures
Figure 1 is braiding intensity values over time. The
vertical dashed line differentiates between the times of
each experiment and the horizontal dashed lines mark
0.3-0.5 range that refers to the ratio between active
braiding intensity and total braiding intensity like the
ones reported in Egozi and Ashmore (2009) for constant
discharge.
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consequence, the water surface profile is closer to the
one observed in experiments on fixed bed (Aleixo et al.
2011).
From these measurements, combining the data from the
different runs, the following analyses will be performed:
(1) analysis of the velocity fluctuations to investigate
turbulence effects in the flow; and (2) analysis of the
velocity profile in the moving sediment layer to quantify
the bed shear stress responsible for erosion processes.

1. Introduction
Dam-break flow experiments, even over mobile beds
made of non-cohesive sediments, are highly
reproducible experiments that allow for detailed
measurements of the extreme flow features occurring in
such flows. Such measurements can be used to (1)
improve our understanding of erosion processes in fast
transient flow conditions, and (2) calibrate and validate
numerical simulation tools that can then be used for
hazard estimation.
Former experiments mainly concerned the front
propagation and the water depth (e.g. Lauber and Hager
1998, Stansby et al. 1998). Taking advantage of digital
imaging techniques (e.g. Particle Image Velocimetry, or
Particle Tracking Velocimetry), the detailed velocity
field of a dam-break flow over fixed bed was described
by Aleixo et al. (2011). Fewer studies concerned the
velocity field in dam-break flows over mobile beds.
Spinewine and Capart (2013) performed detailed
experiments to investigate the concentration in the
moving sediment layer, with idealized sediment
consisting of PVC pellets, and provided some results for
the velocity field.
The present work concerns dam-break flows over
mobile sand bed. The investigation of the phenomenon
focuses on the hydrodynamic flow characteristics,
influenced by the presence of free sediments moving on
the bottom. Thanks to the repeatability of the
experiments, data from several runs were combined to
investigate the velocity field and to extract some
information about turbulence in the flow.

Figure 1. Velocity profiles at t = 0.3 s.

3. Conclusions
New experiments of dam-break flow over mobile bed
with detailed measurements of the velocity profiles are
presented. These data will allow for a deeper
understanding of the physics of such flows and for
calibration of numerical models.
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2. Experimental set up
The experiments are run in a 6 m long and 0.25 m wide
rectangular flume (Spinewine et al., 2007). The gate is
placed at the middle of the channel and opens
downwards, to avoid unnatural movements of bed
sediments at the beginning of the test. On the bottom a
0.1 m thick layer of sand (d50 = 1.72 mm) is placed.
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3. Results
The measured velocity field at t = 0.3 s is shown in
Figure 1. The wave front can be identified, as well as the
progressive evolution of the velocities and the
development of the layer of moving sediments. From
time t = 0.7 s the velocity is more constant and uniform
along the water depth.
These results present significant differences with those
of Spinewine and Capart (2013). Here, real sand is used,
which results in a thinner transport layer and a reduced
scouring at the initial location of the gate. As a
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1. Introduction

5. Burst-Pulse duration analysis

Current studies have evidenced that the mean forces are
not related with sediment transport but the magnitude of
fluctuating local turbulent values (Celik et al. 2013). The
duration of the turbulent force pulsations (burst-pulses)
over steep rough beds and along the depth are studied
here.

A burst-pulse is considered as the uninterrupted time
that a burst event (u’w’) remains in one quadrant before
moving to another, measured by time intervals (1Δt
=0.04 sec). In the figure 1 it is depicted the percentage
of burst-pulse events vs duration of burst-pulse for all
points along the depth for the three tests. Burst-pulses in
general tend to be shorter near bed, where the structures
usually are broken by the roughness. The burst-pulse
percentage of duration 1Δt decreases with the depth, but
that is more appreciable for large depths, the reason for
this lays in the 2nd and 4th quadrants, where the
percentage of short pulses (1Δt) decreases more
pronouncedly with the depth. However, low depths
(white) histograms show a similar pattern along the
profile.

2. Experimental Campaign description
The experiments were carried out in the hydraulic
channel “The Cube” of the Morphodynamic Laboratory
II of the group GITS, BarcelonaTech. The flume
dimensions are 14-m length, 1.2-m width and 1-m depth.
The particular cross section studied was a trapezoidal
one, 0.03 m/m slope performed with wide round gravel
with d50=50-mm. Three tests are analysed here.
Test d(m) u(m/s) u*(m/s) τb(N/m2)
Re
F
1 0.089 0.86
0.15
23.5
3.0E+05 0.92
2
0.13
1.22
0.18
34.45 5.2E+05 1.08
3
0.18
1.52
0.22
48.45 8.5E+06 1.15
Table 1. Summary of experiments

3. ADV Data Quality
Velocity data was taken using a 3D side looking ADV
10Mhz. Low SNR and COR values and spurious spikes
may appear measuring at distances below 3 cm from the
bed. The ADV configuration compromises the size of
the detected coherent structures. Signal oversampling
may introduce superfluous high-frequency fluctuations.
Valyryakis et al. (2013) evidenced that full grain
entrainment is achieved by flow structures of at least
twice size the grain diameter.
Velocity data series were sampled at a rate of 25 Hz for
5 min. The cylindrical sampling volume was set at 9 mm
of length and 7 mm of diameter. The nominal velocity
range was established at 2.5 m/s.
Among the considered filters (based on critical COR
value, 6th-order Butterworth filter, and Despiking
(Goring and Nikora 2002)), the last one was applied
since methods based on COR values proved to be
overmuch strict and Butterworth filter deeply altered the
burst-pulse distribution analyzed here.

Figure 1. Pulse-duration histograms. Test 1(white), test
2 (grey) and test 3 (black).

6. Impulse analysis
In this work, the impulses applied by Reynold stresses,
i.e. integration of them along burst-pulses are considered
the responsible of incipient motion. Q2 and Q4 burstpulses yield the highest impulse value along the profile
with a maximum near bed. The longer the burst-pulse is
the more impulse produce, yet, pulses of 2, 3 and 4Δt,
obtained more than 50% of the total impulse.
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4. Quadrant Analysis
The percentage of sweeps (Q4) showed a pattern of
upgrowth with the depth, at the expenses of the ejections
(Q2) which decreased, moreover was the most common
event along all the profiles. Outwards (Q1) tends to have
as well a similar pattern along the depth in all cases,
while “inwards” Q3 seem to be more dispersed,
especially at the near-bed region d<3 cm.
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example, restricting the attention to the parameter C,
Figure 1 shows the comparison between the estimated
vertical velocity profile by assuming the concentration C
constant and that obtained by assuming C variable along
the vertical. In Figure 1 the experimental profile is also
reported.

1. Introduction
As it is known, the propagation of debris flow causes
huge territorial changes and damages in short times. The
motion of debris flow is determined by gravity and it
especially occurs in steep mountainous areas.
Debris flow velocity is an important factor which
influences the impact forces and runup. Due to the
complexity of the phenomenon, it is difficult to define
predictive methodologies. Numerical codes (among
others FLO-2D by O’Brien J. S., 1986) have been
developed to simulate the debris flow propagation but
they still present limitations. In fact, they are generally
based on simplifying hypothesis, neglecting the vertical
variability of the particle concentration and of the
rheology and requiring certain input parameters.
Among the existing theories allowing to relate the debris
flow velocity to particle concentration the Bagnold’s
(1954) one is the most cited.
The Bagnold’s (1954) equation can be written in the
following form:

Figure 1. Comparison between an experimental profile
(with the error bars) and the profiles obtained by Eq. 1
with C=constant and with C=linearly variable.

1

From Figure 1 it can be easily seen the remarkable
difference between the u-values calculated by assuming
C constant and those calculated by assuming C variable,
demonstrating how the latter condition allows the best
adaptation of the estimated velocity values to the
experimental ones.

3
2  g cos      2 1  32
u
C 1   
 h   h  z  2  (1)

2d p  ai cos  i      

with λ=C1/3/(c*1/3-C1/3), u is the local mean velocity of
flow toward x direction, dp is the particle diameter, g is
the acceleration due to gravity, θ is the channel bed or
flow surface slope, C is the particle concentration in
volume, h is the local mean depth of flow, z is the height
measured perpendicular to the bottom, ρ is the fluid
density, σ is the particle density, ai end αi are the shape
coefficients end c* is the maximum concentration.
Eq.1 is based on the assumption that the concentration
particle C is constant along the vertical and the value of
c* is uniquely defined. But, as literature highlights
(Iverson, 1997), the concentration varies along the
vertical and assumes different values in time.
In this context, in the present work attention is restricted
to Equation (1) with the specific aim to assess the
impact of the aforementioned assumptions in flow
velocity estimation.
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2. Results and concluding remarks
With the aid of experimental data both specifically
collected in a straight laboratory channel and found in
literature (Lanzoni, 1993; Sanvitale et al, 2010; Sarno et
al, 2013), the sensitivity analysis of the velocity
estimated by Eq. (1) with the parameter ai, C, c* has
been performed.
The analysis has shown that all these parameters
significantly affect the velocity estimation. As an
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where Hreg is the height of bank protrusion, and g is
gravity.
Importantly, the obtained relationship provides a
unique interpretation of both gravel and sand rivers,
thus suggesting that the scaling embodied by Eqs. (1) is
indeed very promising.
This “universal” relationship was then validated
against an independent set of data, showing a good
prediction capability.

1. Introduction
This work deals with the problem of predicting the
equilibrium cross-section in natural rivers. Since the
last century, the purely empirical relationships known
as regime equations have shown limitations and
uncertainty in the predicted width.
More recently, “quasi-universal” relationships have
been proposed by Parker et al. (2007) and by
Wilkerson and Parker (2011) for characterizing
bankfull conditions of both gravel and sand bed rivers;
these empirical relationships are derived from
regression analysis of a large river dataset. Despite
their successful application, the physical meaning is
still lacking.
In the present contribution, by including physics-based
considerations, we propose an alternative model able to
predict the equilibrium bankfull width of natural rivers
with cohesive erodible banks.

2. Formulation of the model
The model considers a cross-section as composed by
central and bank regions. In the central region, flow is
uniform, while in the bank region flow is dominated by
macro-roughness elements in the form of waves. These
protrusions are approximated with a Gaussian shape
and characterized by various geometric parameters,
such as height, distance and variance. We apply Kean
and Smith (2006) approach to solve the flow in the
bank regions.
The other input data for the model are the hydraulic
variables (flow discharge, depth, bed slope), sediment
characteristics (mean diameter), bank resistance
(sediment size, critical shear stress for the bank). The
modeling framework assumes that the river becomes
wider if the shear stress at the bank is higher than the
critical value for bank erosion; the river width then
evolves from an initial small value to an equilibrium
value, when no bank erosion occurs.

Figure 1. Equilibrium bankfull width for Sand and
Gravel bed Rivers.

3. Conclusions
We proposed a physics-based model for predicting the
equilibrium condition of both sand and gravel bed
natural rivers. The proposed methodology can be
applied to any river, given flow discharge, water depth
and bed/bank sediment size.
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3. Analysis and results
The model is applied to a large dataset of rivers at
bankfull conditions (Trampush et al., 2014): for each
river we verified the presence of cohesive erodible
banks and the possible presence of vegetation on the
banks. The model was calibrated by adjusting the input
parameters (protrusion and bank variables) until the
equilibrium width was reached.
We derived predicting relationships for the hydraulic
variables, but for brevity, only the equilibrium bankfull
width Bbf predicted by the model is shown here as a
function of flow discharge Qbf (Figure 1). Variables are
made dimensionless as follows:

̂
Q=

Q bf

√gH reg

H reg

,

̂ =
B
bf

B bf
H reg

(1)
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1. Introduction
Dam-breaks are catastrophic events that can have heavy
consequences on the population. Numerical models can
be used to study these events in order to better protect the
population and decrease the damage caused. Before
using these models in the field, it is important to validate
them using well-document experimental tests.
The objective of the present research is to study the
sediment transport and morphological changes
consecutive to a dam-break in a channel with an idealized
90° bend. The influence of the sediment transport on the
flow will be analyzed and the results compared with
those obtained by Soares-Frazão and Zech (2002) for the
same canal but with fixed bed. In addition, the
experimental results will be compared to the simulations
of a two-dimensional finite-volume model.

2. Experiments
The experimental setup, located in the Civil Engineering
department of the Université Catholique de Louvain,
Belgium, is composed of a 2.44 m x 2.39 m reservoir
followed by a rectangular channel. The channel is 0.495
m wide with an upstream reach of approximately 4 m and
a downstream reach, after the bend, of approximately 3
m.
The mobile bed is composed of sand with a mean
diameter (d50) of 1.8 mm and a specific weight (ρ) of
2615 kg/m3.
Various measurement techniques have been used to
capture the water and bed levels evolution and the freesurface velocities. These techniques include filming
through a side window, laser-sheet technique (SoaresFrazão et al. 2007), ultrasonic gauges and Particle
Tracking Velocimetry.

3. Comparison with 2D model
The 2D finite-volume model solves the Shallow Water &
Exner equations on unstructured triangular meshes, using
a modify HLLC scheme to determine the fluxes (SoaresFrazão and Zech 2011).
The results of the 2D model (Figure 1) have been
compared with the experiments showing overall good
agreement with the experimental results

Figure 1. 2D simulation of the bed level after 10 s

4. Conclusions
New experiments of dam-break flows over mobile bed in
a channel with a 90° bend have been presented.
Differences in the flow between mobile bed and fixed
bed experiments have been analyzed. Finally, the limits
and capabilities of 2D models for this challenging case
have been highlighted.

Acknowledgments
This work was supported by the Fonds National de la
Recherche Scientifique, Belgium.

References
Soares-Frazão, S. and Zech, Y. (2002). Dam break in
channels with 90° bend. Journal of Hydraulic
Engineering 128, 956-968. doi: 10.1061/(ASCE)07339429(2002)128:11(956)
Soares-Frazão, S., Le Grelle, N., Spinewine, B., and
Zech, Y. (2007) Dam-break induced morphological
changes in a channel with uniform sediments:
measurements by a laser-sheet imaging technique.
Journal of Hydraulic Research 45: 13-16
Soares-Frazão, S. and Zech, Y. (2011). HLLC scheme
with novel wave-speed estimators appropriate for twodimensional shallow-water flow on erodible bed.
International Journal for Numerical Methods in Fluids
66(8), 1019-1036

177

Long term effects of water mills
on the longitudinal river profile and the trapping efficiency of floodplains
R.M. Frings1, A.-L. Maaß1, H. Schüttrumpf1 and A. Blom2
1

Institute of Hydraulic Engineering and Water Resources Management, RWTH Aachen University, Aachen, Germany.
frings@iww.rwth-aachen.de, maass@iww.rwth-aachen.de, schuettrumpf@iww.rwth-aachen.de
2
Department of Hydraulic Engineering, Delft University of Technology, Delft, The Netherlands
Astrid.Blom@tudelft.nl

1. Introduction
Deposition and erosion of fine-grained, sometimes
polluted, sediment on floodplains during overbank
events and within channels represent an important
component of fluvial morphodynamics. It is well known
that human activity can impact morphodynamic
behaviour extensively. An often underrated, but
historical long-lasting human impact is the presence of
water mills. The objective of this study was to determine
how the construction and the subsequent removal of
water mills influence the longitudinal bed profile of a
river and the sediment trapping efficiency of its
floodplains.

2. Water-mill design in Western Europe
Most water mills in small rivers (e.g. Fig. 1) in Western
Europe were built in the Period 1000-1900 AD. After
1900 AD many water mills were removed again. Water
mills typically were built in a relatively small side
channel, the so-called mill channel, constructed parallel
to the original river. A weir in the original river
regulates the intake of water to the mill channel and the
water mill. The impoundment upstream of the weir leads
to a deceleration of the flow in the river, yet the weir’s
bottom gate generally allows for most of the sediment
supplied by the river from upstream to pass through to
the downstream part of the original river. The
distribution of water and sediment between the river and
the mill channel determines the river bed slope.

Figure 1. The “Volmolen” water mill in the river
Geul in the Netherlands
incision to a level below the original bed level at the
time of mill construction. At the same time the
floodplain inundation frequency decreases and the
trapping efficiency of the floodplains is reduced. In
meandering reaches of the river new floodplains are
formed at a level lower than the original floodplains,
giving rise to a terraced landscape. Calculations of the
morphological adaptation time scales for the period after
mill construction and for the period after mill removal
show, that even for small rivers with bankfull discharges
less than 20 m3/s, time scales of re-attaining equilibrium
conditions can be in the order of 400 years.

3. Methods
We analysed the physics of the mill system described
above using a physically-based equation that describes
the river’s equilibrium channel slope. The time needed
to attain a morphological equilibrium was calculated for
the different stages of the life cycle of water mills.

4. Discussion and conclusions
Our results are confirmed by field observations in small
streams (Fig. 1) in Western Europe. The calculated time
scales suggest that bed erosion in rivers with formerly
mill activity may continue for several hundreds of years.
A comparison between water mill systems in Western
Europe and the USA shows that, even though there are
fundamental differences in water mill design, the
morphological processes caused by the construction and
the removal of water mills on both continents result in
net incision of the river bed into the valley bottom, a
reduced trapping efficiency of floodplains for suspended
sediments, a terraced landscape, a disconnection of the
floodplains from the river bed, and reduced floodplain
inundation rates.

4. Results
The theoretical analysis shows, that during the period of
active water mills, the impoundment of water at the mill
weir and the extraction of water from the river into the
mill side channel lead to river bed aggradation. The rise
of bed elevation in the original river leads to a higher
floodplain inundation frequency, causing an increased
trapping efficiency for suspended sediment at the
floodplains. This enhances floodplain deposition over
the period of mill activity and causes a rise in floodplain
elevation. After mill removal, the river bed upstream of
the former mill weir is subject to erosion, whereas the
floodplain elevation keeps increasing gradually over
time. The bankfull depth also increases over time and
the related increase of bed shear stress causes river
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ns (-) and nm (-) represent the number of sampling
positions and the number of samples per sampling
position, respectively. Efficient sampling schemes for
bed-load measurements with a minimum number of
samples required can be generated using Eq. 1 by
minimizing the product ns x nm. Eq. 1 has a general
character and can be applied to most alluvial rivers.
Values for CV, k, z1 (-) and z2 (-) are provided by Frings
and Vollmer (2017).

1. Introduction
The stability of river channels and their suitability as
habitat for aqueous organisms is strongly controlled by
the rate of bed-load transport. Quantification of bed-load
transport rates in rivers is difficult, not only because of
the temporal variation in transport, but also because of
the cross-channel variation in transport. The objectives
of this study were: (1) to determine the effect of crosschannel variation in bed-load transport on the
uncertainty of width-integrated transport rates, and to
use this knowledge (2) to improve guidelines for bedload sampling.

4. Guidelines for sand-bed and gravel-bed rivers
Because gravel-bed rivers typically have wider grain
size distributions (and more variation in critical shear
stress) than sand-bed rivers and because the prevailing
shear stress is generally closer to incipient motion
conditions, many gravel bed rivers show much stronger
cross-channel variations in bed-load transport than sandbed rivers. This also comes to expression in the fact that
sand-bed rivers often show bed-load transport over the
full cross section, whereas gravel-bed rivers (including
sand-gravel bed rivers) often only show transport over a
limited part of the cross section. Application of Eq. 1
shows that generally more sampling positions across the
channel are required in gravel-bed rivers than in sandbed rivers. For gravel-bed rivers with unknown crosschannel distribution of transport, at least 10 sampling
positions are recommended, whereas for most sand-bed
rivers 5 positions suffice. In addition, at least 12 shortduration samples are required at each position to obtain
bed-load estimates with uncertainties below 20%. If the
same level of uncertainty is desired in the case of high
spatial and temporal variation in transport rates, the
number of short-duration samples needed per sampling
position increases to 40.

2. Methods
To arrive at these objectives a thorough statistical
evaluation of stochastic and systematic uncertainties
involved in bed-load transport measurements was made.

3. A priori assessment of sampling uncertainty
In the planning phase of a bed-load measurement, it is
often desired to set up a measuring scheme that produces
results with maximum accuracy at minimum efforts. To
do so, an a priori estimate of the uncertainty of the
outcomes is needed. Based on the statistical evaluation
we arrived at a new expression for the sampling
uncertainty. The expression relates to bed-load
measurements made with pressure-difference (HelleySmith type) samplers that require numerous bed-load
samples of short duration at several, equally-spaced
positions across the channel. The expression reads
(Frings and Vollmer, 2017):

R  Rstochastic  Rint erpolation

(1a)

1
CV
nm (kns ) z1

(1b)

Rstochastic 

Rint erpolation  z 2 e  kns

5. Conclusions
In gravel-bed rivers with bed-load transport
concentrated in narrow (a priori unknown) lanes, more
sampling positions across the channel are needed than in
sand-bed rivers with bed-load transport occurring over
the full river width. We presented a universal expression
for the a priori assessment of sampling uncertainty to be
used for optimizing bed-load sampling.

(1c)

where R (-) is the relative uncertainty of the crosschannel integrated transport rate with Rstochastic (-) its
component due to stochastic uncertainties and Rinterpolation
(-) its component due to systematic interpolation errors.
It is assumed that other systematic sources of
uncertainty are accounted for by calibration factors and
appropriate sample durations. CV is a measure of the
stochastic variability of bed-load transport for which
empirical estimates exist and k represents the fraction of
the river width in which bed-load transport occurs, z1 (-)
and z2 (-) are theoretically derived coefficients, whereas
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1. Introduction
Placement of wood is a common method for increasing
ecological values in river and stream restoration
projects, and is thus widely used in natural environments
(Ralph et al., 1994; Crook and Robertson, 1999). Water
managers, however, are afraid to introduce wood in
channels draining agricultural and urban areas.
Upstream, it may create backwater, depending on
hydrodynamic characteristics including the obstruction
ratio, the Froude number and the surface level gradient.
Patches of wood may trigger or counter morphological
activity, both laterally, through bank erosion and
protection, and vertically, with pool and riffle formation
(Piegay and Gurnell 1997; Curran and Wohl, 2003; Kail,
2003; Gurnell et al., 2006). Also, a permeable
construction composed of wood will weather over time.
Both morphodynamic activity and weathering cause
backwater effects to change in time. The purpose of this
study is to quantify the time development of backwater
effects caused by wood. Hourly water levels gauged
upstream and downstream of patches and discharge are
collected for five streams in the Netherlands.

3. Conclusions
•

•

When the wood is placed at the bed of the stream,
the water level gradient decreases during high
discharges.
The morphology of the stream and the wood
configuration changes in time, which results in
smaller water level differences.

4. Perspective
Current efforts are focused on representing wood in a
one-dimensional numerical model, aiming to obtain a
generic tool to achieve a stream design with wood
patches that minimizes backwater. A numerical model
of wood in streams is more sensitive to the friction
coefficient then to the obstruction area.
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2. Results
The water level drop over the wood patch relates to
discharge in the streams. This relation is characterized
by an increasing water level difference for an increasing
discharge, up to a maximum. If the discharge increases
beyond this level, the water level difference reduces to
the value that may represent the situation without wood
(Figure 1). This reduction depends primarily on the
obstruction ratio of the wood in the channel crosssection. Morphologic adjustments in the stream and
reorientation of the woody material reduce the water
level drop over the patches in time. Our results
demonstrate that backwater effects can be reduced by
optimizing the location where wood is placed, and
manipulating the obstruction ratio.
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Figure 1. Relation between water level difference and
discharge at Leerinkbeek. The black line indicates the
water level difference before the insertion of wood.
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1. Introduction
The interactions of the coherent structures in the turbulent boundary layer with sediment grains are responsible
for the complex dynamics of bedload transport. The collective particle motion typically shows fluctuations for a
wide range of temporal and spatial scales, which produce
scale-dependence of the global sediment flux. Recent investigations have provided new insights on this dynamics of bedload through the development of Lagrangian
models of particle transport. These sediment models
have been either based on high-resolution simulations of
the flow, such as direct numerical simulations (DNS) or
large-eddy simulations (LES), (e.g. Schmeeckle, 2014;
González et al., 2017), or on statistical models with a
mechanistic basis (e.g. Furbish and Schmeeckle, 2013;
Fan et al., 2014). In this investigation we seek to further
our understanding of bedload transport, by connecting the
results of DNS calculations for different Shields numbers,
to the development of stochastic models for particle kinematics, and the statistics of the bedload transport flux.

Figure 1. Scaling of the particle displacement variance.
Comparison among different stochastic models and DNS
simulations with a Shields parameter θ =0.61.

4. Conclusions
In this investigation we combine the results of highresolution DNS-DEM Lagrangian simulations with
stochastic models of particle kinematics to characterize
the statistics of bedload transport. We analyze the effects
of the Shields parameter on the statistics of particle motion, improving the description of the sediment flux by incorporating information of the flow physics in stochastic
models of particle transport. Future analysis will focus
on additional parameters and particle size distributions,
to understand their influence on bedload transport and the
characteristic scales of particle dynamics.

2. Lagrangian simulations of bedload transport
In our recent work (González et al., 2017), we carried out
DNS coupled with the discrete-element method (DEM),
to simulate the dynamics of 48510 particles in a rectangular domain, with a bulk Reynolds number equal to
Re=3632. We performed eight simulations maintaining
constant particle Reynolds number and sediment diameter, varying the Shields parameter between 0.03 (below the critical value) and 0.84. From the time series
of bedload transport, we analyzed the intermittency for
cases near the threshold of motion showing that the transport flux can be characterized by a multifractal spectrum,
which is a function of the Shields number. Here we use
these results to study the statistics of particle kinematics,
developing stochastic models that can be used to represent
bedload transport at different scales.
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3. Stochastic modeling of particle kinematics
The results provided by the simulations of González et al.
(2017) are analyzed by describing the particle motion using different stochastic models. These models include
linear and non-linear advection-diffusion equations, and
lag-one autorregresive Markov models with Gaussian and
non-Gaussian distributions. As shown in Fig. 1, for the
variance of particle displacements, non-Gaussian models
such as Gamma-autorregresive formulations, can capture
the scale dependence with better precision as the timescale increases.
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1. Introduction

inundation time,
flow intensity

Landscape evolution of tidal marshes results from processes operating on a very wide range of spatial and temporal scales. For example, scale-dependent vegetationflow-sediment feedbacks around vegetation patches (order of m2 ) have been shown to play an important role
on creek network formation at the landscape scale (km2 ):
by obstructing the flow, laterally expanding vegetation
patches lead to flow concentration and channel formation
between them (Temmerman et al., 2007). From a temporal point of view, landscape evolution (decades) is inextricably linked to tidal oscillations (hours), because flooding
is the main mechanism for channel erosion and sediment
delivery to the marsh platforms (Fagherazzi et al., 2012).

Hydro-geomorphic

Vegetation

drag force
TELEMAC
(5m)

Cellular automaton
(0.25m)

Figure 1. Schematic representation of the model
coupling.
On the other way, the vegetation distribution is downscaled from the high-resolution vegetation model to the
low-resolution hydro-geomorphic model to compute the
drag force exerted by plants on the flow, following the
formulation by Baptist et al. (2007).

If numerical models are powerful tools to quantify nonlinear feedbacks between tidal mash ecosystems, morphology and sediment processes (Fagherazzi et al., 2012), innovative strategies are needed to integrate such multiscale
processes at decent computer cost (Wu et al., 2016). It
is probably even more the case if vegetation dynamics is
simulated using stochastic processes (e.g. random establishment), requiring to run ensemble of simulations for a
single scenario or parameter set.

3. Applications
This new multiscale bio-geomorphic modeling approach
will be applied on an idealized marsh test case to investigate the variety of landscape patterns resulting from different vegetation types with different establishment and
lateral expansion strategies.

In this communication, we will present a novel approach
where hydro-geomorphology developments and vegetation dynamics are simulated at two different grid resolutions.
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2. Methods
Our numerical model (Figure 1) is based on the finite element suite of solvers TELEMAC, which is used to simulate hydrodynamics and geomorphic development at a
medium grid resolution (5m). It is combined with Demeter, an in-house developed cellular automaton to simulate
plant establishment, lateral expansion and die-off. Because cellular automata require much less computational
power than traditional partial differential equation models, our vegetation model can operate at a much finer grid
resolution (0.25m). Compared with a traditional model
where all processes are simulated solving partial differential equations at the fine grid scale, this two-grid approach
is estimated to reduce computation time by a factor of
10,000.
The other novelty of our approach is the use of computationally effective upscaling and downscaling techniques
to transfer variables between the hydro-geomorphic and
vegetation models. For example, flow intensity is upscaled from the low-resolution hydro-geomorphic model
to the high-resolution vegetation model to estimate establishment, lateral expansion and die-off probabilities.
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accumulated in the first 5 km, no change in storage
occurred in the central 20 km, and evacuation was
concentrated in the downstream 20 km. This indicates
that the sand available for transport is not distributed
uniformly within the river segment, but exists in discrete
patches, likely associated with the pulses of sediment
supply. Maps of the river bed composition further show
that these patches are spatially discontinuous.

1. Introduction
Alluvial sandbars occur in lateral recirculation zones
(eddies) along the Colorado River in Grand Canyon
National Park (Schmidt, 1990). Resource managers
periodically release controlled floods from the upstream
Glen Canyon Dam to rebuild these bars (Grams et al.,
2015), which erode during fluctuating dam releases, and
by hillslope runoff and wind deflation (Hazel et al., 2010).
Because the dam blocks upstream sediment, episodic
floods from tributaries provide the only supply to replace
eroded sand; and much of this sand originates from a
single tributary (Topping et al., 2000). Here, we present
new evidence for the downstream translation of the sand
component of these sediment inputs as discontinuous
sand pulses. Improved understanding of the behaviour of
these sand pulses may be used to adjust the timing,
magnitude, and duration of controlled floods to maximize
potential for deposition on sandbars in different segments
of the 450 km-long Grand Canyon.

2. Patterns
Evacuation

of

Sand

Accumulation

Figure 2. Net change in sand storage by morphological
differencing in 100-m streamwise increments for same
river segment and period shown in Figure 1.

3. Conclusions
Sediment introduced episodically to the Colorado River
moves downstream in sand pulses that may range in
spatial scale from a few km to 10’s of km in length, as
shown by Topping et al. (2000). The existence of these
sand pulses is suggested by flux-based sand budgets and
by repeat maps of the river bed. The sand pulses are not
detectable as coherent bed features, but are inferred by the
existence of alternating segments of sand accumulation
and depletion. Owing to the complex geomorphic
organization, each individual sand pulse is comprised of
many isolated storage locations, separated by rapids and
riffles where sand cover is sparse.

and

The tributary sediment inputs include sand, silt, and clay.
The silt and clay are transported as washload. The
distribution of travel times for sand is much broader and
sand may be stored on the bed in main channel pools and
in eddies, either temporarily or for long periods.
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The flux-based sand mass balance shows periods of sand
accumulation and evacuation associated with episodic
inputs from the tributary located 100 km upstream from
the study segment (Figure 1). The mass balance also
shows progressive sand depletion for the 3-year period,
indicating erosion of sand from storage within the
segment.
Maps of the river bed made at the beginning and end of
this 3-year period also show net sand erosion (Figure 2)
and illustrate the spatial distribution of the changes in
sand storage. Within the 45-km study area, sand
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1. Introduction

These are features which are often not simulated in
laboratory experiments; thereby plausible differences
between roughness parameters obtained in a laboratory
or field environment are expected.
Contextualising these morphological influences is vital
to understand differences in roughness across a gravel
bar. Variations in grain size have been observed across
gravel bars, due to differences in the deposition of
sediment and formation of gravel bars (Rice & Church,
2010), therefore variations in the roughness parameters
obtained across a bar are expected.

River channel morphology responds to multiple
mechanisms acting within the channel; including flow
patterns and sedimentation. In turn, these processes
influence the surface roughness, with grain-scale
roughness synonymous of the microtopography of a
surface (Smith, 2014). Roughness is parameterised for
use in flow resistance equations, and developments to
technology enables the acquisition of high-resolution
topographic data facilitate the quantification of
roughness.

2. Methods
This study focuses on a small gravel-bed river located
on North Island, New Zealand; called the Whakatiwai
River. This is an active channel with sediment ranging
from sand to boulders; with gravel size between 10 mm
and 200 mm. Patch-scale topography of 14 patches
across a gravel bar is obtained during low flows using
the stereo-photogrammetry technique (Bertin and
Friedrich, 2016).
Grain size information was obtained using the imageanalysis software Basegrain®; whereby a single vertical
image is used to calculate the intermediate axis of > 400
grains per patch (Detert and Weitbrect, 2012).

4. Conclusions
Wider-scale morphology of river channels must be
considered when conducting patch-scale field research.
Natural morphology, artificial structures or interference
and vegetation all influence the sedimentation patterns,
and likely roughness patterns across a gravel surface.
Contextualising patch-scale research is of importance
and can contribute to observed differences between
roughness parameters obtained in a laboratory
environment, where often morphological influences are
neglected or cannot be replicated.
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3. Results and Discussion
In the Whakatiwai River, several morphological features
can further influence the sedimentation patterns, and
therefore roughness of the surface. Rock revetments,
man-made riffles, bank erosion, influence of animals
and human activity through the presence of tyre marks
on the surface were all observed (Figure 1).
The presence of vegetation in patches is generally
cropped out to avoid distortion of data. Removing
vegetation from DEMs is completed in several
applications, however it removes critical information
regarding the sedimentation patterns on gravel bars; due
to fine sediment depositing in vegetated areas.
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Figure 1. Annotated photograph of key morphological
influences at the gravel bar studied in the Whakatiwai
River.
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1. Introduction

even large bed-forms on the Solimões side of the
Amazon channel. These features are compared with
In the last four decades a wide body of theoretical,
those observed during the other two studies.
experimental, and field research has emerged concerning
Table 1. Main flow properties of Negro and Solimões
the fluvial dynamics of river confluences. This abstract
discusses and compares the results from three large Field
hmed
Vdepth-avg
SST
River
Q (m³s)
field studies carried out in 1997, 2006/2007 and study
(m)
(m s-1)
(mg L-1)
2014/2015 at of the Negro/Solimões confluence in the
30.4
0.31
6.5
Negro
24961
1997
Amazon Basin that ranks among the largest on Earth.
Solimões
63260
19.2
1.00
84
2. Field site and instrumentation
Negro
24.4
0.41
8.3
24510
The first field study was conducted in September 1997
2014
Solimões
63380
27.2
1.35
185.3
(relatively low flow conditions) by the French–
Negro
31.2
0.44
4.1
33501
Brazilian HYBAM program (Laraque et al., 2009). 2015
Solimões
105205
28.6
1.57
108.6
During this study measurements using acoustic
Rivers during the field studies. Data from 2006/2007 are
Doppler
velocity
profiling
(ADCP),
omitted as they are variable
conductivity/temperature/density (CTD) profiles and
specific sampling were collected upstream, at and
In addition, water chemistry data highlighted
downstream of the Negro/Solimões confluence. The
commonalities and differences in the mixing process of
second campaign was conducted at the confluence in
the Negro and Solimões waters during the field
2006/2007 in 4 key times throughout the hydrological
campaigns. This process results from a complex
cycle using ADCP (Filizola et al., 2009). The third study
interaction between the differences in velocity and
was conducted as a part of the EU-funded CLIMdensity, bed friction and form roughness at the junction.
Amazon Project in both low (October 2014) and
3. Conclusions
relatively high flow conditions (April/May 2015),
A comparative study based upon 3 field campaigns in
respectively (Trevethan et al., 2015) using ADCP and
1997, 2006/2007, 2014/2015 explored the relationship
high-resolution seismic methods alongside CTD and
between hydrodynamics, morphodynamics and mixing
water sampling for suspended sediment concentrations.
at the Negro/Solimões confluence under varying flow
conditions.
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Figure 1. Map of the Negro/Solimões confluence.

2. Principal results

The field studies accomplished a comprehensive survey
of the confluence hydrodynamics, sediment transport
and features of flow mixing. Table 1 lists the main flow
properties of the Negro and Solimões rivers during the
field studies. During the 2014/2015 field campaign
several common morphodynamic features noted in
previous confluence studies, such as scour hole,
deposition in the stagnation zone and downstream
separation zone, were also observed. These included
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1. Introduction

Measuring the transport rate and apparent velocity of the
bedload is notoriously hard and there is not a certain
technique that would obtain continues data. There are many
empirical models, based on the estimation of the shear stress
(Parker, 2004), but only few involve direct measurement of
the bed load velocity.
The bottom tracking (BT) mode of an acoustic Doppler
current profiler (ADCP) has been used many times to
estimate the apparent velocity of the bed load (Rennie, 2004,
Latosinski et al. 2017). Herein is the basic idea to exploit the
bias of the BT signal towards the bed load movement and to
calibrate this signal with traditional measuring techniques
(Rennie, 2011). These measurements are quite scarce and
their reliability is site specific. So far, no confirmation has
been conducted in laboratory-controlled conditions in order
to confirm the assumptions made in the estimation of the bed
load average velocity nor in the calibration of the empirical
equations. In relation, the bias degree of the immobile
particles and the change of the backscattering strength due to
the particle size on the ADCP signal has not been clearly
identified under bedload condition.
Therefore, this study explores several experiments under
stationary conditions, where the signal of the ADCP BT
mode is recorded and compared to the bed load motion
recorded by digital camera videography.

2. Experimental set up and Methodology

The experiments have been performed in the 70 cm wideflume at the University of Ottawa, with maximum water
velocity of 1.1 m/s, using two different cameras and SonTek
M9, ADCP. The different ranges of the bed load velocity and
transport rate were reached by changing the sediment particle
size distribution(PSD). Starting with only fine gravel(4mm),
finishing with sand (1mm). These rather poor PSDs were
mixed in 4 different proportions.
2.1 ADCP BT and Image velocimetry
After synchronizing the ADCP and the videography, an
average velocity of the particles was calculated in the Region
of Interest (ROI), that actually overlaps with the sample area
of the ADCP beams aligned with flow. The same velocity
was acoustically estimated in the flow direction.
Additionally, the video data delivered an information about
the percentage of the mobile particles. Furthermore, using
these data, the sediment transport was calculated applying the
kinematic model.
2.2 Bed Load transport rate
The total volume of the transported material was weighted
and correlated with results from the kinematic model. In
some of the experiments a bedload sampler was used in order
to calculate directly the transport rate and validate the
calibration. The correlation between the measured
transported material and the calculated using the kinematic

model, delivered an information about the active layer
thickness and porosity.
3. Results and Discussion
In general, a good match has been achieved between the
average bed load velocity measured by the ADCP and the
videography(Fig.1). The slight deviation in single
experiments can be explained by difficult in reproducing the
same hydro-sedimentological conditions and the randomness
of backscattering strength. The qualitative evaluation of the
videos also demonstrates strong heterogeneous motion of the
particles in all mixed bed load sediments. The bursts of only
gravel or only sand caused significant variability of the
velocities in the mixtures with more than 25% of sand.

Figure 1. Particles average velocity ADCP vs Videography

As expected, the transport correlation graph showed that the
finest material delivers the maximum volumetric void ratio.
However, it has to be notified that there is a strong
dependence between the porosity and the thickness of the
active layer. Therefore, it remains unknown how the hiding
effects and particle saltation influence the active layer
changes in the sediment mixtures.

4. Conclusions

The results gave a strong confirmation that the stationary
ADCP measurements of the bedload can acquire not only an
information about the average velocity of the moving
particles, but also a rough estimation of the moving particles
in the sampling volume and the local transport rate.
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The code, the user guide and error report of BedformsATM can be obtained from the link below:
https://sourceforge.net/projects/bedforms-atm/
An instructional video can be found at the following
post link: www.pucp.edu.pe/tnbVV8. The software is
being downloaded by users from all over the world,
although most of the downloads are registered in the
United States.

1. Introduction
Currently the community of river geomorphologists
lacks a standard frame to systematically analyze the
scale and magnitude of bed (Gutierrez et al., 2013).
Thereby, the techniques used by many researchers to
discriminate such sedimentary features in field and
laboratory studies are to some extent unclear (Jerolmack
& Mohrig, 2005). Likewise, although two and three
dimensional bed form features have been observed in
many sedimentary environments, there is not a
quantitative metric to characterize their dimensionality
(Nuñez-Gonzalez et al., 2014). Even though code used
to analyze and process data is a fundamental
requirement
for
research
transparency
and
reproducibility (McNutt et al., 2016), computer
programs to analyze bed form data is not publicly
available. In this contribution, we present Bedforms
Analysis Toolkit for Multiscale Modeling (BedformsATM), an open source MATLAB software which is
proposed to standardize the scale-based discrimination
and dimensionality of bed forms in a single platform.

3. Conclusions
We believe that Bedforms-ATM has the potential to
become the standard platform to analyze the variability
and dimensionality of bed forms from any natural
sedimentary environment. It was built to be able to
accept new applications through the contribution of the
users’ community. It also encourages the transparency
and reproducibility of techniques in the community of
river geomorphologists.
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2. Software features and supporting resources
2.1 Features
Bedforms-ATM V1.1 comprises four applications,
namely: [1] Bed forms wavelet analysis, which mainly
obtains the wavelength spectrum of bed form fields
based on the one-dimensional continuous wavelet
transform; [2] Power Hovmöller analysis, which locates
the population whose wavelength lays inside a userspecified interval; [3] Bed forms multiscale
discrimination, which discriminates bed form fields into
three scale-based hierarchies; and [4] Threedimensionality analysis, which quantifies the threedimensionality of bed form fields.
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2.2 Supporting test data and software features
Two types of data accompany Bedforms-ATM, namely:
a water-depth-defined bed form data from the Parana
River (Argentina), and bed-elevation-defined synthetic
bed form fields for both rectangular and curved
stretches. These synthetic bed forms fields were built by
using the mathematical definitions presented by
Gutierrez et al, 2013 and Gutierrez & Abad, 2014.
The efficiency of Application 3 was quantified by using
the synthetic data. To this end, the Nash-Sutcliff and
alpha index were estimated. Likewise, the normalized
Taylor diagram was built. Under the light of the results,
the method successfully discriminates the hierarchies
that comprise the synthetic data (Gutierrez et al., 2017).
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The study has two major parts: I) by using the
normalized difference water index (NDWI) proposed by
McFeeters (1996) the planform of Kor rive were
prepared (Fig. 3), and II) by developing a software
tempo-spatial change in left and right of riverbank,
major meander and the width of river were evaluated.

1. Introduction
River regulation and land use development influence
channel morphology and fluvial processes directly and
indirectly. Major impacts can be expected to river flow
regimes, sediment transport and river bed morphology.
The present paper aims to evaluate the morphological
changes including planform and cross-section caused by
river modification on Kor River in Sothern Iran. To
evaluate the Morphological change, the alteration of
riverbanks, river width, wavelength and sinuosity index
were estimated along the river by using remote sensing
techniques.

3. Results

2. Study area, data and method
Kor River is one of major river in southern Iran. About
170 km of Kor river is located between two storage
dams: Mollasadra (0.44 km3, 2006) and Doroudzan
(0.993 km3, 1972). Both dams were constructed to flood
control, hydropower generation and increasing the
irrigated area (Fig. 1).

The summary of major results are demonstrated in the
following Table:

Figure 1. Study area.

% (M+S)
Time
W
CLB
CRB
1987
64
70(19)
----1995
67
90(23)
2.8
6.54
Rate-pre a-1
0.37%
+2.5
0.35
0.81
2009
66
62(14)
2016
64
46(11.8) 0.46
-1.86
Rate-post a-1
-0.29%
-2.3
0.068
-.026
CRB and CLB: Mean move in right and left bank (m),
% M+S: % of river which are classified as Meandering
or Sinuous, W: average width, a-1: per year

Due to construction of Mollasadra dam and other
reasons, the flow regime has been significantly changed
(Fig. 2). Here we compare the river morphology before
(before 2006) and after construction (after 2006) of
Mollasadra dam. The Landsat images consist of Landsat
5 Thematic Mapper (TM) and Landsat 8 Operational
Land Imager (OLI) acquired for 1987, 1995, 2009 and
2016.

4. Conclusions
Due to construction Mollasadra dam and flow regime
alteration, the positive rate of side erosion has changed
to a negative rate. The flood plains have significantly
decreased in size and most meanders have stabilized and
the average of sinus ratio have decreased.

Figure 2. Flow regime alteration below Mollasadra dam.
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1. Introduction

90

Bank erosion in river bends is an important
phenomenon, which leads to many of problems such as
damages to engineering structures and agricultural land.
Scour-deposition mechanism around the hydraulic
structures in river bends is a very important and complex
phenomenon doe to the strongly three-dimensional
velocity field. Permeable groins are common used low
cost structures in river engineering, but their application
for bank erosion control in river bends is not popular
because they are not able to counteract the clockwise
main secondary flow cell in the bend (Teraguchi et.al,
2011). This paper presents bed deformation patterns in a
180 degree mild flume bend around the permeable groin
combined with a triangular-shaped vein (Figure 1 and
Table 1). Six experiments were conducted for permeable
and combined structure. The flow blockage of the
permeable groin was 50% and the angle of the triangular
vane to the flow direction was 30 degree (Bahrami
Yarahmadi and Shafai Bejestan, 2015) for the best
performance. Comparison between bed topography of
single permeable groin and combined structure (Figures
2)show that the triangular vane added to the permeable
groin has a significant effect on the scour-deposition
mechanism around the structure. in permeable spur no
sediment deposition occur at the downstream whilst for
the modified structure a long point bars closed to the
outer bank is developed which show the new structure
not only eliminate bank erosion, it will re-establish new
bank downstream of the structure.
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Figure 2. Scour-deposition pattern around the single
permeable groin and combined structure (Fr=0.22)

3. Conclusions
Bed topography around a new structure combined of
permeable groin and rectangular-shaped vane installed
in a 180 degree mild bend was investigated. The results
showed that the rectangular vane added to the permeable
groin increases the sediment deposition rate behind the
permeable groin.

Table 1. List of the experiments for the combined
structure
Fr
L2/L1
L1+L2(cm)
θ
h2/h1
0.201
1
14
30o
1
0.223
1
14
30o
1
0.241
1
14
30o
1
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Figure 1. Plan and side view of the schematic of the
combined structure used for experiments
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1. Introduction

of sediment erosion and deposition on flood flow
behaviours.

In August 2016, heavy rainfall due to Typhoon No.10
caused violent flood damages along the Omoto river. The
Omoto river meanders through a valley plain, which is
composed of a meandering stream channel with sand bars.
As the flood discharge was far more than the flow
capacity of river channel, the flood affected whole valley
plains, which devastated farmlands and settlements
developed in the sand bars. According to our field survey,
there might be a possibility that the sediment supply from
the surrounding mountain and corresponding river bed
deformation promoted the disaster. This study aims to
clarify the actual conditions of flood flow for planning
effective river management in mountainous areas based
on the results of 2-D numerical model simulations with
various sediment supply conditions.

3. Results and discussions
Figure 1 illustrates a result of fixed bed simulation with
discharge of 3000m3/s in the Horono-aera. As a result of
the simulations, in both areas, flood flow is concentrated
on the bending parts of the valley, and is diverged toward
the downstream of sand bars, as shown in Figure 1.
Comparing the simulated results of the fixed bed with the
movable bed, the simulated water levels are similar at the
bending parts where flow concentrates. However, there
are clear differences of water levels between the fixed bed
case and the movable bed case, at the sand bars where
flow divergence and sediment deposition take place. In
particular, on sand bars, the simulated water levels are
obviously higher when fine sediment is supplied from the
upstream. For example, the Horono-area is damaged by
flood flow with sediment accompanied by the dyke
breach on the upstream end of the sand bar. The dyke
breach is predicted to occur earlier due to active riverbed
deformation at the low flow channel when fine sediment
is supplied. After the dyke breach took place, a large
quantity of sediment flowed in the sand bar, thus the
water level on the sand bar obviously raised compared to
the normal movable bed case.

2. Numerical simulations
The numerical simulations are conducted by means of a
2-D depth integrated flow model in the Otomo-area and
Horono-areas, where severe damages are observed. In
order to estimate the flood peak discharge, based on the
observed water level at Akashika, several simulations
such as varied flow calculation, 2-D numerical flow
simulation and rainfall-runoff simulation are conducted
As a result, the flood peak discharge is estimated at
around 3000m3/s, thus the discharge hydrograph is given
as boundary conditions for the numerical simulations.
The simulations are conducted in various conditions,
including fixed bed, movable bed with bedload and
movable bed with both bedload and suspended load. In
addition, assuming huge amount of sediment supplies
from surrounding mountains to the valley plains, several
cases of simulations are conducted to investigate impacts

4. Conclusions
According to the results of numerical simulations
conducted with various sediment supply conditions, it is
revealed that the water level in the sand bars is obviously
affected by the sediment supplies from upstream.
Therefore, it is implied that the river planning in the
valley plains such as the Omoto river should be based on
appropriate estimation of sediment supply from the
mountains.
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Figure 1. Flow depth and depth-averaged velocity of the
flood flow in Horono-area with a flow discharge of
3000m3/s.
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1. Introduction

demonstrates that this linearity is related to the flood
water surface slope. Furthermore, the variability of levee
crest height around this linear trend drops off with
distance downstream. This variability in local crest
elevation is correlated to a downstream decreasing
standard deviation in water surface height for the same
range of discharges.

Levees are depositional features along rivers that mark
the boundary between a river and its floodplain. It is
important to study levees to better understand floodplain
evolution, which has implications for ecology,
geomorphology,
and
paleo-environmental
reconstructions. Furthermore, levee building can lead to
a feedback loop that elevates the riverbed—an
inherently unstable position—and can help explain levee
breaching and channel avulsion processes.

3.3 Recognizing levees as time integrated features
Sediment availability and inundation duration play a role
in shaping levees. Over the past 1.5 years, we have
monitored a levee at one specific river bend on the
Trinity River. Sediment transport was observed from
both suspension settling of grains and bedload transport
down the levees that can result in lobe deposition at the
end of a levee channel. Therefore, two end members of
floods are those that deposits sediment on floodplain and
levees versus those that rework existing deposits.

2. Geological Setting and Methods

The lower Trinity River in Texas is a meandering river
with a sand bed and a low slope (~1.4x10-4). It is bound
downstream by the Trinity Bay and the Gulf of Mexico.
The river and its floodplain are located within a
Pleistocene valley.
Analysis of levee morphology was completed on
airborne lidar acquired in 2015. The DEM used has a
1x1m grid size with a vertical accuracy of ~5cm. To
characterize levee morphologies along ~88km river
(centerline distance), we analyzed the cutbank side of
the river-floodplain transects spaced every 100m. Levee
crests were defined as the highest point along each
transect and levee widths were determined by the
pinchout (e.g. the inflection) point of levee deposits.

4. Conclusion

The variability of levees documented here highlight how
river-floodplain connectivity changes spatially. Levees
that are wider represent conditions of reduced riverfloodplain stage connectivity due to lower floodplain
elevation and increased water accommodation space.
The downstream linearity of levee crest elevation can be
explained by river hydraulics, which also explains why
levee crest variability drops off downstream. Overall,
levee building is the aggregate of different sediment
transport processes that are controlled by both
antecedent and flood-specific conditions.

3. Results and Discussion

3.1 Levee width and water drainage on floodplains
Floodplain topography has been hypothesized and
shown to affect avulsion and floodplain sedimentation
(i.e. Hajek and Edmonds, 2014; Jerolmack and Paola,
2007). However, little has been said about how
floodplains influence levee sediment transport. Adams et
al. (2004) show that levee morphology can be a function
floodplain drainage. They analyzed levees from two
rivers and showed that the river with the better-drained
floodplain had wider, lower sloping levees.
We find that levee morphology varies dramatically
along a river. Wider levees occur on three floodplain
reaches that are especially low. One reason for these
floodplain lows on the Trinity River might be protruding
terraces directly upstream that pin the river location.
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3.2 Levee height and channel water surface slope
Studies of levee morphology have focused on the levee
crest; the position where sediment deposition is greatest
relative to any erosion. It has been shown that levee
crest building depends on grain size (settling velocity),
sediment concentration, and flow velocity and depth (i.e.
Pizzuto, 1987).
On the Trinity River, the levee crest profile is linear in
the downstream direction. 1D modeling of river stage
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needed to improve the prediction quality. After 6 years
of observation it can be said that natural morphological
river development creates a win-win situation for flood
protection, ecology and recreation.

1. Introduction
The river Salzach at the border between Austria and
Germany has a huge erosion problem. From the end of
the 19th century till now the river bed lowered several
meters.
In winter 2009/2010 about 15 km north of the city of
Salzburg a ramp was built to stabilize the river bed.
Simultaneous at an about 3 km long river reach
downstream of the ramp on both sides of the river the
bank protections were removed to initiate a natural bank
erosion process. This measure had 3 aims. First: bed
stabilization by widening the river bed, second: covering
the temporary bed load deficit caused by aggradation
upstream of the ramp and last but not least ecological
improvement of the river.
One important boundary condition for this measure was
that the flood protection should not be impaired.
Therefore it was necessary to predict the bank erosion
process as good as possible to avoid flood damages.
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Figure 1. Comparison of predicted and observed
bank erosion (mean values)

2. Prediction
To predict the possible morphological development after
building the ramp and removing the bank protections
two models were used. The first one was a physical
model and the second one a two dimensional numerical
model. Results of these models were the bank shift and
the volume of bed load input from the bank erosion as
functions of hydrology and time.
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3. Reality and Comparison
In the first year after implementation of the measures a
flood with a return period of 30 years occurred. Only 3
years later a more than 100 year flood with a peak of
3600 m³/s followed (mean flow is 237 m³/s). Regularly
surveyed cross sections were compared with the
morphological prediction from both models using the
observed hydrology. It was found that the real bank
erosion agreed quite well with the forecast (Figure 1).
Since 2013 no relevant flood occurred. Therefore the
banks remained quite stable.
In addition to the bank shifting process, from the
observations
valuable
insights
regarding
the
morphological development could be gained. E.g. the
geometry of the banks changed to a much more
ecological shape.
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4. Conclusions
Natural bank erosion can be predicted, but the effort is
still high. Models (physical and numerical) can describe
only parts of the natural process. The prediction quality
depends not only on the models but also on the available
data (especially the geology of bank erosion areas). To
cover remaining uncertainties expert knowledge is still
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decreasing importance so that λ1 < λ2 < . . . < λN . A similar calculus allows to obtain the optimal basis Q j (x, y)
, describing the temporal evolution of the solid discharge
during a flood.

1. Introduction
Bedload transport fluxes are known to widely fluctuate in
both time and space (Ma et al., 2014). The typical scales
of fluctuations are broad and often overlap: from random
particle motions at the grain scale to large bed morphologies evolving at the river reach scale. Thus, the individual contribution of each physical mechanisms to the total
variation of the sediment load is generally hard to evaluate.
In this work, we question the utility of Principal Component Analysis (PCA), also called Proper Orthogonal Decomposition (POD), to analyse the sedimentary response
of an erodible experimental channel subjected to periodic
floods. The method has already demonstrated its great capacities for studying the coherent structures developping
in turbulent flows (Berkooz et al., 1993). Its potential to
reveal the patterns emerging in sediment transport systems has received much less attention.

3. Results
PCA basis provided important information on the reminiscent morphodynamical features driven by the periodic
floods and their typical solid discharge signature. First,
our results show that the energy decay of both bed elevation and solid discharge modes is relatively slow, following a power law of exponent -2. This contrasts with
the typical trends observed for coherent structures in turbulence, where an exponential decay of mode energies
is reported. Second, the main morphodynamical
features

clearly appear in the firsts modes of B j (x, y) : alternate bars of ∼4m wavelength (mode 2,3,4 with 25% energy) and ∼2m (mode 5, 2% energy); antidunes of a
few cm (mode 6, 1% energy). The relative magnitude
of the modes (encoded in the coefficient a j (k)) strongly
varies with flood number k, suggesting both periodic and
a-periodic transfer of energy between bed modes. Third,
the decomposition by PCA of the output solid discharge
signal reveals the presence of a single loop hysteresis in
mode 2 (6% energy), a double loop hysteresis in mode 4
(2% energy) and even a triple loop hysteresis in mode 5
(1% energy), suggesting the complexity of the transport
dynamics.

2. Methods
The experiments were carried out in a 15m-long 60cmwide, inclined flume (1.7%) whose bed was constituted
of weekly dispersed and natural gravel (d50 = 6mm,d90 =
8.5mm). 200 triangular flood waves (Ql = 8 − 20l/s) were
provoked periodically (T = 1h), reproducing the daily
floods typically observed in mountainous rivers due to
glacier ice melting. Sediment was also periodically fed
into the channel inlet by a conveyor belt, while solid discharge was continuously sampled at the outlet by an array
of geophones. In between each flood, an image of the bed
elevation was obtained with acoustic probes. PCA was
applied to (i) bed elevation data bk (x, y) and (ii) solid discharge time series qk (t), where the subscript k denotes the
flood 
number. The idea behind PCA is to find the optimal
basis B j (x, y) , with j = 1 . . . N, so that the “reconstruction” error

4. Conclusion
Based on these promising results, we conclude that (a)
PCA is able to isolate some of the principal mechanisms
driving sediment transport fluctuations as well as their
typical fluctuating time scale, that (b) PCA can reveal the
intricate links existing between stream morphology and
sediment discharge response and that (c) PCA could be
used to accurately predict sediment transport and morphological changes of natural sedimentary systems.

N

ε = bk (x, y) − ∑ a j (k)B j (x, y),

(1)

j=0
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between the signal bk (x, y) and its projection be minimized for all k. Given the N = 200 bed elevation samples
collected at the end of each flood, the best basis is formed
by the eigenvectors of the matrix
R=

1 N
∑ bk bTk .
N k=1

(2)

The amount of information carried by each eigenvector
B j (the relative frequency at which the pattern appears in
the data) is encoded in the magnitude of its corresponding eigenvalue λ j ; we sort the basis vectors (“modes”) in a
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1. Introduction
Knowledge on flow velocity, bed stability and
morphologic structures in steep mountain streams is
fundamental for an adequate management of these
complex natural systems.
One important key research questions identified by
Church & Zimmermann [2007] is: “Is there an ideal
sediment supply rate to promote step stability? Does an
increase in sediment supply increase or decrease
stability?” Various authors (e.g. Koll & Dittrich [2001],
Johnson et al. [2015], Recking et al. [2012]) observed an
increased bed mobility for conditions with bed-load
transport in step-pool streams.
Using laboratory experiments, we identified the
underlying mechanism and quantified the influence of
bed load transport on the flow resistance and bed
stability of steep mountain streams with step-pool
sequences.

Figure 1. Flow resistance coefficient (8/f)0.5 versus h/σ.
Data of Rosport [1997] for clear-water conditions are
shown for comparison.

3. Conclusions

2. Materials and Methods
The test setup was based on a 1:20 Froude-scaled model
of the “Betelriedgraben”, a mountain torrent in the
Bernese Alps, Switzerland [Hohermuth & Weitbrecht
2016]. All sediment mixtures consist of a base mixture,
a medium and a large boulder fraction, where the latter
was added to enable the formation of step-pool
structures. The large boulder fraction ranges from 40 to
90 mm b-axis with a corresponding average equivalent
sphere diameter of D* = 60.1 mm (equivalent to a block
weight of 2.4 t for 1:20 scale). The initially smooth beds
with bed slopes from 0.05 to 0.11 were loaded with
increasing discharges. Bulk flow velocity U and the
standard deviation of the bed roughness heights σ were
measured after each discharge increment. Bed-load was
added to the flow after a stable step-pool sequence was
formed. The measurements were then repeated for
different water and bed-load discharges.

Bed-load transport of fine material in step-pool
mountain streams smoothens the bed and thereby
decreases the flow resistance. The associated increase in
near-bed velocity increases the mobility of step forming
boulders.
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2. Results
Figure 1 shows the resulting flow resistance factor
(8/f)0.5 = U/U* as a function of h/σ with h = flow depth
and U* = (ghS)0.5. The experiments without sediment
input are fit well to linear approximation

8 / f 

0.5

 0.62  h /  

for qs  0

(1)

The data for bed-load are located still above the no bedload data indicating a reduction in flow resistance (Fig.
1). For the data with bed-load feed an almost quadratic
resistance law gives the best fit:
0.5
0.53
(2)
for qs  0
8 / f   1.65  h /  
Consequently, the mobility of the step-forming boulders
increases due to the higher near-bed velocity associated
with the decrease in flow resistance for bed-load
transport.
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1. Introduction

Nakanokuchi river

It is difficult to directly measure riverbed deformation
during floods, and in most cases it is done only to grasp
erosion or deposition areas after the flood. In addition,
it is difficult to accurately estimate riverbed deformation
using numerical simulation because of uncertainties, including discharge, roughness coefficient and initial shape
of the river bed. As the sediment transportation formula
cannot be applied to revetment section, it is more difficult
to grasp the bed deformation in that area. In this study,
we tried to estimate bed deformation during flood by assimilating observed data of water-level and discharge into
quasi-2D fixed bed hydraulic model.

riv
er

Shinano river
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Water-level
Water-level (Water gate)
Water-level (Pump station)
Discharge (Rating curve)

3km

Figure 1. Study area
Area (m2)

The method presented is composed of a quasi-2D hydraulic model and a particle filter, which is a data assimilation method. Kim et al. (2012) demonstrated the usefulness of the particle filter for estimation of hydraulic
amounts such as roughness coefficient or inflow discharge. In our assimilation, spatial conveyance distribution is a target for estimation and is added perturbation
when resampling. The way of perturbing the conveyance
is by

400 Cross section area of flow
Before flood
After flood
300

Coefficient after flood

1.4
1.2
1.0

200

Coefficient

2. Estimation method of riverbed deformation

fk (x, z) = fk0 (x, z)(1 + α1 + α2 x/L + α3 x2 /L2 )

Ikarashi river

0.8
100
0

1
2
3
Distance from confluence point (km)

Figure 2. Cross-sectional area of the flow and estimated
conveyance correction coeffiecient
3.2 Estimation result
By introducing the assimilation, the calculated waterlevel and discharge correspond reasonably well with the
observed data at any point. Figure 2 also shows the conveyance correction coefficient estimated by the presented
method at the end of the flood. The estimated coefficient
is convex upward, indicating a good correspondence with
the measured eroded area after the flood. This result suggested that this estimation method is able to stochastically
capture the spatiotemporal riverbed deformation on the
revetment section.

(1)

where fk0 (x, z) is the initial conveyance distribution, x is
the longitudinal distance, z is an elevation, L is the longi2 ), α ∼ N(0, σ 2 ),
tudinal length of a river, α1 ∼ N(0, σK1
2
K2
2 ). σ , σ , σ
α3 ∼ N(0, σK3
K1
K2
K3 were set to 0.02.
The reason why the disturbance is based on a quadratic
function is for it to be able to estimate spatial conveyance
distribution more flexibly. This makes it possible to adapt
non-uniform longitudinal change of conveyance. The observation data used for data assimilation are water-level
and discharge from the rating curve. As estimated value
of the conveyance contains the cross-sectional area of the
flow, it is expected that the riverbed deformation can be
stochastically grasped from the estimated conveyance distribution.

4. Conclusions
By introducing a particle filter for the quasi-2D fixed bed
hydraulic model, the estimated distribution of conveyance
correction coefficient qualitatively corresponded with the
riverbed deformation. The proposed estimation method
will be useful because the method may be able to apply
to revetment section. However, the method has various
issues such as vagueness of sufficient observation density
for accurate estimation or how to quantify riverbed deformation from the estimated conveyance distribution. We
would like to consider these in further research.

3. Result
3.1 Study area
The study area is the Shinano River network shown in
Figure 1. The river network comprises of four rivers, and
the water-level is observed at intervals of approximately
5 km. Ikarashi River which is one of the tributaries of the
Shinano River had eroded sharply owing to the flood in
2011. Figure 2 shows longitudinal profiles of the crosssectional area of the flow in the Ikarashi River before and
after the flood. Despite being a revetment section, the
riverbed eroded sharply at around 1.8 km from the confluence point in the Ikarashi River.
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1. Background

4. Methodology

Changing climate, sea-level rise, and increased
storminess are combining to escalate the vulnerability of
many coastal areas worldwide. In response to this
changing risk there is now a recognised need to evolve
coastal management strategies that provide robust, costeffective and sustainable solutions. As a result, a
migration from traditional ‘grey’ hard engineering
approaches to incorporate ‘green’ solutions, which
includes utilising vegetation and coastal wetland areas as
coastal buffer zones. However, there is a knowledge gap
concerning the role of aquatic vegetation and associated
buffer zones in inhibiting coastal erosion and the longerterm evolution of ‘green’ strategies are largely
unquantified or tested.

Quantification of hydrodynamics within ridged and
flexible vegetation surrogates will be conducted at the
University of Aberdeen’s Random Wave Flume facility,
with consideration of varying vegetation density to
replicate natural seasonality. Wave parameters will be
replicable, but not constrained, to that of the associated
study field site (Denmark). Measurements will be taken
through the use of PIV and ADV measuring techniques.
Methodological parameters will be informed by
previous work of Bouma et al (2007) in order to
promote comparability between flume and field
research. This experimental work will be complimented
by seasonal field study analysis of natural eelgrass
patches found within Rødsand Lagoon, Denmark.
Finally, building upon the findings from Aberdeen and
Rødsand Lagoon, large scale modelling of flexible
vegetation with a mobile bed will be conducted in the
Hanover Flume facility. This will further aid the
understanding of seagrass controls on sediment mobility,
providing comparison against findings from the
Aberdeen flume, and that of the field (Rødsand).

2. Research Outline
This research focuses on aquatic seagrasses which have
a recognised capability to act as a bio-protective buffer
against coastal erosion. Recent research has identified
the varying capacity of seagrass in attenuating waves
under a range of scenarios. However, the understanding
of hydrodynamics within and around seagrass stems and
patches, and the critical links with sediment dynamics
and deposition is limited due to difficulties in
conducting in-situ field measurements. Moreover the
interactions between storm event frequency and seagrass
resilience and recovery are also unknown. This research
aims to improve knowledge of how seagrass can be
utilised as a bio-protective buffer along coastlines under
a changing climate.

5. Intended Outcomes

3. Aims and Objectives

Acknowledgments

In its entity, this research will compounded the
understanding of sediment mobility in aquatic
vegetation of varying characteristics, expanding to
assess impact of increased wave forgings. This will
ultimately aid understanding of the seagrass capacity to
act as a natural coastal defence, thus informing policy
and management of coasts.

Objective: Acquire high resolution hydrodynamic data
for various types of surrogate vegetation canopies to
inform sediment mobility patterns under variable and
extreme wave forgings; while also providing a direct
data comparison to current field research (Rodsand
Lagoon, Denmark) and forthcoming large scale flume
experiments (GWK Flume, Hanover, Germany).
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after the arrival of peak flooding. No further explanation
can be proposed from the currently available observation
data; however, this mechanism warrants further
investigation.

1. Introduction
In Taiwan, the high-intensity rainfall during typhoons
and floods causes considerable scouring–depositing
fluctuations in riverbed cross sections, bringing
substantial sediment that can hinder observation.
Observations were made with a combination of scouring
bricks and wireless tracking devices, and these were
compared with laboratory investigation results of the
scouring process. The obtained scouring processes at
scour holes downstream from the grade-control
structures can be used to improve disaster-prevention
technologies and applications to protect civilian lives
and property.

2. Observation Equipment
Scouring brick columns are a relatively affordable and
easily installed on-site observation method. All bricks
were coded in advance and buried under the riverbed
under a dry-bed condition. Subsequently, accurate
location was determined using a total station theodolite.
After the flood retreats, the riverbed was excavated.
In this study, wireless tracking devices (Fig. 1) were
added between the scouring brick columns. The devices
send signals using a long-distance wireless transceiver.

Figure 2. Schematic diagram of the dynamic scouring
process occurred at Pole P2 during Typhoon Dujuan
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Figure 1. Dynamic scouring observation technologies
(a) Long-distance wireless transceiver (RD232-H);
(b) wireless tracking device

3. Observation Results of the Scouring Process
of Flood Events
The maximum scouring depth was obtained by
excavating the investigated area during a dry season,
which was further long after Typhoon Dujuan. A
dynamic scouring process at Pole P2 was plotted (Fig.
2).

4. Conclusions
The dynamic scouring process recorded in this study
indicates that the scouring depth of this event occurred
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standard to be applied to different river catchments and
runoff conditions. This supports, as one aim of the
project WasMon-CT, the preparation of an
operational monitoring service to enhance the federal
consulting activities in the waterways of Germany.

1. Introduction
The turbidity of water is an important parameter to
determine the quality and ecological status of a
waterbody. Although turbidity itself is often not the
main parameter of interest, it serves as proxy for
suspended sediment concentrations in waterbodies,
which are usually determined by time-consuming
gravimetric methods in a laboratory (Landers and Sturm
2013; Rügner et al. 2013; Minella et al. 2008). The
Copernicus project WasMon-CT makes use of this
proxy and aims at the integration of satellite-derived
(esp. Sentinel-2 and Landsat8) turbidity data into the
existing operational in-situ measuring network of
Germany’s federal waterways, especially the rivers
Rhine, Elbe and the estuaries of the rivers Elbe, Ems and
Weser.
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2. Methods and results
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After the extraction of two-dimensional near-surface
turbidity distributions from remote sensing data by an
adjustable automated processing chain, the satellitederived turbidity data are validated with existing in-situ
measurements of turbidity. The extensive data base of
highly frequent, but spatially sparse in-situ
measurements (every 15 minutes) is used for a
validation of the underlying algorithms after Nechad,
Ruddick, and Neukermans (2009) and Dogliotti et al.
(2015) of the automated processing chain. The
characteristics of the different river catchments as well
as extreme runoff events can affect the relationship
between the satellite-derived and the in-situ turbidity
data, hence influencing the representability of the in-situ
measurement stations. Significant variance in
relationships e.g. for river catchments or discharge
conditions is tested.
Considering the validation results and these
dependencies, the algorithms will be adapted to achieve
the best fit of satellite-derived and in-situ turbidity data.
These results will be applied to the federal waterways
chosen within the project WasMon-CT. Based on the
validated satellite data, enhanced products, such as
longitudinal profiles, can be derived and provide a
spatially extensive database for the analysis of gradients,
time-series, the location and extent of the turbidity zone
in estuaries and the effects of the relocation of sediments
along the Elbe estuary or the river Rhine.
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3. Conclusions
The validation of turbidity data from remote sensing
with in-situ measurements provides a better estimation
of the qualitative and quantitative accuracy of the
derived products and of the representability of the in-situ
measurement stations. The adapted algorithms enhance
the automated processing chain and create an improved
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1. Introduction

(a) Measured
bed forms

In constant-width straight channels, alternate bars form
in specific hydraulic conditions. On the other hand,
variable-width straight channels, induce the formation of
central bars or side bars (Bittner, 1994; Repetto et al.,
2002; Wu and Yeh, 2005). Additionally, Repetto et al.
(2002), and Wu et al. (2011) reported damping effect
of growth of alternate bars in the variable-width straight
channel. These results seem useful for controlling bed
forms, ; however, it is difficult to change the plane of
constant-width straight channels. In this study, we investigate the damping effect caused by simulating a variablewidth straight channel by arrangements of structures.

(b)Recomposed bed (c)Recomposed bed
forms from As
forms from Aa

We conducted flume experiments to investigate the damping effect of growth of alternate bars when simulating
a variable-width straight channel. To simulate variablewidth straight channel conditions, we placed structures at
regular intervals along both sidewalls of a constant-width
straight channel. Hydraulic conditions were favorable for
the formation of alternate bars.
We used the alternate bars wavelength (about 260 cm) for
the constant-width straight channel to guide the choices
for spacing between the structures, and performed tests
at intervals of 50, 100, 150, and 350 cm, We focused on
the results at 100 cm and 150 cm intervals, which showed
strongly damping alternate bars induced by the presence
of the regularly arranged structures.
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Figure 1. Measured bed forms and recomposed bed
forms spectral analysis.

4. Conclusions
Simulating a variable-width straight channel by regularly
spaced structures in a constant-width channel replicated
the damping effect of alternate bars growth reported in
previous studies. The damping effect of the alternate bars
depends on the intervals between structures. It is possible
to effectively dampen alternate bars growth by arranging
the structures at appropriate intervals along both sidewalls
of a constant-width straight channel.

3. Results
Figure 1(a) shows the measured bed forms. In a constantwidth straight channel, alternate bars form. When placing
structures at regular intervals in a constant-width straight
channel, coexisting alternate bars and bars induced by the
planar shape (central bars or side bars) form.
To quantify the damping effect of growth of alternate bars,
we conducted a spectral analysis for the measured bed
forms. We define the dominant wavenumber component
as "As", other components as "Aa."
Figure 1(b) shows the bed forms recomposed from As.
For the test with 100 cm interval, ∑ |As| was reduced
by 22 percent compared to that for the constant-width
straight channel. For a 150 cm intervals, ∑ |As| was reduced by 34 percent.
Figure 1(c) shows the bed forms recomposed from Aa.
When placing structures at regular intervals, ∑ |Aa| was
about twice as large as that for the constant-width straight
channel. These results show that the regularly arranged
structures damp growth of alternate bars.
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1. Introduction

in October 2014 and August 2016 using total station. The
river bed was characterized by grain size measurements
(d50 = 85 mm). In October 2014, pit-tags were fixed in
298 gravels of the pad to monitor their displacements. After 2 years and the 3 floods, 38 m3 of the pad were eroded
and deposited further downstream, Figure 1.
LSPIV technique was used to measure surface flow velocities during the February flood event. Video images taken
from the bridge (Figure 1) were analyzed with F UDAA LSPIV free software (Le Coz et al., 2014). 6 velocity
fields were measured for discharges from 40 to 77 m3 /s.

Dams modify sediment transport downstream due to the
derivation of water and to the interruption of sediments.
For many decades, restoration techniques have been used
to mitigate for the degradation and loss of salmonid
spawning habitat. The construction of artificial spawning pads by mechanically adding gravel to the stream is
one of these restoration techniques.
Spawning pads have been created downstream the
Hautefage Dam (France). Their locations were chosen (i)
to satisfy the hydrodynamic conditions for salmon spawning and (ii) to be stable during minor flood events. As it
was a preliminary test, one of the nine spawning pads has
been monitored over two years in order to assess the operation efficiency.
The objective of the study was to survey the gravel movements and to test how a two dimensional sediment transport model could be used to design such pads.

3. Numerical modeling
The open source Telemac system (www.opentelemac.org)
is used to model sediment transport. T ELEMAC 2D solves
the shallow water equations using either a finite element
or finite volume schemes. S ISYPHE (Tassi, 2016) solves
an Exner equation using a transport capacity formula
(Meyer-Peter & Muller).
The mesh includes the river upstream and downstream the
spawning pad and part of the flood plain, Figure 1. The
LSPIV measurements validate the Strickler coefficient
distribution (15m1/3 s−1 in the flood plain, 25m1/3 s−1 in
the river bed and 30m1/3 s−1 on the pad due the finer gravels).
The simulation of the three flood events shows an erosion
of the spawning pad similar to the surveyed erosion. The
calculated deposition agrees well with the displacements
of the pit tags. Besides, the model indicates that most of
the pad erosion occurred during the rising limb of the first
event.
The spawning pads had been designed using a 1D model
which predicted a stability of the gravel for flows less than
80 m3 /s. The field surveys show that the 1D model underpredicts sediment movements whereas the 2D model
reproduces the pad evolution accurately.

1.1 Description of the spawning pad
The monitored spawning pad is located 1.15 km downstream the dam. In October 2014, 140 m3 of gravels had
been used to create a 400 m2 spawning pad, Figure 1.
Three classes of sediments (20% of 5-20 mm, 60% of 2040 mm, 20% of 40-80 mm) made up this 35 cm thick
layer. After one year, observations showed a significant
spawning activity.

4. Conclusions
An artificial spawning pad has been surveyed over two
years. Although it was designed to be stable for minor
events, three flood led to the erosion of 38% of the mechanically added gravels. A 2D sediment transport model
simulates the erosion and deposition of the pad in agreement with the measurements and could be used for future
design of spawning pads.

Figure 1. Global view of the site : spawning pad
location an monitoring
1.2 Hydrological conditions
Since the creation of the spawning pads, only three flood
events have occurred in 2016: (i) 10 days in January,
Qmax = 70 m3 /s, (ii) 10 days in February Qmax = 77 m3 /s,
(iii) 12 days in June Qmax = 48 m3 /s.
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2. In situ monitoring
A comprehensive monitoring of the pad comprises morphological surveys and measurements of flow characteristics. Bed evolutions in the area of interest were surveyed
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year.In the left margin there is bank erosion and
sedimentation in the right margin.

1. Introduction
The Mezcalapa River branches on the Samaria-Carrizal
rivers, approximately 30 km from the city of
Villahermosa Tabasco. Before 1996, two-thirds of the
discharge went down the Samaria River, but after an
avenue, only 40%. If the discharge in the branch of the
Carrizal River increased, the city of Villahermosa,
Tabasco would flood. The CONAGUA decided to build
some hydraulic structures to restore the distribution of the
water in the bifurcation. In 2009 the control structure
began to operate. After its conclusion in 2013, this
structure has two artificial channels controlled by gates
and a permeable dam that closes the channel. Given the
continuous sedimentation problems in the area, it was
built a dyke wall (250m length) by the end of 2010 on the
right bank of the Mezcalapa River, approximately 2.5 km
upstream of the above-mentioned control structure,
hoping it would be useful to divert water and sediments
to the Samaria River. The objective of this work was to
study the evolution of the morphological behavior of the
bifurcation, due to the runoff and the human interaction
by the works that have been constructed in a period of 41
years from 1975 to 2016.

Figure 1. Evolution of the channel in section 4, Samaria
River, downstream of the bifurcation.

4. Conclusions
The results indicate that natural events as floods and
hydraulic works have changed greatly the morphology of
the river. An increase in the area of water and of islands
was observed in the analyzed period. The control
structure has generated great sedimentation and the
aggradation of the channel at the beginning of the
bifurcation, and changes in the bifurcation morphology.
The dike on the right bank, has diverted water and
sediment to the left bank of the Samaria River, this has
caused bank erosion and the movement to the left margin
with a rate of 12.2 m/year, in a reach downstream the river
bifurcation. This wave like movement is favored due the
slope northwestward of the flood plain on this reach of
the river.

2. Methods
To perform the analysis of the evolution of the system, 33
satellite images, scale 1:46,000, were used, and field
observations was made. It was supported by hydrological
data provided by CONAGUA. Quantitative analysis on
erosional and depositional processes; channel areas, bars,
islands area and channel width was made. The analysis
was made: 1) In the bifurcation, 2) by river reach and 3)
by section, in order to describe the dynamics of the river.

Acknowledgments
Would like to thanks the National Water Commission,
CONAGUA, Tabasco for information provided.

3. Results
It was observed an increase in the area occupied by the
surface of the water and the area of islands in the analyzed
period, see Table 1.
Year

Surface area of
water (ha)

1975
2016

2,487.08
244.84
2,678.63
580.33
Table 1. Area of water and Islands (ha)
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Surface area
of islands (ha)

Figure 1 shows the dynamic planform evolution of the
Samaria River, occurring in Section 4, located
downstream of the bifurcation. The central axis of the
water mirror remained relatively stable from 1975 to
2001. However, from 2001 to 2016, the migration rates
have increased, the process was more intense from 2005
to 2016. There was a displacement to the northwest of
around 183 m in both margins, that is to say 12.2 m /
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1. Introduction

2. Conclusions

Local widening in a channelized river is a common
practice in restoration projects (Uijttewaal, 2014). The
lateral embayments built for this purpose in the river
banks are partially filled up by fine sediments creating
potential for riparian habitat. However, the design of
these lateral cavities may be compromised by the
fluctuations in the water discharge (Poff et al., 1997,
Meile et al., 2011). Pursuing a better understanding on
the design of lateral embayments, systematic
experimental investigations have been carried out with
five different fluctuating hydrograph scenarios. Water
depth, sediment concentration and area covered by the
settled sediments are analysed in each experiment.
The process of sedimentation in the lateral embayments
proofed to be resilient to peaking. However, there are
considerable differences in what happens during the
peaking event, see Figure 1, depending on the geometric
con-figuration of the embayments and the flushing
hydrograph applied: (i.) a higher peak in discharge
means that more sediments are resuspended and the risk
of a complete flushing increases. (ii.) Long and short
cavities retain their depositions more efficiently from
resuspension than cavities of intermediate length. Long
cavities have large dead water zones with well sheltered
depositions. Short cavities have skimming flow type, i.e.
the dynamics within the cavities widely decoupled from
the main flow, and are therefore able to retain the
sediments.

The results of this study show that the sediment deposits
in lateral embayments of a channel are highly resilient to
flushing. Starting from a certain initial sediment
concentration at constant discharge, the system gets into
a certain equilibrium state. If this equilibrium is
disturbed by an increased discharge, after a certain
period of time, a new equilibrium is reached.
For practical applications, long and short lateral
embayments seem to be most suitable. They have the
highest resistance against the flushing of the sediments
out of their cavities and thereby provide the most stable
bedforms.
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Figure 1. Normalised time decay concentration for two
experiments. The thick solid lines represent the
concentration at two measurement stations. Thin grey
line refers to the peaking event applied.
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and diffusion equations because second-order non-linear
k-ߝ model is employed to simulate 3-D turbulence flows.
All equations are solved explicitly in the timewise
direction step by step. To solve the convective inertia
terms in the momentum equations, we use the third order
TVD MUSCL scheme. The second order Adams
Bashforth scheme is used for time integration (Kimura et
al., 2009).

1. Introduction
The simulation with a 2-D (Two-dimensional) model and
a 3-D (Three-dimensional) model is a common method to
study open channel flows because it is very effective from
the aspects of economy and efficiency. Recently, Nanson
(2010) measured the velocity profile in a natural
meandering river and found that, a secondary flow can be
weak even though in a sharply curved and deep channel.
The study related to weak secondary flow is unfamiliar in
this field and the applicability of simulation models on such
flows is not known well. In this study, we thus apply 3-D
flow models to clarify such flows with relatively weak
secondary flows at a sharply curved meandering channels.
In order to consider dominant parameters for such weak
secondary flows, we consider two types of sharp bends.
The first bend is natural stream (Nanson, 2010). In this
bend, the bottom slope is 0.0014, the estimated Manning
coefficient is n=0.04, an averaged w/d (w: channel width,
d: water depth) is 2.1 and a total distance is 14.738 m. An
averaged discharge and depth are 0.3 m3/s and 0.8 m,
respectively. The second bend is a simple U-shape bend,
which has almost same hydraulic properties of the former
stream (averaged width, distance, slope, curvature radius
and so on.), but it has a flat bed. Since the U-shape channel
has more simple topography than the natural stream, it is
able to consider possible dominant factors for the change
of weak secondary flow, such as the ratio of Manning
coefficients at the bottom and the side wall, flow discharge,
w/d, etc. The Non-dimensional Secondary Flow Intensity
(NSFI) is employed to examine quantitatively the strength
of the secondary current.

2.2 Non-dimensional secondary flow intensity
In order to compare and quantify the strength of the
secondary flows under different models, the values of
NSFI in Equation 1 were calculated.

ˆ
ˆ  1 h

A Uˆ

v

w

  dA ，  s  z  y
s

(1)

A

where, ̂ : non-dimensional secondary flow intensity, Û :
averaged velocity (m/s), s : local streamwise vorticity (s-1),
w : velocity in the vertical direction, v : velocity in the
lateral direction, hˆ : averaged depth (m), A : area of the
center vortex core.

3. Conclusions
In computational results, these two channels showed
weak secondary flows as observation data (Nanson,
2010). The secondary flow was reduced depending on
high Manning coefficient at the side wall, high flow
discharge, and low w/d. In particular, in the U-shape
channel cases, the NSFI is more clearly changed than the
natural bend.

2. Methodology
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2.1 Computational condition
We use Nays CUBE (Kimura, 2012) of the iRIC software
for the present 3-D computations. For the computational
efficiency, we used flexible time step setting based on the
Courant–Friedrichs–Lewy (CFL) condition and the
parallelization with the Open Multi-Processing (Open
MP) in the solver.
The governing equations are 3-D URANS equations in a
generalized curvilinear coordinates. In addition to the
continuity and momentum equations, the transport
equations for the turbulence kinetic energy k and its
dissipation rate ߝ were solved together using advection
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reduction in pre-dam sediment supply to downstream
channel reaches, causing widespread incision and erosion
of near-channel sandbars. To counteract this, periodic
high-flow experiments (HFEs), or floods, are conducted
to redistribute sediment from the channel bed to sandbars,
while also providing sediment for aeolian transport of
sediment upslope to sustain upland landscapes and
source-bordering dunefields. Since 2012, HFEs have
been conducted on a near-annual basis in Grand Canyon,
a marked increase in flood frequency compared to the
preceding 48 years since the dam was completed.

1. Introduction
In river valleys, fluvial and upland landscapes are
intrinsically linked through sediment exchange between
the active channel, near-channel fluvial deposits, and
higher elevation upland deposits. During floods, sediment
is transferred from channels to low-elevation nearchannel deposits [Schmidt and Rubin, 1995]. Particularly
in dryland river valleys, subsequent aeolian reworking of
these flood deposits redistributes sediment to higher
elevation upland sites, thus maintaining naturallyoccurring aeolian landscapes [Draut, 2012].

Here we use digital elevation model differencing
(Kasprak et al., 2015) in conjunction with the
computational workflow described in Section 2 to
understand geomorphic response along more than 300 km
of the Colorado River to this increase in HFE frequency.
Analysis of coupled morphodynamic processes indicates
that at locations where fluvial sand storage increased
following HFEs, subsequent deposition, particularly by
aeolian processes, was observed in adjacent uplands. Site
response was also modulated by vegetation abundance
and local topographic complexity.

2. Quantifying System-Scale Morphodynamics
By differencing digital elevation models derived from
repeat surveys, the transport processes driving
topographic changes and sediment connectivity can be
inferred, a method termed ’mechanistic segregation.’
Unfortunately, mechanistic segregation relies on
subjective and time consuming manual classification,
which may limit its reproducibility and the practical scale
of its application. We have developed a novel
computational workflow that uses metrics of land cover
and landscape morphometry to predict the occurrence of
geomorphic transport processes in spatial datasets. The
workflow performs well when compared to field
observations in Grand Canyon, with an overall
predicative accuracy of 84% across 113 validation points.
The approach most accurately predicts changes due to
fluvial processes (100% accuracy) and aeolian processes
(96%), with reduced accuracy in predictions of alluvial
and colluvial processes (64% and 73%, respectively).

4. Conclusions
This work demonstrates (a) the utility of novel software
for
understanding
coupled
fluvial-hillslope
morphodynamic processes in river valleys from large
datasets, and (b) the site-scale linkages between river
morphodynamics and upland sediment transport using
high-resolution remote sensing data.
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Figure 1. Predicted mechanisms of geomorphic change
at a site in Grand Canyon, USA from 2002 – 2009.

3. Upland Response to Fluvial Morphodynamics
Glen Canyon Dam, immediately upstream of Grand
Canyon on the Colorado River, has resulted in a 95%
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processes (Thomas, 1979), falling within the range
750≤Re*c≤3000 (Meakin and Jamtveit, 2010).

1. Introduction
Calcium carbonate deposits (CaCO3, called travertine)
that coat the Anio Novus, ancient Rome’s largest
aqueduct, exhibit multi-scale bedding characteristics.
These include mm-cm scale crystalline ripple bedforms previously unreported in aqueduct travertine - formed
not by sediment transport (Coleman et al., 2003) but by
chemical precipitation (Hanratty, 1981).

3. Conclusions
Digital analysis revealed that the bedform characteristics
in the Anio Novus aqueduct travertine varied over time.
The most likely explanation for this variation is the
change in flow shear velocity, resulting from ancient
Roman management of flow within the Anio Novus and
the chronological variation of the channel geometry due
to travertine formation. Preliminary data suggest that the
formation of these bedforms is governed by a critical
friction Reynolds number. Validation by travertine
precipitation experimentation, under controlled water
chemistry, flow and microbial conditions, may produce
a simple method of palaeo-flow rate reconstruction.

2. Methods
Travertine samples from three locations along a 140 mlong transect of the Anio Novus channel at Roma
Vecchia (Keenan-Jones et al., 2015) were analysed
parallel to the down flow direction. A wavelength
analysis was performed on 21 digitally-captured ripple
horizons, with peaks tested for significance according to
a white or red noise null hypothesis. A subsample was
checked by visual analysis and measurement.
Average bedform wavelengths (λ) were measured at
two further locations in the Anio Novus upstream of
Roma Vecchia: the Empiglione Bridge and Galleria
Egidio (Motta et al., 2017). These λ values were
compared to a length scale given by the ratio between
the kinematic viscosity ν of water and the boundaryaveraged friction velocity (u*), determined from
measurements of slope (s) and hydraulic radius (Rh):
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u*  gRh s ,
where g is gravitational acceleration. The critical friction
Reynolds number for the formation of bedforms (Re*c)
was calculated from the slope of the plot of λ vs ν/u*
(Coleman et al., 2003, Thomas 1979).

3. Results and Discussion
Characteristics (including 3D shape, wavelength, and
amplitude) in ripples in the Anio Novus travertine occur
in multiple, superimposed scales and vary vertically
(and hence over time) up sample cross-sections
(upsection). Bedforms change shape upsection from
lunate to transverse or longitudinal. Asymmetric ripples
with long, gentle convex stoss sides and short, steep lee
sides are more common where wavelength is increasing
upsection than where it is constant or decreasing.
Despite expected uncertainties associated with data
collection challenges and shear velocity estimates, Re*c
in the Anio Novus compares well to the few previouslystudied systems of bedforms formed by chemical
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1. Introduction
Sediment transfer in Algerian river basins is being
high (Megnounif et al., 2003). Recently a sediment
inventory made on 77 catchments in Algeria has
shown that sediment yield ranges between 93 and
44000 Tkm-2yr-1.
The present work represents an assessment of
suspended sediment yield from the Upper Wadi
Kebir catchment over 33 years (from 1973 to 2006).
Long-term annual suspended sediment loads are
estimated using non-linear power model, developed
on mean discharge class technique as sediment
rating curves.
2. Study area and methods
The study area belongs to the great Kebir Rhumel
basin, located in the Northeast of Algeria. The
Upper Wadi Kebir catchment drains an area of
1068 km2 at the Tassadane gauging station (Figure
1).

use of this technique improves the adjustment of
SRCs and provides an accurate estimation of
sediment load.
3. Results
Two types of SRCs have been developed and
compared: SRCs based on one regression line and
on two stratified regression lines.
The analysis of the computed effective error value
(E%) for both regression models shows that SRCs
developed on mean discharge class technique are
more accurate compared to that developed on all
datasets. After using bias correction and based on
one regression line, the equation has given an
underestimation of almost 8%, with a coefficient of
correlation (R²) equal to 0.84; however, the
stratified regression lines have given overestimations of their sediment loads by 6.73%.
The total estimated sediment load in the catchment
is equal to 30.3×106 tonnes (857.74 Tkm-2 yr-1).
Seasonal amount indicates that most sediment load
is transported on winter season. The corresponding
sediment load of winter season represents 57% of
the total annual sediment load.
4. Conclusion
It is confirmed that the SRCs using mean water
discharge classes technique is an appropriate way to
assess sediment load the Upper Wadi Kebir
catchment. The catchment is considered as one of
the most degraded hydro-system in the northeast of
Algeria. Ultimately, much more work needs to be
done across the catchment to establish sediment
transport background and set up monitoring
programs.

Figure 1. Location map of the study area.

Concentration records include many missing data
(Khanchoul and Jansson, 2008). In order to
reconstruct these missing data and to estimate
subsequent sediment load from the river, we have
to use sediment rating curves (SRCs) in form of a
power relationship with logarithmic transformation
as:
C = aQb
with C as suspended sediment concentration and Q
as water discharge.
For the purpose of this study, we have introduced
the mean class discharge technique suggested by
some researchers. They have demonstrated that the
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length, Lw (Fig.2). As SVF increases, deposition length
is diminished but enhanced behind the patch.

1. Introduction

Vegetation acts as an important feature in rivers, streams
and coastal regions. Impact of vegetation is generally
understood to reduce an averaged velocity and decrease
bed shear stress, which are responsible for enhancing
deposition and stabilizing the bed (Rominger et al.,
2010; Kim et al., 2015). Finite patch of vegetation has
been studied to understand the interaction between flow,
sediment transport and vegetation (Chen et al., 2012;
Kim et al., 2015). Several numerical and experimental
studies have been carried out to investigate flow fields
around a finite patch but few have been examined by
laboratory experiments for the deposition patterns
downstream of the patch (Chen et al. Ortiz et al., 2013).
The main objective of this study is to investigate flow
structure and sediment deposition around a circular
patch of emergent vegetation using a two-dimensional
depth-averaged model. A total of four solid volume
fractions, SVF (3, 10, 22, 38) are considered. Flow
pattern, vortex structure and deposition around the patch
of vegetation are examined.

Figure 2. Deposition distributions of (a) SVF=3.0 and
(b) SVF=10.0.

3. Conclusions

As SVF≥10.0, a von- Kármán vortex street is observed
which reflects the patch-scale turbulence and the peak of
turbulence corresponds to the onset of the von- Kármán
vortex. The region of enhanced deposition is
characterized by the wake length, which is a function of
SVF. As SVF increases, the amount of sedimentation
within and downstream of the patch increases.

2. Numerical Results

Two shear layers are developed at the lateral edges of a
circular patch (Fig. 1). There is no interference between
two shear layers for SVF=3.0 and no significant
variation is observed. However, for SVF=10.0, the two
shear layers merge at some distance, Lw, where
maximum turbulence kinetic energy is shown and a vonKármán vortex street is formed downstream of the patch.
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Figure 1. Vorticity fields of (a) SVF=3.0 and (b)
SVF=10.0.
Sediment deposition is observed within and downstream
of the patch and its pattern is associated with the wake
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2.2 Numerical analysis
The simulation model Nays2DH (iRIC, 2014) and
NaysCube (iRIC, 2011) was applied to the investigation
in this study. The channel was divided into 411 and 100
grids for the longitudinal and lateral directions, respectively. Then, the longitudinal grid size (x) and the lateral
grid size (y) are the same as 0.02 m. The Manning’s
roughness coefficient is taken as n = 0.020, respectively.

1. Introduction
The Kakogawa River whose catchment area is 1,730km2
and length is 96.0km, is located in the south of Hyogo
Prefecture, the mid-west in Japan, as shown in Fig. 1.
The influence of runoff due to barrage water and the
Mino River tributary, combined with a meander in the
river upstream from the large barrage on the Kakogawa
River (Kakogawa Barrage), has promoted the development of a sand bar on the river bank opposite the confluence. The sand bar, which has hardened, currently deflects the passage of water back to the left bank and has
decreased the usable water surface area of the river. The
objective of this study was to survey the river topography in the vicinity of the Mino River confluence and
identify the factors responsible for sand bar development
by model experiment and numerical analysis.
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2.3 Results and Discussion
Fig. 3 illustrates the experiment results and numerical
analysis results of the flume experiments. Fig. 3 (a)-(c)
show the results of model experiment, two-dimensional
analysis, and three-dimensional analysis (elevation
change), respectively. The scour occur at the confluence
area by the flow mixing area. And the deposition occur
at the inside area (dead water region) of flow mixing
area. In Case1, with its nothing the barrage water, the
sand bar wasn't occurred and observable river-bed lowering of the bar occurred. But in Case 2, with its occurred the barrage water, the sand bar developed at the
upstream of confluence and the scour depth of the confluence area becomes small.
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Fig. 1. Kakogawa River

Fig. 2. Experimental Channel

2. Model experiment and numerical analysis on
riverbed variation characteristics of confluence
2.1 Experiment
Experiments using the channel, which was modeled
based on the confluence of Kakogawa River and Mino
River, were conducted in order to the channels at the
tributary junction was performed to assess the influence
of the barrage water and the river meander upstream The
experiments were conducted in a open channel with 8.0
m long, 0.8 m main channel wide 0.48m tributary channel wide and 1/850 bed slope as shown in Fig. 2. The
width of this channel corresponds with 1/250 scale of
the river. The channel has a water level adjusting weir in
order to control the water elevation at the downstream
end of the channel. The nearly uniform coal dust was
used in the experiments as the bed material. The coal
dust has a mean grain diameter dm of 1.3 mm and a specific gravity s of 1.47.The experimental conditions are
listed in Table 1. In the table, QM= main flow quantities,
QT= tributary flow quantities, T= experiment duration,
HD= height of weir.
Table 1. Experimental conditions
Number

T
(hr)

QM
(l/s)

QT
(l/s)

Case1
Case2

1.0

5.0

1.0

Fig. 3. Experiment and numerical analysis results

3. Conclusions
The results obtained in this study are summarized as
follows:
(1) In the experiment and numerical analysis without
effect of upstream meander, the sandbar didn't appear
because the flow became uniform at the upstream.
(2)The mechanisms of river bed variation process were
clarified by the reproduction calculation of the experiments.
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the peak water level (indicated as the circle in the Figure
1), whereas the coefficient would be 0.025 m-1/3/s when
dune vanished at the peak (indicated as the diamond).
We conducted uniform flow calculation. Discharge
using the coefficient of 0.045 m-1/3/s was 2,300 m3/s, and
discharge with the coefficient of 0.025 m-1/3/s was 3,600
m3/s. Because uncertainty exists in path way of the τ*-τ*’
relation in the box (surrounded by the circled broken
line) in the Figure 1, the average value which is
approximately 3,000 m3/s can be compared with
discharge by another method. In this case, peak
discharge with rainfall-runoff model was 2,900 m3/s.
This proves that the resistance estimated by the τ*-τ*’
relation is reasonable.
Based on the analysis above, the roughness changes
were incorporated in the rainfall-runoff model. The
calculation results indicated that calculated water level
reproduced observed one appropriately, and that the
resistance change has a high sensitivity on hydrograph
of water level especially.

1. Introduction
This study aims to analyse an influence of change of
flow resistance on hydrographs in a basin. Water level
and discharge are related with the flow resistance. In
particular, in a river in mountainous area, the flow
resistance is composed of 1) step-pool, 2) micro-scale
bed form, 3) sand bar, 4) vegetation, 5) stone which
makes a form resistance and 6) edge between main
channel and flood plain which generates vortex.
Meanwhile, flow resistance has been treated as the
Manning’s coefficient which is temporary constant
value in rainfall-runoff model. Whereas a few studies
have investigated the influence of the resistance changes.
This study attempted to investigate how spatial-temporal
variation of flow resistance influences hydrographs in
the rainfall-runoff model. The target area is a basin in
mountainous area in Japan.

2. Methodology
We analysed the flow resistance regarding the microscale bed form and the vegetation using water level data.
No discharge observation had been conducted in the
basin during the flood. Hence velocity data is not
available in this study. Therefore, this study implements
1) τ*-τ*’ relation proposed by Kishi-Kuroki (1973)
whose relationship is between dimensionless total and
grain shear stress, 2) vegetation effect estimated by its
density. By using the results of above analysis, mixing
coefficients with a function of water depth were
estimated. Finally, they were incorporated in a rainfallrunoff model and calculations were conducted with
several patterns of the coefficients.
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3. Results and discussion

We initially analysed the τ*-τ*’ relation based on field
measurement, which is shown in the Figure 1. The solid
line is the relation by Kishi-Kuroki. The τ* and the τ*’
are expressed as follows:
RI
(1)
τ =

(at peak WL)
Antidune

*

sd
R' I
τ*'=
sd

Transition II

(2)
τ*=0.34
(Nondimensional
shear stress
at peak WL)

where, R is hydraulic radius, I is slope, s is specific
gravity in water, d is the grain diameter and R’ is the
hydraulic radius resulting from grain roughness
provided by the following equation:
U
R'
(3)
= 6.0 + 2.5 ln
gR' I

Dune II
Transition I
Dune I

ks

where, U is the averaged velocity, ks is the equivalent
roughness height. ks is proportional to d, this study used
ks=2d based on the discussion by Kishi-Kuroki (1973).
According to the relation, Manning’s coefficient would
be 0.045 m-1/3/s when dune continued to develop up to
Figure 1. The τ*-τ*’ relation

209

Flat

1D-numerical modelling of suspended sediment dynamics in a regulated river
M. Launay1 , V. Dugué2 , J. Le Coz1 and B. Camenen1
1

IRSTEA, UR HHLY Hydrology-Hydraulics, 5 rue de la Doua, CS 70077, F-69626 Villeurbanne, France.
marina.launay@irstea.fr, jerome.lecoz@irstea.fr and benoit.camenen@irstea.fr
2 DREAL, HPC hydrometry and flood prevention, 5 Place Jules Ferry, 69006 Lyon, France.
violaine.dugue@developpement-durable.gouv.fr
ture. Calibration of the Adis-TS parameters has been performed based on the work of Guertault et al. (2014).

1. A complex hydro-sedimentary event
In May-June 2008, a major hydro-sedimentary event in
the Lower-Rhône River (France) combined natural floods
in the tributaries Isère and Durance, and flushing operations of the Isère dams. Between May 26th and June 8th
2008, the Arles station recorded a total SPM flux of 5 Mt,
which is equivalent to the one induced by the 100-year
flood in 2003 for a twice smaller flow discharge. The
May-June 2008 event in the Lower-Rhône was also notable because it produced an SPM flux equivalent to almost 50 % of the mean annual SPM flux of the Rhône
River to the Mediterranean Sea recorded since 2005 (Eyrolle et al., 2012).
(a)
6

First week: 27/05/2008 - 02/06/2008

During the first week (Fig. 1b), the Saint-Egrève dam
was opened and flushed because of a 1-year flood of the
IsÃĺre River. At the same time, a major flood of the Durance was observed downstream. During the second week
(Fig. 1c), the Lower-Isère dams were flushed during the
ebb flow of the flood and produced a large SPM flux to
the Rhône river. The SPM fluxes coming from the flushing of the Lower-Isère dams were almost not observed
at the Arles monitoring station, revealing deposition processes within the seven hydropower schemes located between the Isère confluence and Arles. This requires to account for several grainsize classes, and deposition/erosion
processes induced by hydropower schemes into the numerical model to be able to reproduce the sediment concentration dynamics. The comparison between measured
and simulated fluxes (Fig. 1a) shows that the model is able
to reproduce the sediment concentration dynamics at Arles during the first week of the event. It still overestimates
the concentrations during the second week, even with deposition allowed within the network.

Second week: 03/06/2008-10/06/2008

Measurements
Simulation
Isère
Durance

5
SPM concentration [g/l]

3. Impact of different grain sizes and interaction
with hydropower schemes
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3
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4. Conclusions

Arvan

With the simulation of the complex hydro-sedimentary
event of 2008, the Rhône 1D model has proved to be useful for understanding the processes occurring along the
river network. It allows the reproduction of SPM fluxes
at a high spatial and temporal resolution, and the identification of the fluxes origins at the catchment level. The
model can also be used for the simulation of management
scenarii.
The study of this event showed that 75 % of the 5 Mt of
SPM produced during the two weeks went from the Isère,
and only 25 % from the Durance, which differs from the
conclusion of Eyrolle et al. (2012).
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Figure 1. Monitored and simulated SPM concentrations
along the Rhône River during the 2008 event. Simulation
is runned from Lyon to the Mediterranean Sea. (a) SPM
concentrations at Arles station. Monitored SPM fluxes
(in Mt) in the hydrographic network during (a) the first
week and (b) the second week. Line thickness is
proportional to SPM flux at the corresponding station.
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2. 1D hydrosedimentary numerical model
The Rhône 1D model, developed by Irstea in the frame
of the Rhône Sediment Observatory (OSR) was built
from Lake Geneva to the Mediterranean Sea. It uses the
code Mage for solving the 1D hydrodynamic equations
and includes operation rules of hydropower schemes. It
also includes an advection-dispersion module (Adis-TS)
for solute pollutants and suspended particulate matters.
The numerical simulations have been performed using
six classes of sediment grain sizes, from clay to medium
sand. Parameters related to the physical properties of the
sediment were determined from field data or the litera-
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‘normal’ First-Flush model predictions. Of 10
hypotheses tested, three are focused on here:
(a) role of Combined Sewer Overflow
surcharges during storm events; (b) delayed
bed sediment destabilization effects using a
developed BASS (Biofilm Adhesion of
Sediment Supplies) model; (c) road-derived
particulates generated by some of the heaviest
traffic loads in Europe.

1. Introduction and research gap

Over 50% of the world’s population is
urbanised, and this is projected to rise to 60%
by 2020. It is vital, therefore, that we develop
understanding of how urban processes, and
related hydrological changes, impact on water
and sediment transport dynamics and pollution
systems. However, little is known of the
dynamics of storm-event sediment and
pollutant transport in urban rivers. In many
catchments, it is often assumed that fine
sediment fluxes are delivered early in the
storm, peaking before the flow maximum, i.e.
the ‘First-Flush’ effect.

4. Conclusion
This unusual storm behaviour suggests that
urban river quality impacts are much more
significant and complex than thought,
including negative hysteresis behaviour, as
discussed in a ‘Senile Cities’ model.

2. Aims and methodology
However, this paper tests the ubiquity and
validity of the First-Flush Model in the most
urbanised river in the UK (the River Tame,
Birmingham: 42% urbanised). The paper
presents high-resolution hysteresis analyses of
key water quality responses to flow events,
based on datasets obtained at 2 monitoring
stations (upstream and downstream), using 15minute data available for several years.
Determinands include: storm-event Rainfall
intensity;
River
Discharge;
Turbidity;
Suspended Sediment Concentration;
Ammonia; Conductivity; pH and Dissolved
Oxygen and River water temperature.
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Figure 1. Strong anticlockwise hysteresis in
river turbidity in FTU (Y) and River Tame
discharge in m3/s (X), for a spring flow event.

Gross and Specific Stream power data
calculated at a 50-70m spatial resolution
through the entire mainstem river place the
monitoring stations in downstream hydraulic
context. A simple Hysteresis Index was
developed to quantify the magnitude and
direction of hysteretic response patterns in
sediment transport for over 70 storm events.
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density, D50 is the sediment median size, C is the Chézy
coefficient and Q is the river discharge.
In the laboratory investigation, a longitudinal plate
was placed downstream of a bar to form a two-parallel
channels system. This system was monitored for longterm to assess the morphological evolution of both
channels. The numerical investigation was carried out
on a river-size system with alternate bars and small
Froude number to assess whether the same
developments may occur on a generic low-land river and
to study more scenarios.

1. Introduction
In recent years, engineers have proposed longitudinal
walls for river training as an alternative to traditional
transverse groynes in low-land rivers. However, the
effectiveness of these longitudinal training walls in
achieving the goals and their long-term effects on river
morphology have not been thoroughly investigated yet.
Low-land river beds often present bars and these are
associated with lateral flow redistribution, transverse
bed slopes and helical flow that alter the sediment
transport direction (Struiksma et al., 1985). In particular,
bars affect the distribution of sediment if they are
located just upstream of a bifurcation and hence
influence bifurcation stability (Bertoldi and Tubino,
2007). This work aims to assess the stability of the
bifurcation created by a longitudinal wall in low-land
rivers with alternate bars or point bars.

3. Results
Laboratory and numerical results agreed and show that
the location of the upstream termination of the
longitudinal training wall with respect to a bar is
important for the stability of the bifurcation. If the
training wall starts upstream of the nearest bar top, the
side channel tends to silt up. Starting just after the bar
top, in a limited area, the two-channel system might
reach a dynamic balance. If the training wall starts at the
downstream part of a bar, the side channel becomes
increasingly deep. Different distances between the
training wall and the river bank lead to similar results.

4. Conclusions
Parallel channels created by a longitudinal training wall
in a river with bars tend to be unstable. The evolution of
the bifurcation can be predicted based on the location of
the starting point of the wall with respect to the nearest
bar.
Figure 1. Longitudinal training wall in the Waal River
near Tiel, The Netherlands. Source: Rijkswaterstaat.
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2. Methodology
The methodology comprises both numerical simulations
(Delft3D) and laboratory experiments.
A straight channel with geometrical (width, depth,
slope) and morphodynamic (flow and sediment)
characteristics that result in alternate bar formation (bar
mode m = 1) is designed using Crosato-Mosselman's
(2009) formula (Equation 1).
m 2 = 0,17 g

(b − 3) B 3i
∆D50 CQ
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Where: m is the bar mode (for alternate bars m = 1), b is
the degree of non-linearity of sediment transport as a
function of flow velocity, B is the river width, i is the
longitudinal bed slope, ∆ is the sediment relative
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Abstract

Due to the steep slope, huge discharge and flushing
water, there are significant river migration and erosion
problems in Taiwan’s rivers. A bridge in the river often
affects the channel migration, and then leads to severe
bed change and local scour. Bedrock river lacks a
continuous cover of alluvial sediments over the long
term. When the bed armor layer flushed away, it makes
the bedrock exposed, and then increases the channel
incision.
In this study, the Chungcheng Bridge in Touchien River,
Taiwan is chosen as the study site. In 2013, the 9th pier
of Chungcheng Bridge was destroyed after the typhoon
Soulik, and a new flow path was formed along the right
bank side of main channel. There are serious bedrock
bank erosion and local scour around this area (shown as
Figure 1). However, the Chungcheng Bridge is rebuilt in
2015 (shown as Figure 2), the trends of bedrock river
migration in study reach are important for the planning
of stable countermeasures.
A two-dimensional mobile-bed model, called CCHE2D,
is adopted to simulate the bedrock erosion and channel
migration in the nearby area of Chungcheng Bridge
(shown as Figure 3). The bedrock erosion mechanism
proposed by Liao et al. (2014) is considered in the
model. Data associated with suspended sediment
concentration, bed materials, erodibility index of
bedrock and digital surface model are collected and
established. These basic data are used to calibrate the
numerical model. Different stable countermeasures
include the dredging in the upstream reach, remove or
lower the protection work are considered in the model to
investigate the channel migration and erosion trends in
the river. It can be used as the reference for river
management planning.

Chungcheng
Bridge

Figure 2. Aerial photo of rebuilt Chungcheng Bridge
(taken in 2015).

Figure 3. Simulated flow velocity in the nearby area of
Chungcheng Bridge.
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Figure 1. Aerial photo of destroyed Chungcheng Bridge
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channels which direct the flo
ow outwards were formed
between adjacent bars (Figurre 1). In case 3, abrasion
was minimized by shorter rot
rotation intervals. No bars
were observed after 5 min o
of rotation at 10 rpm. The
sand in the uniform bed remaained virtually unmovable.
The angular velocity was thhen increased to 20 rpm,
causing the mortar in the outeer bend to became exposed,
while sand accumulated in 9 ba
bars in the inner bend. The
number of bars decreased to 7 at 30 rpm, and was maintained at 40 rpm and then 50 rpm. At 60 rpm, the bars
were modified into a slip-of
off slope which was continuous along the tangential dire
rection. In case 4, bars were
formed at 40 rpm. The velocit
ity was then increased to 80
rpm, and a slip-off slope repla
placed the bars. The angular
velocity was then reduced to 40 rpm. The bars, however,
did not reappear and the slip-o
off slope was maintained.

1. Introduction
The formation of alluvial point bars in curving alluvialbedrock channels is studied experimenttally with the use
of an annular flume. Sand is transpor
sported towards the
inner wall of the flume due to secondarry flow, resulting
in depositions which often assume ccharacteristics of
point bars. By contrast, at the vicinity of the outer wall
the simulated bedrock remains exposed
d and nearly flat.
The uniformity of the sandbars in thee experiments is
facilitated by the absence of inflow annd outflow boundary conditions in the annular flume, annd by its uniform
radius of curvature. Although distinct ffrom meanders in
the field, this configuration allows furtther clarifications
over the effects of the formation and
d sustaining of the
point bars. The adopted configuration rresembles that of
sinuous rivers of deep slot canyonss characterized by
resistant bedrock walls, which resultss in meanders and
point bars insensitive to the bedrock valley geometry
and largely controlled by the alluvial m
material (Limaye
and Lamb, 2014).

3. Conclusions
The formation of the point ba
bars in the experiments is
attributed to the intrinsic inst
stability of the flow, while
they are sustained by dynamic
ic perturbations induced by
themselves. The relative imp
portance of these dynamic
perturbations is minimized forr large angular velocities of
the top plate, when the bars tr
transform into a continuous
slip-off slope. The experiment
ntal data set from this work
may be useful for future analyytical formulations.

2. Experimental set-up
An acrylic annular flume of mean radi
dius 45cm, width
10cm and depth 11 cm installed in Hok
okkaido University
is used in the experiments. The bedrock
ock is simulated by
a week mortar bed approximately 6 cm deep. The flume
is filled with water, with a supply of sannd in some of the
experimental cases. The supplied sand
d aand that included
in the mortar are of the same type (Toh
ohoku Keisha N5,
mean diameter 52 mm). The water mot
otion is generated
by the rotation of an acrylic plate instaalled at the top of
the flume in contact with the water surf
rface. The angular
velocity of the plate is electronically co
ontrolled. The bed
elevation was measured at regular timees by a laser displacement sensor and velocity measurem
ments were taken
using a transducer. Characteristics off selected experimental cases are summarized in Table 1.
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Case
Initial condition

1
Mortar bed
fully exposed
40

3
4
Mortar bed fully covered
by approximately 1 cm of
sand
Angular ve10→60, in40→80→
locity (rpm)
tervals of 10
40
Bed incision Significant
Limited
Significant
Table 1. Characteristicss of experimental cases.

3. Results
Although the bed incision was one of thhe motivations for
conducting the experimental runs, here
rein we focus the
analysis on the deposition patterns. For
or angular velocities reaching approximately 30 rpm, nnot only bedload,
but also transport by suspended load wa
was significant.
In case 1, after 2 h of rotation of the top plate, 10 bars
were observed. The number decreased gradually,
g
up to 7
bars after 22h. The wavelength of thee bars is closely
related to the flow depth. As the flow depth decreases
with increasing sediment deposition, downstream
do
accelerations induced by shoaling over the poi
point bars are enhanced and extend the downstream end
d of the bars. Furthermore, the downstream acceleration
ions induced by
shoaling have a strong component to
owards the outer
wall (Dietrich and Smith, 1983). Ass a result alluvial

be
bars, case 4. The
Figure 1. Alluvial channel between
main flow is from
m left to right.
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gravitational acceleration and H is the energy head just
upstream of the weir. The porous flow through the inlet
and openings is modelled using the general Darcy
equation for porous flow as given by Eq. 3:
q p  kIA
(3)

1. Introduction

In 2015, the Dutch government initiated the ‘pilot
project longitudinal training dams’. Its intentions were
to reduce the negative effects of ongoing bed erosion
and, in combination, improve the river’s flood protection
level, navigability and ecology values. With the help of
longitudinal dams, a two-channel system is created in
which the river is divided into a main and side channel.
The longitudinal dams are interrupted by several
openings, as schematized in Figure 1. The combination
of an inlet and openings allows for water and sediment
to be divided over two channels. The inlet and openings
are constructed with help of a porous rock layer. Their
crest height can be altered by adding or removing stone
and is expected to influence the discharge (and
sediment) to the side channel. Knowledge about the
physical functioning of multiple channels systems is
limited. Better understanding of the impact of regulatory
inlet and opening crest heights on the discharge and
sediment distribution is expected to improve the future
design of river interventions using the concept of
longitudinal dams. It will also enable to define a better
regulation strategy (by partially opening and closing
inlets and openings) in order to meet to the intended
objectives of the project.

where qp is the porous discharge, k is the permeability, A
is the cross-sectional area and I is the hydraulic pressure
gradient created by the calculated difference in water
level between the two channels.
The influence of several parameters on the discharge
distribution between the two channels has been assessed,
including the inlet crest height, opening crest heights,
channel width ratio, river discharge, river bend radius
and several other parameters. Basic validation tests of
the model have been performed.

3. Results
The inlet crest height turned out to have the largest
influence on the discharge distribution (see Figure 2.a).
Changes in the channel width ratio, that could for
instance be caused by sedimentation of the side channel,
also result in considerable changes (see Figure 2.b).
Adjustments in the opening crest heights, the bend
radius, the porosity and the bed friction coefficient are
not found to influence the discharge distribution
considerably.

Using an one-dimensional model, this research aims
to contribute to a better understanding of the functioning
of a two-channel system and especially get a better grip
on the relevant fluvial processes involved.

Figure 1. Schematization of inlet, openings and outlet at
a system of longitudinal training dams.

(a)

2. Methodology
An one-dimensional model is used to schematize the
two channel system created by the longitudinal training
dams (see figure 1). With the help of a numerical
predictor-corrector scheme, the backwater curves in the
main and side channel are calculated as shown in Eq. 1:

hx 1  hx  0.5(

dh
dh

)dx
dx pred dx corr

4. Conclusions
The one-dimensional model provides useful insight in
impacts of regulatory design parameters of longitudinal
training dams. Preliminary conclusions include:

(1)

where hx and hx+1 are the water level at location x and
x+1, dh/dx is the water level slope and dx is the space
step. The discharges over the inlet and openings are
modelled using the standard weir equation as shown in
Eq. (2):

q w  2 / 3C D C S 2 g H 3 / 2

(b)

Figure 2. Sensitivity of parameters on the discharge
distribution between the main (upper three lines) and
side channel (lower three lines) in different river
sections as shown in Figure 1.

1. Adjusting the inlet weir height could influence the
discharge distribution towards the side channel
between 1% (fully closed but porous inlet) to 30%
(fully open and porous inlet).
2. Smaller side channel width (e.g. sedimentation of the
side channel) will result in significant reduction of
discharge distribution toward the side channel.
3. The porous discharge through the inlet and openings
is negligible compared to the weir discharge.

(2)

where qw is the weir discharge, CD,side is the side-weir
coefficient, CS is the submergence coefficient, g is the
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3. Results
Figure 1 shows the streamlines simulated by the model
at the river flow condition of 23,800 m3/s, showing the
helicoidal flows in the river bend.

1. Introduction
Flow patterns in a river bend generally consist of a
secondary flow which heads partly downstream and
partly across the river from the outer bank toward the
inner bank, and then upward toward the surface and
back toward the outer bank. This is called helicoidal
flow. Accordingly, morphodynamics of a river bend
consist of erosion of the outer bank and the formation of
a point bar on the inner bank. It is a challenge to
appropriately model the morphological evolution of a
river bend.
The Mississippi River is one of the largest rivers in the
world. The Lower Mississippi River (LMR) is well
protected by the levees and the river alignment is
relatively stable. The LMR features strong currents,
coarse sediment on the bed, and fine sediment carried by
currents. Morphodynamics in the LMR are strongly
influenced by the interaction of suspended sediment and
bed sediment load and this complexity is compounded at
river bends.
This paper will present an investigation of sediment
transport model in the LMR using the MISED threedimensional (3D) model.

Figure 1. Streamlines simulated by the model
Figure 2 shows the modelled bed change including
erosion on the outer bank, the formation of point bars at
the inner bank, and the development of sand waves in
the river between two neighbouring bends.

2. Methodology
The MISED model was used to simulate the
hydrodynamics, sediment transport, and morphological
changes for river bends in the LMR.
The MISED model is a 3D hydrodynamic and sediment
transport model that employs a highly efficient
numerical method (Lu and Wai, 1988). The method uses
the operator splitting approach to split the differential
equations of momentum and transport into three subequations. On basis of their distinctive numerical
performance, each sub-equation is solved using the most
appropriate and efficient method. Highlighted numerical
features of the numerical method are: unconditional
stability; high computational performance; and second
order accuracy.
The sediment transport module of MISED can simulate
the transport of both cohesive sediment and noncohesive sediment in forms of suspended load and bed
load. It can account for key morphological processes,
such as bed form, bed sediment grading, and
consolidation.
For this application to the LMR, the model domain is
selected as a river segment centred on Donaldsonville,
Louisiana and extends about 10 miles in both
downstream and upstream directions. This river segment
contains two river bends. A total of eight sediment
classes are used to represent the available sediment in
the river from clay to coarse sand. The model was well
calibrated against the measured data.

Figure 2. Bed change simulated by model

4. Conclusions
This model study demonstrates the importance of
helicoidal flows playing on the morphological evolution
of a river bend. A 3D numerical model is required to
simulate the helicoidal flows and therefore to
appropriately simulate morphological change in river
bends. Both suspended sediment transport and bed load
should be included in the model.
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number of pools remained constant before and after the
flood, but only 9 of the 26 pools remained in their place.

1. Introduction
High-gradient mountain streams are usually narrow,
confined, and commonly characterized by very coarse
sediments, and cascade or step-pool morphology. Step
sequences are quite stable geomorphic units, but high
magnitude floods (i.e. RI>50 years) can destroy and
reform these features and lead to significant channel
changes (e.g. Molnar et al., 2010). However, our current
knowledge of channel changes due to floods of different
magnitude is still limited to few field sites, and limited
evidence are available for high-gradient streams.
However, the increased use of unmanned aerial systems
(UASs) to collect photos, and structure-from-motion
(SfM) algorithms able to generate high resolution point
clouds from photos, provided unprecedented chances for
acquiring multi-temporal sets of digital terrain models
(Westoby et al., 2012).

2. Materials and methods

Figure 1. Orthophotos of the Estero Morales pre- and
post-event, and difference of DEMs.

The study was conducted on the Estero Morales, a 27
km2 glacierized Andean catchment located in central
Chile. Runoff is dominated by snowmelt in late spring,
and glacier melt from December to March. Autumn
rainfall events can also generate infrequent but highmagnitude flood events. The study site is a 150-m long,
step-pool/cascade reach (mean slope 0.11 m m-1).
A high-magnitude flood occurred between April 13 to
19, 2016, and was generated by an ENSO event (El
Niño South Oscillation) coupled by an unusually high
zero isotherms. The flood destroyed a bridge and
removed turbidity meters and pipe hydrophones
installed since 2013 (Mao & Carrillo, in press).
Detailed topographical surveys of the reach were taken
before and after the flood (March 17 th and April 28th
2016). Multiple photos were taken with a Phantom 3
Professional UAS. Approximately 300 and 570 photos
were taken before and after the flood event. Several
ground control points were surveyed with a dGPS.
Digital Elevation Models (DEM) with 1 cm resolution
were derived using the SFM method (software
PhotoScan by Agisoft). Geomorphological changes due
to the flood event were assessed by comparing the preand post-flood DEMs using the Geomorphic Change
Detection software developed by Wheaton et al. (2010)
that calculate Difference of DEMs (DoDs) and
associated uncertainty.

A preliminary version of the DoD revealed that the study
reach experienced vertical changes up to 1m, especially
due to bank erosion. Overall, the volume eroded and
deposited within the study reach was about 1140 and
1820 m3, respectively, for a net volumetric change of
680 m3.

4. Conclusions
A high-magnitude flood in occurred in a glacierized
mountain basin due to a late rainfall event caused
considerable channel changes in a high-gradient, steppool stream. The reach experienced avulsions, and most
steps were destroyed, even if the channel soon
developed new step-pool sequences. More detailed
analysis of changes in step-pool geometry and crosssections are ongoing, along with modelling efforts.
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3. Preliminary results
The flood event, which is estimated to have recurrence
interval higher than 30 years, was able to move boulders
up to 2 m, and caused remarkable changes in the study
sites. The channel avulsed in several points, and the
morphology changed considerably. The number of steps
along the study sited were 25 and 17 before and after the
flood event, respectively. However, only 4 of the
original 25 steps remained stable in the channel. The

217

Distribution of grain-related parameters in collisional transport layer of intense
bed load
V. Matoušek11, Š. Zrostlík1, L. Fraccarollo2, A. Prati2 and M. Larcher3

1

Department of Civil Engineering, Czech Technical University in Prague, Prague, Czech Republic.
v.matousek@fsv.cvut.cz, stepan.zrostlik@fsv.cvut.cz
2
Department of Civil, Environmental and Mechanical Engineering, University of Trento, Trento, Italy.
luigi.fraccarolo@unitn.it, anna.prati-1@studenti.unitn.it
2
Department of Science and Technology, Free University of Bozen-Bolzano, Bolzano, Italy. Michele.Larcher@unibz.it
collisional transport layer are discussed. The results are
analysed together with additional measured quantities
(discharges of mixture and grains, flow depth, bed slope
etc). Our major goal is to evaluate the distribution of
granular stresses across the transport layer with a special
attention paid to the interface between the transport
layer and the bed. Furthermore, comparisons are
discussed between the experimental results and
predictions produced by suitable kinetic-theory based
models for both mono-size (Capart and Fraccarollo,
2011; Berzi and Fraccarollo, 2013) and bi-modal
sediments (Larcher and Jenkins, 2015).

1. Introduction
Intense bed load transport is associated with flood
discharges in steep-slope mountain torrents and rivers.
The liquid- and solid phases interact in a complex way
within a bed load layer developed above a mobile bed.
Transported sediment grains are supported by mutual
contacts, primarily collisions, and by residual turbulent
uplift. It is poorly understood how the rheological
mechanisms interact and affect the distribution of grainrelated flow parameters in the transport layer and above
it. Poorly sorted mixtures add segregation issues and
further modelling challenges. Principles of granular
kinetic theory should serve to model such flows.

4. Conclusions
Results of the analysis of our experiments with intense
contact load at high bed shear confirmed an importance
of a proper identification of interfaces in the contactload flow. Also, they helped to identify flow conditions
and to employ kinetic-theory based predictive models.
The conditions are defined by interfacial values of grainrelated parameters and depend on distributions of the
granular parameters across the transport layer of the
contact-load flow.

2. Experimental work
We conducted a series of experiments in a laboratory
tilting flume to simulate intense bed load transport and
to obtain information about conditions in the transport
layer through local measurements of the grain-related
parameters (Figure 1). We used camera-laser based
measuring techniques (Spinewine et al., 2011). We
tested two fractions of lightweight sediment of different
sizes and looked at both mono-size- and bi-modal
sediment transports.
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Figure 1. Typical measured distributions of granular
velocity (o), concentration (x) and temperature (+) in
flow with developed transport layer at high bed shear.
Horizontal lines show observed positions of flow
interfaces (top of bed, bottom and top of collisional
layer, water surface).

3. Analysis and Discussion
In the paper, the experimental distributions of granular
velocity, concentration, and temperature across a
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1. Introduction

2. Figures

Peruvian Amazon is characterized by presence of
meandering rivers. Dynamic of this kind of river include
its constant change of course and their morphology is
sinuous; then, scour, future erosion and floods are less
important than patterns of evolution because these could
convert a port city in a mediterranean city, like Caqueta
in North East of Ecuador, or could affect infrastructure
like the case of Madre de Dios river which is
approaching to the Interoceanic Highway in the zone
called La Pastora.
With the objective of stop the erosion progress, in the
meander bend were built some semipermeable bendway
weirs. They had been selected as the best solution from
the experiments in physical and 2D-hydraulic models.
Figure 1. Pastora Meander bend, Interoceanic highway
and Puerto Maldonado city

Two years after being operating, with the chance of
happening two droughts and floods, the present paper
have the main focus of the development of an integrated
geomorphological and engineering evaluation of the
performance of semipermeable bendway weirs in the
river at flood stage.
First of all, we had elaborated the multiscale analysis of
the complete meander since 1984 to 2014, with the
intention of characterize the bend of the river.
Subsequently, field data were collected along the
Pastora meander bend on Madre de Dios river and also;
measurements of velocities and sediments during a flow
event were collected.
As a result, we could understand the flow performance
and suggest some recommendations to improve the
bendway weirs implemented.

Figure 2. Shift of Pastora meander bend between 1984
to 2004 years.

Figure 3. Upstream view of semipermeable bendway
weirs
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1. Introduction
Confluence of rivers is a ubiquitous characteristic of
fluvial systems (see Figure 1). Research has been
focused mainly on the hydraulic behaviour, sediment
transport and bed morphology, (Gutierrez et al. 2014).
However, another aspect to consider is the bank
migration. Particularly in meandering rivers, migration
produces changes in position of the confluence point
(See Figure 2). Research needs to be done to gain
understanding on the planform morphologic processes
involved in the confluence of active migrating rivers.
Figure 2. Confluences where there is evidence that the
junction point is changing on time.

3. Conclusions
Considering as only parameter the flow discharge
distribution in the tributaries, with the same slope in the
floodplain first results show that as the difference of
flow discharge between tributaries tends to increase the
magnitude of the angle of confluence. However, more
simulations are being carried out to corroborate or refute
this first finding.

Figure 1. Confluences identified in a zone of the Upper
Basin of the Amazon River. meandering rivers,

2. Methods
Two research questions have been formulated: 1) what
is the pattern of migration of meandering river
confluences related to the geomorphic and hydraulic
characteristics of the rivers? 2) what interactions are
identified in the rivers, upstream and downstream the
confluence caused by junction migration?
Several parameters may influence the temporal planform
evolution of meandering river confluences such flow
discharges, slope, width of the floodplain, sediment load
in the tributaries, among others (See Figure 4).
A synthetic case is formulated considering as parameter
to analyse the discharge in tributaries and keeping
sediment and slope constant for channels to analyse the
effect of different flow distribution in the tributaries.
Numerical modelling is carried out with the module
Meandre of the Telemac-Mascaret System is utilized to
model bank migration. Meandre has as one of the
methods to compute bank erosion the Partheniades
formula (Langendoen et al. 2016).

References
Gutierrez, R.R., Abad, J., Choy, M., Montoro, H.,
(2014). Characterization of Confluences in Free
Meandering Rivers of the Amazon Basin,
Geomorphology, Vol. 220, pages 1-14.
Langendoen, E., Mendoza, A., Abad, J.D., Tassi, P.,
Wang, D., Ata, R., El Kadi, K., Hervouet, J.M.,
(2016).
Improved
Numerical
Modeling
of
Morphodynamics of Rivers with Steep Banks,
Advances in Water Resources, Vol. 93, Part A, pages
4-14

220

Stationary alternate bars from theory
P. Mewis1
1

Department of Civil and Environmental Engineering, TU Darmstadt, Germany. mewis@wb.tu-darmstadt.de

1. Introduction

Figure 1 shows the plot for the experiment of Tubino
(1991). Growth rates are plotted for the unstable region
starting from zero and produce the rounded lines in the
plot. In the same plot the real part of the angular
frequency ωr giving the propagation speed c after
multiplication with the wave length L is given. Figure 2
shows the same growth rate plot for the experiment of
Andersen, Parker and Woods (1975). Here the
intersection of the two grey lines is very close to the
zero speed line! The difference between the two
experiments are grainsize, the discharge and flow depth.
The sediment is close to the beginning of motion.

Alternate bars are thought to always propagate in the
downstream direction. Different experiments and
theoretical investigations have been published where the
propagation speed was always positive. Bars are seen as
the trigger for river meandering. But it is still a mystery
how the permanently propagating bars may transform
the river into a meandering river. However the
laboratory experiment of Anderson, Parker and Woods
(1975) seem to indicate that bars may propagate at a
very low speed!

2. Comparison with experiments
0.0005

0

8

3. Modified Tubino experiment

0.0004
0.0003
0.0002
0.0001
5e-05
0

Tubino’s experiment is modified by increasing the grain
size to 1.8 mm. The hydraulic parameters are not
changed. The grain size was chosen as large as possible
to reach conditions very close to the beginning of
motion. The resulting growth rates are plotted in Figure
3 that looks much closer to figure 2 with respect to the
shape of the isolines. The propagation speed is
substantially reduced. If the flume would have half
width stationary bars would be predicted, as indicated by
the lines in figure 3.
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Figure 1. Growth rates for the case of Tubino’s (1991)
experiment ω [s-1] over the long-channel wavenumber
kx [m-1] and the cross-channel wavenumber ky [m-1]. The
horizontal line indicates the width of the flume. The
vertical curve connects the maximum growth rates. The
intersection gives the theoretical bar length L of 3.3 m
that compares well with observed 3.4 m. The real part of
the angular frequency is drawn by the diagonal lines. It
gives the theoretical propagation speed of 5.9 m/h after
multiplication with L.
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Figure 3. Growth rates as in figure 1 for the modified
Tubino (1991) experiment.

4. Conclusions

The results of the study indicate the possibility that
stationary bars in rivers exist. Using the linear stability
analysis one experimental result with stationary bars is
reproduced. Moreover for the experiment of Tubino
(1991) the parameter set was altered in a way that
stationary bars would be forecasted.
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Figure 2. Growth rates as in figure 1 for Andersen,
Parker and Woods (1975). The intersection gives the
theoretical bar length of 2.1 m that is a bit less the
observed 3.0 m. The theoretical propagation speed of
0.1 m/h compares well with the observed 0.22 m/h.
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exception made for the areas where free surface
roughness exhibit wave heights greater than the
wavelength of the electromagnetic signal of SAR, which
causes a low land-water contrast. Therefore, the
obtained masks of water surface are discontinuous in
space (Figure 1). Nevertheless, the dataset of time
evolution of the channels allowed for exploring the
relationships between morphological changes and the
discharges occurred in the 8 years of observation. For
any time interval between two consecutive images, an
index of "intensity" of morphological activity was
estimated. The relationship between the intensity index
and different possible controlling factors, such as the
maximum daily discharge of the interval and the number
of days in which the discharge overcame a given
threshold, was investigated.

1. Introduction
Satellite remote sensed data provide the opportunity of
observing rivers with high resolution in space and time
and covering wide areas. For this reason, such data have
been widely used to monitor river morphological
changes in time (Marcus and Fonstad, 2010). In this
study we propose the exploitation of satellite synthetic
aperture radar (SAR) data. Although SAR data have
been so far poorly used for river observation they have
significant advantages over more widely used data such
as for example optical one: cloud cover do not influence
earth surface observation, the spatial resolution is very
high (up to 1m) and the time resolution is also very high
(about 15 days). In this study we retrieved from a multitemporal SAR dataset the surface covered by water, we
tested the results against orthophotos and in situ
measurements and observed the river morphological
change in a time interval of 8 years with an average
frequency of about one month.

2. Extraction of water surfaces from SAR data
A case study on the Italian River Orco (Piemonte) was
developed. In the studied reach of 35 km, from Cuorgnè
down to the confluence in the Po River, Orco is a
wondering river with a mean slope ranging between
1,03% and 0,31% and a mean width ranging between 85
m and 200 m. A set of 100 COSMO-SkyMed stripmap
images (resolution 3 m) from Italian Space Agency was
employed. The images were acquired between October
2008 and December 2016; the dates of the acquisition
were selected carefully in order to have images soon
before and soon after relevant flood events. All the data
were acquired with medium look angle (almost 30°) and
HH polarization for increasing the land-water contrast.
Due to the very low back signal from water surfaces,
these areas can be distinguished in black in the SAR
images (Figure 1).
All the images were processed in order to calibrate,
register and reduce the speckle effect. Moreover, the
optimal weighting multi-temporal De Grandi filter was
adopted to allow an effective extraction of the water
surfaces contour (Mitidieri et al. 2016). This method
was applied to automatically extract water contours over
the entire historical series of SAR datasets available.

Figure 1. SAR image (left) vs Water surface automated
extraction (right)

3. Conclusions
The opportunity given by the high spatial and time
resolution of satellite SAR data was used to obtain
frequent observation of channel morphological changes
and to investigate the relation between such changes and
the controlling discharges. It resulted that both the
maximum observed discharge and the number of days in
which the discharge overcome a given threshold are
highly correlated to the intensity of the morphological
changes in a time interval.
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2. Results and discussion
The water surfaces derived from SAR images were
compared to the ones derived from orthophotos (taken at
a time close to the SAR acquisition) and in situ
measurements (performed at the same time of a SAR
acquisition). The comparisons showed that the water
surface can be trustworthy extracted by SAR images,
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where βbank is abrasion coefficient of bedrock bank,
Lbank is an estimate of distance of the boundary layer
over which the transverse bedload rate decreases to zero
at the bank, nR0, nL0 are axis values for both banks, qbn is
the lateral bedload transfer rate as introduced by Inoue
(2015).

1. Introduction
Kinoshita type meanders were first observed in Japan.
Kinoshita meanders are a common sight in high
curvature, high amplitude alluvial bends (Parker 1983).
Despite its commonality, literature exploring Kinoshita
meanders is very scarce. Also, if similar phenomena like
kinoshita meander happens in Bedrock channels or not,
is unknown. In this paper, we have made an attempt to
explore the type of skewness alluvial and bedrock
meanders manifest during their migration.

3. Results
(a)

2. Numerical Model

(b)

2.1 Alluvial Model
Erosion in alluvial meanders is simulated using the
model proposed by Parker et al (2011) and implemented
by Asahi et al (2013). Accumulation in alluvial
meanders is calculated by defining a parameter fland. If
fland is equal to 1, this means land accretion is occurring
in all of the rarely submerged area. If fland is equal to 0,
this means that no land accretion occurred. An area is
treated as dry and removed from calculation grid when
the water depth drops below minimum water depth (hmin)
and continues to stay below minimum water depth. The
inner bank is removed from the grid, calculated as
multiple of fland with width of dry area. As it is difficult
to define fland, in this calculation fland is set as 0.3 as used
by Asahi (2014).

t

2
2
  bed qbs  qbn 1  pc 

4. Conclusions

Alluvial meander’s bend tends to tilt in the direction of
upstream which is in contrast to Bedrock meanders, in
which the bend tilts towards the downstream of the
channel.
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where ηb is elevation of bedrock layer, βbed is abrasion
coefficient of bedrock-bed, qbs is sediment transport rate
per unit width in streamwise direction and qbn is
sediment transport rate per unit width in transverse
direction.
Bedrock wall erosion is calculated by lateral bedload
transport rate.
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Figure 1. (a) Bedrock channel (b) Alluvial channel

2.2 Bedrock Model
Bedrock bed erosion is calculated as:
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eddies with positive and negative vorticity and an
intermittent sense of rotation. However, because of the
different velocities across the mixing interface,
secondary streamwise oriented vortical cells will be
formed and produce a scour hole at the inner bank of the
main channel. The mixing processes in this case may
take quite a distance downstream of the junction, to be
happened.

1. Introduction
The flow structure at river confluences is a complex
pattern of fluid motion and can be characterized by the
formation of secondary circulation. As river confluences
play an essential role on flow hydrodynamics and
control the movement of sediment through river
networks, there was an increase in the attention given to
this subject during recent decades. However, there is
still much debate over how momentum ratio and
sediment transport can control secondary circulation and
mixing processes. The secondary circulation is formed
by streamwise oriented vortical cells. These cells are
produced by the convergence of surface flow in to the
center of the main channel, which provides a descending
motion through the bed. Once flow arrives to the bed, it
converges and completes its rotation by an upwelling
motion through the surface (Bradbrook, K. F., Lane, S.
N. and Richards, K. S. 2000). This flow motion shapes
the channel bed and forms a scour hole. 3-D secondary
circulation numerical models as well as laboratory
experiments have been confirmed by field
measurements in river confluences with momentum
ratio close to one but there is a lack of investigation in
those, with low momentum ratio and the effect of
sediment transport on the formation of secondary
circulation.

This field investigation provides a reliable dataset which
is used to simulate flow structure and mixing processes
under a wider range of forcing conditions, to validate or
modify existing numerical models.
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This study shows field investigations in two upper
Rhône river confluences in Switzerland, using an
acoustic Doppler current profiler (aDcp). These two
confluences are characterized by low momentum ratio
and different sediment transport rates. Results show that
the rate of sediment transport plays an important role in
the formation of secondary circulation and mixing
processes and confirm that where the rate of sediment
transported from the tributary to the main channel is
high, the formation of the bed discordance at the mouth
of the tributary is evident. This discordant bed forms a
two-layer flow and the water from the tributary
penetrates at the upper part of the water column, into the
main river. This results a mixing interface which is
shifted toward the outer bank. When this mixing layer
detaches from the outer bank, it forms a large
recirculation region at the upper part of the water
column and a pronounced scour hole at this bank. In
contrast, a low rate of sediment transported from the
tributary into the main river leads to a bigger stagnation
zone at the upstream junction corner. This point bar acts
as an obstacle and produces two separated shear layers
within the mixing zone at the inner bank of the main
channel. These shear layers detach downstream of the
junction apex and induce the alternate shedding of
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1. Introduction

Therefore, the bedload transport rate can either increase
or decrease depending on the balance between the slope
of the bed and the pressure gradient at the bed. In the case
where the local slope is inclined up to the angle of repose,
the direction of the resistive force due to the pressure gradient is completely opposite to the direction of the gravity
force. Thus, the pressure gradient reduces the sediment
transport at the lee side of the dune.
Figure 1 shows the neutral curves of the growth rate, Ω, as
a function of the wave number, α, and the Froude number,
F. From the figure, accounting the gravity effects and
pressure gradient in the bedload transport formula causes
the unstable region of the perturbation to expand (Ω >
0). However, if only the effect of gravity is taken into
consideration, the unstable region becomes smaller.

Linear stability analysis has been applied to investigate
the formation of dunes. Fredsøe (1974) has shown the
effect of gravity in the stability of dunes by deriving a
bedload transport formula including the effect of gravity
on an inclined bed. Kovacs and Parker (1994) also proposed a vectorial bedload transport formula for slopes up
to the angle of repose. Previous studies regarding sand
dune formation failed to include the effect of the resistant force due to the pressure gradient on the dune bed.
Moreover, the relationship between the effect of gravity
due to the local slope and pressure gradient at the bed is
not considered in the analysis of bed stability.
In this study, a bedload formula incorporating the effects
of local slope and pressure gradient is formulated. The
effect of these parameters on bed formation is investigated
in terms of linear stability analysis.

2. Formulation
The flow in open channel is described by the twodimensional Navier-Stokes equations. In the flow model,
the Reynolds stress tensor, Ti j, (i, j = x, y), is expressed
using the mixing-length model. The governing equations
are further simplified using the stream function, ψ(x, y).
In order to derive the bedload transport equation including
the effect of the local slope and the pressure gradient, a
force balance on a sediment particle and the bedload layer
was performed. The forces acting on both the particle
and the bedload layer are the gravity force, drag force,
Coulomb resistive force, and the resistant force due to the
fluid pressure. Assuming equilibrium among these forces,
the particle’s velocity, v p , and the volume of particles in
the bedload per unit area, χ, were obtained.
Base state solutions were obtained analytically by substituting the variables in the base state into the governing equations and boundary conditions. Perturbations are
imposed on the base state solution and substituted back
into the governing equations. An eigenvalue problem was
obtained from the perturbation equations and a spectral
collocation method using Chebyshev’s polynomials was
employed in order to solve the eigenvalue problem.

Figure 1. Instability diagrams of sand dunes at different
bed conditions

4. Conclusions
Results show that accounting both gravity effects and
pressure gradient causes the region of dune formation
to expand in the range of large wavenumber and Froude
number. It can be considered that because of the pressure
gradient, the effect of gravity due to the local slope factor
in the bedload transport formula is reduced.

3. Results and Discussion
The derived bedload transport formula represents the balance between the effect of gravity due to the local slope
and the resistive force brought by the pressure gradient at
the bed. It can be observed that a positive tangential pressure gradient at the bottom of the bed results to a smaller
particle velocity and a decreased particle volume in the
bedload layer. The decrease in magnitude of these two parameters leads to a decrease in the bedload transport rate.
On the other hand, a significant increase in the mobility
of the bedload particle is seen as the bed slope increases.
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1. Introduction
It is projected that the global warming will cause
characteristic changes in temperature rise, sea level rise
and precipitation (IPCC, 2013). These characteristic
changes affect the sediment transportation from
mountains to coasts; for example, the characteristic
change of precipitation affects sediment yield, sediment
transport in rivers, and consequently sediment supply
from the rivers to the coasts. The decrease of sediment
supply from river to coast causes coastal erosion.
Furthermore, it was reported that sea level rise will
cause up to 90% of sandy beach loss in Japan in the
future (Udo and Takeda, 2014). It is necessary to
estimate the amounts of sediment supply from the rivers
to the coasts, however, an estimation method of
sediment
yield
considering
the
precipitation
characteristics has not been established in Japan.
In this research, we aim to estimate the sediment yield
all over Japan using RUSLE.

Figure 1. Spatial distribution of average annual
sediment yield using RUSLE from 2008 to 2014.

2. Methodology
The Revised Universal Soil Loss Equation (RUSLE;
Renard et al., 1997) is an erosion model designed to
predict the average annual soil loss carried by runoff
from specific field slopes. The annual soil loss is
expressed by a linear relation with the major erosion
factors such as rainfall, soil erodibility, slope length,
slope steepness, soil and crop management, and
supporting conservation as follows:
A = R K LS C P
(1)
where A is the mass of annual soil erosion [ton/km2
year], R is rainfall and runoff erodibility [kJ mm/ km2 h
year], K is soil erodibility [ton km2 h/ km2 kJ mm], LS is
slope parameter, C is soil and crop management, and P
is conservation practice-erosion inhibition factor.
We estimate the mass of annual soil erosion all over
Japan from 2008 to 2014. Here we assumed the mass of
soil erosion as the sediment yield and validated the
estimated value using the dam deposit data which is
assumed to be the actual sediment yield.

Figure 2. Validation of the sediment yield calculated
using RUSLE.
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3. Results
Figure 1 shows the spatial distribution of sediment yield
calculated using RUSLE. The sediment yield is larger in
the western part of Japan, especially near coastal areas
where R-factor is also larger.
Figure 2 shows that the sediment yield calculated using
RUSLE approximately corresponded with the actual
sediment yield.

4. Conclusions
This study estimated sediment yield all over Japan using
RUSLE. The results suggest that RUSLE is applicable
for estimation of sediment yield in a nationwide scale of
Japan.
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1. Introduction

Wang et al (1995) studied the stability of river
bifurcations theoretically in a nonlinear phase-plane
stability analysis. They represented the system
mathematically in one dimension by Chézy’s equation
for steady uniform flow, continuity equations for water
discharge and sediment load, a capacity-based sediment
transport predictor qs = mub and an empirical nodal point
relation Qs1/Qs2 = (Q1/Q2)k(B1/B2)1-k for the division of
sediment transport over branches 1 and 2 downstream of
the bifurcation. Here qs denotes sediment transport rate
per unit width, m is a coefficient, u denotes depthaveraged flow velocity, Qs denotes sediment transport
rate, Q denotes discharge, B denotes river width and b
and k are exponents. Physical realism requires p > 0 and
b > 3. River width was assumed constant in all river
branches. In further elaboration, Wang et al (1995)
simplified the nodal point relation into Qs1/Qs2 =
(Q1/Q2)k. The present abstract extends their analysis to a
system in which river width responds instantaneously to
discharge according to B = Q in the downstream
branches and according to B0 = 21- Q0 in the river
upstream. Traditional regime width predictors use =
0.5 whereas = 0 represents constant widths as in the
original analysis by Wang et al (1995). The factor 21- in
the relation for B0 conveniently arranges that the flow
depth of two identical bifurcated branches in the
equilibrium state equals the flow depth upstream, h0.
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R S
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R
S

S
R

rI equals zero. This yields

roots r1,2 = 2R ± 2S. As the roots are real, no periodic
solutions arise. At least one of the roots is negative,
representing stability, if R < 0. This corresponds to
k > – (1- )b/3. Any combination of k > 0 and b > 3
satisfies this relation as long as
½, which means that
the equilibrium or critical point can only be an
asymptotically stable node or an unstable saddle point,
not an unstable repeller. Unstable repellers do become
possible, however, for certain combinations of k and b if
> ½.
Assuming at least one root negative, the second root is
also negative if the determinant of the original equation
is positive: R2 – S2 > 0. The equilibrium or critical point
is then an asymptotically stable node. For = 0 this
leads to the original stability condition of Wang et al
(1995): k > b/3. For
= ½ the stability condition
becomes k > b(10b – 6)/(15b-9). This implies that more
combinations of b and k produce an unstable saddle
point and fewer combinations produce an asymptotically
stable node. Bifurcations in rivers with adjusting widths
are hence less stable than bifurcations in rivers with
constant width.

4. Discussion
The assumption of instantaneous width adjustment is a
simplification. In particular narrowing in response to
decreasing discharges may exhibit time lags. The
analysis is valid for assessing initial stability, because k
often changes as a bifurcation evolves.

5. Conclusions
The nonlinear phase-plane stability analysis of river
bifurcations by Wang et al (1995) has been extended to
rivers with adjusting widths. Bifurcations are found to
be less stable in rivers with adjusting widths than in
rivers with constant widths.

h1 h0
h2 h0
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R

(3)

The set of linear equations has nontrivial solutions if the

Sediment balances are formulated for the downstream
river branches by assuming a rigid lid at the water
surface and by assuming that erosion and sedimentation
are spread evenly over the bed area of a branch with
length L and width B. The nodal point relation governs
the input of sediment into each branch whereas the
capacity-based sediment transport predictor governs the
output. Linearization of the equations around the
equilibrium or critical point (h0, h0) results in temporal
evolution equations for flow depth, h, in the two
branches:

2

1 b

3. Solutions

2. Linearized set of equations

dh1
dt
dh2
dt
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b 3k
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1. Introduction

3. Preliminary results

Dam construction affects the discharge regime and
the sediment transport of rivers (e. g. Williams &
Wolman, 1984). Dams reduce the annual peak
discharges (Graf, 2006) and may store all sediment or
a large part of it. The downstream river reach adjusts
its morphology to the new conditions. This involves
changes in planform, slope, width, depth and
sediment characteristics through time.
The Ribb River is located in the North Western part
of Ethiopia where it drains to Lake Tana. A 73 m high
dam and a diversion weir 30 km downstream are
under construction to irrigate 15,000 ha of land
(WWDSE & TAHAL, 2007). The river reach
downstream of the dam is 77 km long. This part of the
river is strongly affected by flooding, pump irrigation,
sand mining and backwater effects from Lake Tana
and will be even more impacted by Ribb Dam
operations. Lake Tana level was regulated for
hydropower production at a higher elevation between
the years 1995 and 2001, at a lower elevation between
the years 2001 and 2010 and then to a higher elevation
again. Embankments have been constructed in the
lower part of the river for flood prevention.
The objective of this study is to analyse the effects of
the dam on downstream river bed topography and
channel alignment. This work presents the assessment
of pre-dam morphological trends of the river.

Downstream of the dam location, the Ribb is a
meandering river having a sinuosity of 1.75. The
slope ranges from 0.18% to 0.03%. In the last 46 km,
the river is characterized by a sand bed with D50
varying from 0.035 mm to 1 mm. The discharge
hydrograph at the Ribb Bridge shows that 88 % of the
flow occurs between the months of June and
September with a yearly average discharge of 15 m3/s.
The bankfull discharge of 115 m3/s has been
estimated based on the frequency analysis with a
return period of 1.5. However, field data show that the
bankfull condition occurs for higher values of the
discharge, namely 145 to 165 m3/s. Data show that the
river bed rose by 2.2 m and 0.7 m between 1980 and
1995 and between 1995 and 2010, respectively. One
of the reasons for high river bed aggradation between
the years 1980 and 1995 may be the occurrence of
new channel excavation (small-scale avulsion) 18 km
upstream of the gauging station. Satellite image
analysis shows that the Ribb River channel shifted 19
km upstream of Lake Tana forming a new outlet in
2008. This may be associated with Lake Tana level
variation as 50% of its effect already reached that
location in the year De Vries (1975).
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2. Methodology
The work involves new field data collection and
analysis as well as the study of past morphological
changes based on historical maps, satellite images and
aerial photographs. The time series staff gauge height
versus discharge data and bed level at the old
automatic water level measuring station near the Ribb
Bridge are used to determine river bed and levee
development at that location. The time scale formula
derived by de Vries ( 1975) is applied to analyse the
effects of lake level regulation on river channel
elevation along the river reach. The physics-based
numerical model MIANDRAS (Crosato, 1987) is
applied to compare the theoretical 2D equilibrium bed
topography with the observed one and to analyse
planimetric change trends. A solution of the De St
Venant equations for curved flow are used for the
mathematical description of flow velocity and water
depth. Planimetric changes are simulated assuming
that the lateral shift of the channel centreline is a
function of near-bank water depth and flow velocity
excess with respect to reach-averaged uniform flow.
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and mean values, coinciding with the modes. For P=2.5,
bedload and suspended load transport modes are equally
represented and particle motion is governed both by
turbulence and gravity (via settling velocities).
Consequently, measured excursion lengths exhibit a bimodal distribution with two distinct peaks. As turbulent
fluctuations increase and dominate the particle motion
over gravity, distributions of excursion lengths return to
unimodal and become negatively-skewed with mean
values deviating from the modes.

1. Introduction
Dunes are common bedforms in sand bed rivers and
estuaries. During floods in several rivers (e.g., the
Elkhorn, Missouri, Niobrara, and Rio Grande), dunes are
observed to grow rapidly as flow strength increases,
undergoing an unstable transition regime, after which
they are washed out in what is called upper stage plane
bed. This morphological evolution of dunes to upper
stage plane bed is the strongest bed-form adjustment
during time-varying flow and is associated with a
significant change in hydraulic roughness and water
levels (Nelson et al., 2011; Van Duin, 2015).
Much work has been done historically and recently to
understand and quantify dune morphology and dune
evolution. A majority of these studies has focused on
dune morphodynamics under relatively low flow
conditions with saltation being the dominant mode of
sediment transport. Dune transition to upper stage plane
bed, however, is associated with sediment transport that
occurs predominantly in suspension (Naqshband et al.,
2014). In addition, the distribution of suspended grain
travel distances (excursion lengths) are expected to play
an important role in determining dune morphology and
dune transition to upper stage plane bed (Naqshband et
al., under review).
In contrast to saltating grains that hop over relatively
short distances close to the bed (up to hundreds of grain
diameters), grains in suspension travel much larger
distances, once they are picked up from the bed
(typically several meters in flumes, and potentially up to
hundreds of kilometres in natural rivers). This makes
direct measurements of suspended grain motions very
challenging. Therefore, empirical relationships between
suspended grain travel distances (excursion lengths) and
flow conditions remain largely unexplored. In the
present study, we were able to quantify the exact motion
of suspended grains and their travel distances by using a
series of 8 video cameras. Experiments were carried out
in a recirculating plexiglass flume at the University of
Wyoming (Figure 1).

Figure 1. Experimental set-up of the Plexiglas flume
(top) and installed series of 8 synchronized video
cameras recording travel paths of fluorescent painted
particles under black light (bottom), after Naqshband et
al. (under review).
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Preliminary results
Our measurements of particle motion over a fixed, flat
bed showed that excursion lengths increase with
increasing flow strength (decreasing Rouse numbers P).
Furthermore, distributions of excursion lengths are
observed to become wider with decreasing Rouse
numbers. For relatively high Rouse numbers indicating a
bedload dominant transport regime, measured excursion
lengths closely follow a Gaussian distribution, with
distributions being symmetric around their mean values,
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1. Introduction

appreciably between channels.
The bed morphology did not substantially change over the
course of an individual hydrograph (Figure 1a - 1c). The
overall amplitude of the bars that developed during unsteady flow runs was similar to that of bars that developed during constant flow runs (Figure 1d), but the bars
in the constant discharge run are located slightly upstream
of those from the hydrograph runs, and the bar tops are
not as flat.
During the hydrograph runs, the bed-surface grain size
exhibited more dynamism than the bed topography (Figure 2a - 2c). As the discharge increased during the
rising limb of the hydrograph, zones of fine sediment
expanded and then shrank, while coarse zones became
slightly wider at peak discharge.

Meandering gravel-bed rivers tend to develop point bars
on the insides of their bends. The surface of these bars
tends to be fine grained, while the adjacent pools tend
to be coarse grained, a phenomenon generally thought
to be due to curvature-generated helical flow patterns.
Here, our objectives are to build upon this understanding by systematically exploring how channel curvature
and unsteady flow affect patterns of bed topography and
bed surface sorting in meandering channels. We do this
by conducting a series of numerical experiments using a
two-dimensional morphodynamic model where we supply steady and unsteady flows to channels of varying curvature and compare the equilibrium topographic and sorting patterns.

2. Methods
We conducted numerical simulations with the twodimensional morphodynamic model Nays2DH, which is
included in the iRIC suite of models (Nelson et al., 2016).
Simulations were performed for meandering channels
with centerlines that follow a sine-generated trace, with
crossing angles ranging from 0◦ (straight) to 40◦ . The
channels have a constant width of 1.35 m, and consist of
six complete meander wavelengths of 12.15 m, as well as
3-meter-long straight entrance and exit reaches. The sediment mixture in the models was a unimodal distribution
ranging from 1 mm to 8 mm, with a D50 of 4 mm and geometric standard deviation of 1.6. Water discharge (Qw )
was either held constant at 0.07 m3 /s or was a repeated triangular hydrograph linearly varying between 0.0026 and
0.13 m3 /s and back over 1800 s.

Figure 2. Mean surface grain size, for the channel with
crossing angle ω = 20◦ . (a) - (c) are from the unsteady
flow run ((a) Qw = 0.026 m3 /s, (b) Qw = 0.07 m3 /s,
Qw = 0.13 m3 /s) and (d) is from the constant-discharge
run (Qw = 0.07 m3 /s).

4. Conclusions
Our numerical simulations suggest that meandering channels can quickly adjust to unsteady flow conditions by adjusting the bed surface grain size while leaving bar morphology largely unchanged. The next step will be to see
how these channels accommodate changes in upstream
sediment supply, which we plan to address with ongoing
numerical modeling and flume experiments.
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Figure 1. Elevation change from an initially flat bed, for
the channel with crossing angle ω = 20◦ . (a) - (c) are
from the unsteady flow run ((a) Qw = 0.026 m3 /s, (b)
Qw = 0.07 m3 /s, Qw = 0.13 m3 /s) and (d) is from the
constant-discharge run (Qw = 0.07 m3 /s).
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3. Results and Discussion
All simulations conducted in meandering channels developed point bars downstream of the apex of the inner bend.
In general, as the crossing angle ω increased in the constant discharge runs, the amplitude of the point bars increased, but the bed surface sorting patterns did not differ
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the non-dimensional concavity and fining as a function
of the non-dimensional time. For all the rivers,
regardless their size, morphometry and input of water
and sediments, the model confirms that the evolution
presents three phases: first, a relatively short adaptation
phase following the orogeny; second, a much longer
phase of quasi-equilibrium, characterised by the
concavity and fining in the present conditions; third, an
even longer phase of slow evolution towards the
theoretical equilibrium conditions of the river (uniform
slope and uniform granulometry, corresponding to an
hypothetical constant input of sediments and water from
the watershed slopes).
It is interesting to note that the grainsize sorting plays a
fundamental role in the long-term evolution of other
sedimentary systems, besides the alluvial rivers. For
instance, tidal lagoons with negligible water-and
sediment-input from inland, like the Lagoon of Venice,
generally present a negative spatial gradient in the
inland direction of both the time-averaged sediment
concentration
and
the
granulometric
bottom
composition. However, in the hypothesis of sediment
fluxes controlled by intertidal dispersion, the presence of
a gradient cannot represent a real equilibrium condition.
In fact, in analogy with the alluvial rivers, the actual
tidal lagoons correspond to a quasi-equilibrium
condition. And, like the rivers, they will evolve, at an
extremely long time-scale, towards a theoretical
equilibrium condition represented by a uniform
sediment concentration and bottom granulometry. This,
again, under the assumption that the external forcing (in
this case the conditions at the sea boundary) will remain
constant in time (Bonaldo and Di Silvio, 2013)

1. Extended abstract
A long-standing question of fluvial morphology is the
typical configuration of rivers exhibiting (apart from
possible lithological discontinuities) a concave profile
associated to a granulometric fining in the downstream
direction. Neglecting the (rarely plausible) abrasion
phenomenon, the accepted description for such a
configuration is represented by the structure of any
transport formula, indicating - for a given water and
sediment discharge - a direct relationship between the
sediment grainsize and the bottom slope. However,
while this relationship is compatible with the overall
mass balance of sediments along the river, it doesn't
satisfy the continuity of each single grainsize fraction in
morphological equilibrium conditions. Indeed, as shown
by experiments in laboratory flumes, a concave and
progressively finer bottom profile tends eventually to
evolve towards a uniform slope and a uniform grainsize
composition.
Although perforce in non-equilibrium, the ordinary
concave profile and fining granulometry of rivers show
an extremely slow evolution at historical and even
geological scale, namely a quasi-equilibrium
configuration.
The modelling of this evolution needs a simplified
approach, which should address the involved physical
processes to ensure a reliable estimation of grainsize
classes movements along rivers at basin scale, assuring,
at the same time, a reduced computational effort. In the
present work, a physically-based, 0-D, two-reaches,
two-grain-size hydro-morphological model (Franzoia,
2014) is presented, describing the simplifications
adopted and highlighting the importance to study the
long-term evolution of river basins. This modelling
approach gives reason of the extremely slow evolution
of alluvial rivers and provides a quantitative approach to
evaluate their response time to changing boundary
conditions. Differently from previous 1-D formulations
applied by the same authors (Di Silvio and Nones,
2014), the response time appears here to be affected,
among others, by the grain-size composition of the
sediment input.
The model is applied to many watercourses to evaluate
strengths and weaknesses in reproducing the long-term
evolution of real alluvial rivers, and to point out the
fining processes that affect sediments during their path
from the mountain slopes to the sea or the lagoon.
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2. Conclusions
The model points out the basin-scale long-term
evolution of two significant morphological quantities:
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Information regarding floodplain, like size of sediment
in the floodplain, type of vegetation, etc. was also
collected. Similar behaviour of rapid formation of
alternate bars and meanders is observed in laboratory
scale experiments, where hydraulic conditions like
length and width of channel, discharge, etc. are of much
smaller scale. A laboratory scale study in the past has
explored a similar behaviour of formation of alternate
bars and meanders, given the bed and bank materials are
same size and the discharge is constant (Parker and
Andres, 1976).
This is the first time such a swift change in a real
river’s path is observed. In this study, we investigate and
present the rapid formation of alternate bars and sine
curves in Otofuke river.

1. Introduction
As alluvial rivers migrate, bank erosion and sediment
deposition plays a crucial role in defining the landforms
(Iwasaki et al. 2012). There are various factors
influencing the path of a river, listing a few: vegetation,
sediment size, sediment availability, discharge, flood
events, etc. In this case study, we present data collected
using drones, as well as field survey to record and trace
an expeditious meandering event of Otofuke river in
Japan. The prominent cause of this shift in the channel’s
path was the numerous flooding events, occurring within
a span of 14 days.

2. Otofuke River

Flow

Otofuke River is located in Tokachi prefecture of
Hokkaido, Japan. It is a tributary of Tokachi River. A
distinguishing feature of this river is its steep slope and a
wide channel width. In 2016 August, the river witnessed
three major flooding events with a record breaking water
and sediment discharge, within a time span of as short as
14 days. The frequent flooding events lead to a quick
shift in the river’s path. Otofuke River has a single
thread straight channel, caused by dam and embankment
constructions. However, due to recent frequent flooding,
combined with the higher aspect ratio feature of the
river, the river promptly followed a sinusoidal path
damaging the river bank embankments. Figure 1 shows
the river bank embankments of the river channel marked
by dotted black lines. It is explicitly shown in the figure
that the straight channel of Otofuke river faced active
erosion of the banks leading into a significant migration
in the path of the channel. This also led to damage of
bank embankments and inundation of the floodplain. In
order to understand the mechanism of river embankment
destruction, it is important to understand the complex
interaction between vegetation in the floodplain,
bedform of the river, bank erosion and sediment. Also, it
is inevitably crucial to understand the effect of unsteady
discharge.

Dotted lines
showing the
original path
of the river

Figure 1. Otofuke river after multiple flooding events.

3. Conclusions
The rapid change in path of Otofuke river in Japan was
investigated and presented in this study. This is the first
time a river channel has shown such swift formation of
meandering and alternate bars.

2.1 Data collection
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1. Introduction
River contractions typically occur as a result of either
natural restraints (e.g. landslides, debris accumulations,
longitudinal bars, confluences) or hydraulic works (e.g.
bridge embankments, lateral banks, spur dikes). In case
of subcritical flows, the flow velocity increases through
the contraction reach and scouring processes and bed
degradation can develop. Straub in 1934 was probably
the first to suggest a one-dimensional model for long
contractions based on the DuBoys’ transport formula
and the Manning’s equation. Many equations have been
suggested afterwards, most of which were derived from
Straub’s approach (e.g. Komura 1966; Gill 1981). More
recently, Dey and Raikar (2005) considered long
contractions with uniform and non-uniform sediments.
They provided the experimental data for 131 runs under
clear-water scour. However, the available experimental
data to support the existing predictive models are still
limited and, more importantly, the majority of literature
studies focuses on the maximum scour depth lacking a
more detailed characterization of the bed morphology.
Based on several experiments at laboratory scale, this
paper aims to provide new insights on the spatial and
temporal changes of the bed morphology with emphasis
on: the local scour at inlet contraction, morphological
features of the thalweg line that typically develops along
the channel axis, and the potential bed degradation
downstream of the contracted region.

Figure 1. (Top) Free surface characteristics for a run
with long contraction. The direction of the flow is from
the bottom to the top; (bottom) bed forms at the
contraction inlet at the earlier stages of the same run.
The direction of the flow is from left to right.

3. Analysis of data and Conclusions
Experimental observations revealed that the channel
contraction would induce a single thalweg line that
normally develops along the channel axis, and could
extend significantly downstream of the contracted
region for a length up to three times the contraction
length mainly depending on the approach densimetric
Froude number Fd and the relative submergence h/d50,
with h approach flow depth. Moreover, the thalweg line
tends to be deeper as the contracted reach is longer, and
this facet has not received much attention in literature so
far. Also the magnitude of the scour holes at the
contraction inlet would amplify as the contraction length
increases, and this effect could be explained by the
interaction between the local and contraction scour
phenomena. Finally, based on multi-regression analysis
straightforward equations are proposed in terms of
governing dimensionless parameters to predict the
temporal development of the main morphological
patterns.

2. Experiments
Experiments were carried out at University of Basilicata,
Italy, in a 1 m wide and 20 m long rectangular channel.
The working section was up to 16 m long depending on
the contraction model length. Two nearly-uniform bed
materials were tested, sand with median grain size
d50=1.7 mm and gravel with d50=9.0 mm. The sand was
used to simulate transition conditions in the field at the
interface sediment-water while the gravel hydraulically
rough conditions, according to the Shields’ diagram. The
contraction model was made of three parts. The middle
one was straight-lined and either 0.5, 1.0, 2.0, or 3.0 m
long, entrance and outlet parts were almost streamlined
to minimize energy losses and reduce local scour effects.
Three contraction ratios β= b/B=0.9, 0.8, and 0.7 were
tested with b width of the contracted reach (in its middle
part) and B width of the uncontracted approach channel.
All the experiments were conducted under initial plane
bed, steady flow, and clear-water approach flow. Runs
typically lasted some days to achieve well-deepen bed
morphologies, but runs of short duration (few hours)
were also carried out to obtain reliable experimental data
at the earlier scour stages. A total of 22 runs were
performed. Figure 1 shows free surface characteristics
for a run with long contraction and the observed bed
forms at the contraction inlet at the earlier stages of the
same run.
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shaped differently (i.e., straight and arch-shaped). Both
hydraulic conditions and downstream water level effects
on scour morphology were investigated. Furthermore,
preliminary tests were conducted under constant
discharge, allowing for the estimation of the reference
values of the main scour characteristics, i.e., zmax
(maximum scour hole depth) and ls (axial scour hole
length). In addition, the scour evolution was also
monitored, by measuring the maximum scour depth at
different instants (zmax(t)) from the test beginning. Once
the reference tests had been performed (i.e., tests under
constant discharge), experiments were repeated varying
the inflow conditions, i.e., under unsteady flow
conditions, keeping the peak discharge equal to that of
the corresponding reference base tests. This
methodology allowed for a direct comparison of the
obtained equilibrium morphologies revealing both the
similitudes and differences due to different inflow
conditions.

1. Introduction
The analysis of scour mechanism downstream of gradecontrol structures is one of the most important topic for
a river engineer. Grade-control structures are generally
used to control sediment transport and at the same time
they are able to create suitable conditions for fish
species. The conjugation of these last two aspects is one
of the main problems that in the last decades have
become more and more significant due to the increasing
sensibility for environmental sustainability. Therefore,
beside of the traditional concrete grade-control
structures, low-environmental impact structures (e.g.,
block ramps, rock weirs, W-weir, J-hook, rock sills, etc.)
have become more and more popular. This occurrence
led scientists to develop strategies and find criteria to
correctly design such type of structures. In particular,
hydraulic engineers’ efforts aimed to understand the
complex hydraulic functioning of structures made of
stones and to provide relationships by which it could be
possible to foresee the main lengths of the equilibrium
scour morphologies (among others, Bormann and Julien,
1991; D’Agostino and Ferro, 2004; Pagliara and
Palermo 2013; Pagliara et al., 2016). They showed that
the scour geometry mainly depends on the following
parameters: structure geometry, hydraulic conditions,
channel bed configuration and stilling basin material.
Furthermore, they showed that rock-structures generally
determines advantages in terms of energy dissipation,
i.e., the dissipative mechanisms are different from
traditional concrete structures (e.g., dams or check
dams), resulting in an increase of the energy dissipation
for identical hydraulic conditions. Nevertheless, all the
mentioned studies are relative to steady flow conditions,
i.e., to the authors’ knowledge there are no studies in
literature dealing with the analysis of the scour
morphology evolution under unsteady flow conditions in
the presence of low-environmental impact structures.
Therefore, the aim of the present paper is to compare
and discuss both the scour evolution and the equilibrium
scour morphology downstream of rock sills (both
straight and arch-shaped), by putting in evidence the
similitudes and differences characterizing the final scour
configurations due to unsteady flow conditions and
steady flow conditions (i.e., under constant discharge
equal to the peak discharge of the respective unsteady
cases).

3. Conclusions
The experimental evidences allowed to establish that
equilibrium scour morphology under unsteady flow
conditions can exhibit substantial similitudes with the
corresponding morphologies obtained under steady flow
conditions when the total hydrograph duration is enough
long. Namely, it was observed that there is a minimum
time for the peak discharge to occur in order to get the
same equilibrium morphology of an event with constant
discharge equal to peak discharge.

References
Bormann, E., and Julien, P. Y. (1991). Scour
downstream of grade control structures. J. Hydraul.
Eng.-ASCE 117: 579-594. doi: 10.1061/(ASCE)07339429(1991)117:5(579).
D’Agostino, V., and Ferro, V. (2004). Scour on
alluvional bed downstream of grade-control
structures. J. Hydraul. Eng.-ASCE 130: 1-14. doi:
10.1061/(ASCE)0733-9429(2004)130:1(24).
Pagliara, S., Mahmoudi Kurdistani, S., Palermo, M., and
Simoni, D. (2016). Scour due to rock sills in straight
and curved horizontal channels. J. Hydro-environ.
Res. 10: 12-20. doi: 10.1016/j.jher.2015.07.002.
Pagliara, S., and Palermo, M. (2013). Rock grade
control structures and stepped gabion weirs: scour
analysis and flow features. Acta Geophys. 61: 126150. doi: 10.2478/s11600-012-0066-0.

2. Experimental set-up
Experimental tests were conducted in a dedicated flume
in which different rock sills were located. Namely, the
adopted rock sills were made of crushed stones and
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both the water level and bed morphology were surveyed
when the scour equilibrium morphology was reached.

1. Introduction
Hydraulic jump is an important phenomenon which
usually occurs in correspondence with hydraulic
structures. Its features should be carefully analysed due
to its capacity to dissipate a huge amount of energy,
which can eventually lead to a collapse or serious
damage of the structure. Therefore, this phenomenon has
received a particular attention (Pagliara and Palermo,
2010; Pagliara et al., 2009). Although it is one of the
most classical and (apparently) known hydraulic
phenomenon, there are still several issues which require
a detailed and specific analysis. In fact, most of the
predicting relationships are valid for particular cases,
which are not covering all the possible configurations
for which the mentioned phenomenon can occur
(Pagliara and Palermo, 2011). Furthermore, the biphasic nature of the hydraulic phenomenon amplifies the
uncertainties in evaluating and estimating the hydraulic
jump features. For example, the air entrainment process
contributes to modify the effective conjugate depths
resulting, in general, in a reduction of the conjugate
depth ratio respect to that predicted by adopting monophasic approach. This last aspect has been put in
evidence only by recent studies (Pagliara and Palermo,
2015; Palermo and Pagliara, 2017), which analysed the
hydraulic jump on rough beds in several configurations,
i.e., hydraulic jump occurring both on sloping and
adverse-sloped beds. Another aspect which still requires
a relevant effort is the understanding of the dissipative
process for hydraulic jumps occurring in curved rivers.
Namely, very few studies analysed this aspect, as they
mainly focused on the prediction of the conjugate depth
ratio and hydraulic jump length (Carollo et al., 2007). In
addition, the hydraulic jump features were only analysed
in correspondence with fixed curved channel bed, i.e., a
condition which is quite far from that occurring
downstream of a hydraulic structure located in a curved
river branch.

3. Conclusions
The analysis of experimental evidences allowed to
establish that the hydraulic jump properties are
significantly affected by both upstream flow conditions
(i.e., they depend on the upstream branch curvature) and
by the stilling basin curvature. Namely, an increase of
the hydraulic jump three-dimensionality was observed in
correspondence with lower channel branch curvature,
resulting in a more prominent three-dimensionality of
the equilibrium scour morphology. The analysis was
extended to the dissipative mechanism, focusing on the
development of a predicting relationship by which it is
possible to estimate the energy dissipation between the
upstream and the downstream sections of the jump.
Finally, a comparison between the dissipative
mechanisms occurring in straight and curved channel in
the presence of mobile bed was conducted. The results
of the present paper could be helpful for stilling basin
design and optimization.
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2. Experimental set-up
The present paper probably constitutes the first attempt
to analyse the dissipative phenomenon occurring in
curved channels in the presence of a mobile bed.
Therefore, a dedicated laboratory model was built and
several structures were located in it. Namely, four block
ramps were located in a channel characterized by three
different curved branches, i.e., a first curved branch
(whose curvature radius is R1=11 m), a second straight
branch (whose curvature radius R2 is equal to infinity)
and a third curved branch (whose curvature radius is
R3=6 m). The water discharge and tailwater levels were
varied in order to test different hydraulic conditions and
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1. Introduction

rection. One remarkable characteristic of antidune is that
moving upstream antidunes possess longer wavelength
compared to those moving downstream. Comparing to
Kennedy’s (1961) experimental data, the analysis provides a qualitative agreement in the relation of the migration direction and wavelength of the antidunes.

Linear stability analysis of an open-channel flow with
bed covered by fine sediment was performed. The presence of suspended sediment in the flow is known to increase the velocity profile gradient due to density stratification. In addition, density stratification also localizes the
suspended sediment concentration to the near-bed-region
where a high concentration gradient is observed. In this
analysis, the effect of density stratification on the bed instability is investigated and discussed.

2. Formulation
In the analysis, we employed four governing equations:
1) the equation of stream function ψ derived from the
Reynolds-averaged Navier-Stokes equations; 2) the dispersion/diffusion equation of suspended sediment concentration c; 3) the equation of turbulent kinetic energy
k, and 4) the equation of dissipation rate of the turbulent
kinetic energy ε. The base state solutions are obtained
by solving the governing equations numerically under a
steady, normal flow condition
In the perturbed state, we introduced asymptotic expansions of the four variables ψ, c, k, and ε into the four governing equations, and obtained the perturbation equations,
which form an eigenvalue problem with the growth rate ωi
of the perturbation as an eigenvalue. Spectral collocation
method incorporated with the Chebyshev polynomials is
used to solve the eigenvalue problem.

Figure 1. Stability diagram for the case of settling
velocity vs = 0.15 in (Fr, α) plane: solid line is (thick:
stratification; thin: no stratification) growth rate ; dashed
line is celerity; and experimental results of Kennedy
(1961):∆, upstream migration; •, downstream migration

3. Result and Discussion
Based on the result of our analysis, instability is observed
in the higher flow regime, which corresponds to the formation of antidunes. In Figure 1, the unstable region is
bounded by a thick solid line in the case which includes
the density stratification effect, while thin solid line corresponds to the case without the density stratification effect.
According to the figure, the density stratification effect
expands the unstable region towards larger wavenumber
(α) and decreases the critical Froude number (Fr). Because stratification increases the sediment concentration
gradient at the near-bed-region, the bed is expected to be
more unstable.
The dashed lines indicate zero celerity for the case with
density stratification effect. In the region between the
dashed lines, the celerity is positive, while it is negative
outside of this region. Within the unstable region to the
left of the dashed line, the celerity is negative which signifies that the antidune is moving upstream. Meanwhile,
to the right, the celerity is positive and the antidune is
moving downstream. From the analysis, it is found that
antidunes can move in both upstream and downstream di-

4. Conclusions
The present analysis showed that density stratification affects the stability of the bed. This effect is discerned by
comparing two scenarios i.e. with and without stratification effect. Density stratification widens the instability
region at low Froude number region and decreases the
critical Froude number. This effect is amplified by the
increase of sediment particle size.
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1. Introduction

cations, confluences (see Figure 1), and their evolution in
time.

Braided rivers are highly dynamic environments, characterized by a complex network of unstable channels and
ephemeral bars (Ashmore, 2013). The development of
remote sensing techniques allows for relatively easy, and
highly accurate morphological surveys at the reach scale
(e.g., Marcus and Fonstad, 2010). However, the possibility to obtain temporally frequent measurements, as
needed to capture the rapid morphological variations, is
still limited, especially at high flow.
Consequently, quantitative information about the dynamic properties of braided rivers is scarce. Specifically,
it is not clear to what extent the planform configuration
changes in time depending on the channel characteristics
and the flow conditions, and how to properly define the
associated timescales. With this work, we address this
problem through a set of laboratory experiments, taking
advantage to the more recent monitoring techniques.

3. Preliminary results
We first analyse how classic braiding indexes (Egozi and
Ashmore, 2008) such as the number of channels, bifurcations and confluences, depend on channel width and water
discharge. This reveals how the braiding intensity tends
to increase with the flow, until the confinement due to the
presence of fixed banks begins to prevail.
Moreover, the continuous, long-term monitoring of the
braided network enables quantitative measurements of the
channel network dynamics. The associated metrics, such
as the bank erosion rate and the time interval between the
creation of new bifurcations, turn out to be highly fluctuating in time. However, by averaging on a sufficiently
long time period it is possible to build sufficiently robust
statistics, which consistently respond to varying experimental conditions. For example, as illustrated in Figure
2, the activation rate of new bed area, once averaged in
time, increases regularly with the discharge.
The observed timescales are comparable with the typical duration of a flood, which suggest that morphological
changes and driving flow needs to be studied in a coupled
way.

2. Methods
We used a 23 m-long mobile bed flume at the Hydraulic
Laboratory of the University of Trento. The channel gradient was 0.01 and the bottom formed by a layer of wellsorted sand with median diameter of 1 mm. We run
ten long-lasting experiments (duration between 20 h and
104 h), with two channel widths (0.8 m and 1.6 m) and
five different discharges (from 0.8 L/s to 2.4 L/s).
Time-lapse images were taken at regular intervals of
1 min using two SLR camera. Images were were automatically orthorectified on the basis of ground-based control
points, and then fused to obtain a series of images that
covered a 7 m-long reach with resolution of 1 mm.

20

15

10

5

70
60

0
0.8

1.2

1.6

2.0

2.4

50
40

Figure 2. Boxplot indicating the activation rate of new
bed area depending on the water discharge.

Flow

30
20

Keywords

10

Braided rivers, image analysis, active area, channel morphodynamics, bifurcations

0
0

20

40

60

80

100

120

140

References

Figure 1. Result from the automatic image analysis
algorithm, showing: (i) the active area map (shaded
area); (ii) confluences and bifurcations (spots); (iii) the
active channel width (segments).
A recently method we developed (Redolfi et al., submitted) provided high-resolution maps of the active (i.e.
transporting sediment) area from the time-lapse images.
The method is based on differencing subsequent images,
is fully automated, and needs only minor calibration. We
then built a code that automatically identifies relevant
morphodynamic features, such as active channels, bifur-
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1. Introduction

with increasing proximity to the weir. However, directly
upstream of the weir, increased erosion between October
2010 and September 2013 is detected instead, and significant deposition occurs during prolonged low water. This
can be linked to the weir’s regulation.

The River Elbe is a river in central Europe and connects
the Czech Republic and Hamburg, Germany’s biggest
seaport, to the North Sea. At Elbe-km 585.9, the weir of
Geesthacht marks the entrance of the River Elbe into its
tidal section. Inevitably, the weir influences the hydrological conditions and sediment passability. Due to its close
proximity to the Port of Hamburg, it is of great interest to
the associated authorities to estimate bed load transport,
sediment loads entering the tidal section and sand budget.
A precursor study (Winterscheid et al., 2016) evaluated
bed level changes and sediment movement up- and downstream of the weir Geesthacht with data from 2008-2013.
On the basis of this study, we have conducted further geospatial analysis of multibeam bathymetric data now covering the upstream section between Elbe-km 530.0 and
607.0 as well as the entire time period from 2008-2016.
This extended time period now includes the event itself
and the aftermath of the extreme flood in June 2013. Our
study aims to validate previous hypotheses made by Winterscheid et al. (2016) concerning the impact of the weir’s
backwater on sediment transport, to quantify annual rates
of sediment deposition and erosion and to determine possible causes.
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Figure 1. Example of accumulated sediment deposition
volumes [in thousand m3 ] between Oct. 2010-Sep. 2013
(black) and Sep. 2013-Sep. 2016 (grey).

4. Conclusions
We conducted geospatial analysis of bathymetric survey
data of the River Elbe between river kilometres 530.0 and
607.0 to identify influences on sediment movement behaviour. The previous hypotheses made by Winterscheid
et al. (2016) were confirmed by the new data. On the
one hand, increased sediment deposition occurred with
increasing proximity to the weir Geesthacht (km 585.9);
hence its backwater affects sediment movement. On the
other hand, during periods of recurring events with extreme high discharge, deposition volumes were also found
to be higher, whereas prolonged low water periods lead to
erosive processes.

2. Methods
The studied reach is situated in Schleswig-Holstein and
Lower Saxony, Germany. From 2008 on, (semi-)annual
multibeam bathymetric surveys have been carried out by
the Lauenburg Office of Federal Waterways and Shipping
Administration and are procurable as 3D ASCII data in
DHDN-3 Gauss Zone 3 and Zone 4 coordinates. To process the data, we used ArcGIS 3D and spatial analysis
tools, such as Cut Fill operations to identify areas and
quantify volumes of deposition and erosion between each
time step. Furthermore, discharge data from gauge Neu
Darchau (km 536.2) were compared with the generated
results in order to assess trends and dynamics of sediment
movement.
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3. Results
The conducted geospatial analysis of multibeam bathymetric data from 2008-2016 allows for analysis of
changes in bed level height and quantification of deposition and erosion volumes for each 5 km reach. Based on
daily discharge data from gauge Neu Darchau, two time
periods, one with recurrent flood events and one of prolonged low water, were identified. These are displayed
in Figure 1 as black (flood) and grey (low water) bars.
Figure 1 delineates that nearly all reaches show increased
sediment deposition between October 2010 and September 2013. In contrast, deposition rates are reduced or
erosion occurred between September 2013 and September 2016. Furthermore, deposition volumes are greater
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275 mm rectangular section at the Ven Te Chow
Hydrosystems Laboratory at the University of Illinois at
Urbana-Champaign. The tunnel has a 1.5 m long
removable section where the array is located, and
measurements are taken at its center.

1. Introduction
Aquatic vegetation generates turbulence at different
temporal and spatial scales, depending on plant
morphology, array parameters, submergence ratio and
flow conditions. Coherent structures formed by flowvegetation interaction impact sediment transport in ways
that are not fully understood: vegetation canopies dampen
velocities within the plants, but create stem- and arrayscale turbulence that, depending on canopy density,
interact with the sediment. Such a combination of
decreased velocities with higher level of turbulence calls
for further investigation on the effect of turbulence as
driver of sediment transport in vegetated flows (Tinoco &
Coco 2016; Yang et al. 2016).
Abundant literature exists on unidirectional flows
through aquatic vegetation (e.g. Tinoco & Cowen 2013).
The present contribution takes a step further by analysing
oscillatory flows using a novel 3D volumetric Particle
Image Velocimetry System (using Defocusing Depth
PIV), yielding one of the first data sets matching the
temporal and spatial resolution of high-order numerical
simulations.

3. Results
Preliminary data was collected using a single rigid
cylinder at the center of the 1.5 m long plate.
Instantaneous velocities u, v, w, are decomposed into a
mean, uc, oscillatory, !, and turbulent, u', components, as
! = !# + ! + !′&. Fig. 2 shows results for the A=10cm,
T=5s case. Phase averaged results and Reynolds stresses
are captured with a 2mm spatial resolution, yielding bed
velocities in a cell within 2mm of the bed to allow for
bed-stress characterization as well as sweep and ejection
events. Comparison between bare-bed, single cylinder,
and fully populated array will showcase the impact of
diameter- and array-scale turbulence on turbulent kinetic
energy, Reynolds stresses, and near-bed bursting effects
that determine the onset and magnitude of sediment
transport within dense vegetation arrays.

2. Experimental setup
A 3D PIV system (TSI Inc.) is used to characterize the
flow field through a random array of rigid cylinders, with
diameter d = 6.4 mm. and volumetric frontal area a = 20
m-1 in an oscillatory tunnel as shown in Fig. 1, for wave
periods T=[2.5 - 10] s and piston stroke A=[2.5 - 10] cm.
Figure 2. Phase averaged velocity ! and Reynolds
stresses <u'w'> for ( = 180, .

3. Conclusions
The 3d-PIV setup allows us to obtain high spatial and
temporal resolution data to explore not only bed stresses
and coherent structures generated at the bed, but also
turbulence generated at both the diameter- and arrayscale. The resulting, unique dataset will characterize the
impact of turbulence as the main driver of resuspension
within aquatic vegetation.
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Figure 1. Sketch of the 3D-PIV experimental setup
The 3D-PIV system allows capture of up to 180 fps, with
a 100mJ, 532nm, Nd:YAG 100 Hz dual cavity PIV laser.
Three 4MP PowerView cameras, allow measurements in
a volume up to 140 x 140 x 100 mm. Measurements are
conducted in a 4 m long oscillatory tunnel with a 200 x
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Different kinds of sidewall velocity profiles are
observed. As regards the smooth basal surface, a slip
velocity at the bed is observed. The profiles are
Bagnold-type for small flow depths and become
approximately linear as the flow depth increases. On the
glued-grain basal surface the flow velocity at the bed is
null and all the velocity profiles show a rheological
stratification with a lower exponential tail and an upper
linear profile. On the sandpaper surface (Figure 1) grain
rolling is observed at the bed and the velocity profile is
linear at small flow depths. With the increasing of flow
depths, the velocity profiles gradually shift from the
ones observed on the smooth bed to the ones observed
on the glued-grain bed.
The volume fraction profiles show lower values where
the flow regime is mainly collisional, while they exhibit
higher values where the velocities are lower and longlasting contacts between grains take place.

1. Introduction
Geophysical flows, like rock avalanches, snow
avalanches and debris flows, involve the rapid motion of
granular media. The dynamics of these flows is still an
open problem due to the complexity of the flow
resistance mechanisms involved. In case of dry granular
flows two main resistance mechanisms have been
individuated: friction and collisions. In order to better
understand the constitutive behaviour, it is necessary to
provide local measurements of the main flow variables:
velocity and volume fraction.
To do so, we set up an experimental apparatus in which
a dry granular material was let flow in a flume with
transparent sidewalls and recorded by two high-speed
cameras to get both side-wall and free surface views.
Velocity profiles were, then, derived by PIV analysis
and a novel optical method was developed to estimate
the near-wall volume fraction (Sarno et al. 2016).

2. Methods and materials
The employed granular medium consists of acetalpolymeric beads with a mean diameter of 3mm and an
internal friction angle of ≈27°. All the experiments have
been performed in a 2m-long Plexiglas flume with a
8cm-wide rectangular cross-section. The slope angle
was set at 30° for each run.
The upper part of the channel was used as a reservoir
where the material was loaded before each run and was
let flow down through an adjustable gate. Several mass
flow rates were investigated. Three different basal
surfaces were employed: a smooth Bakelite surface (Stype bed), a roughened surface, obtained by gluing a
layer of grains on the Bakelite surface (G-type bed) and
a sandpaper surface with average characteristic length of
the roughness equal to 425 µm (R-type bed).
The open-source code, PIVlab, is employed for
estimating the side-wall and free surface velocity
profiles (Sarno et al., 2014).
A binarization algorithm is used for obtaining the 2dvolume fraction (c2d), defined as the fraction of the
projected areas, corresponding to surfaces of particles
that are illuminated and visible. A relation between c2d
and the near-wall volume fraction c3d is obtained by
numerical investigation through Monte Carlo
generations. Mono-disperse spheres are loaded into a
virtual box and illuminated by a single light source with
parallel light rays. A stochastic relation between c2d and
c3d is obtained depending on the angle of incidence of
the light.

Figure 1. Longitudinal component of the sidewall
velocity over rough sandpaper bed

Conclusions
A wide dataset of velocity and volume fraction profiles
in dry granular free surface flows allowed for the
identification of very different flow regimes that take
place depending on the bed roughness and the flow
depth.
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3. Results
All the free surface velocity profiles show an
approximately parabolic shape with a maximum at the
cross-section midpoint and a minimum at the sidewalls,
as expected due to the wall friction.
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glass sphere (spherical). The obstacles were immobile
during the course of the experiments, which were
conducted over 24 h at stationary discharge to reach a
near steady state condition of the obstacle marks (e.g.
Melville and Coleman 2000). While mean flow velocity
(0.20 ms-1) was kept constant, flow depth ranged from
(0.02 m to 0.14 m) producing different degrees of
submergence (ratio of flow depth to length of frontal
area) at clear-water conditions from non to deep
submerged (submergence ratios 0.79 to 3.83).

1. Introduction
In fluvial systems a large number of obstructions like
boulders appear, which have the capability to create
characteristic sedimentary bedforms termed as “obstacle
marks” (Allen, 1982). These bedforms are the result of a
turbulent and complex flow field, which emerges around
the obstacle due to flow separation of the approaching
current, generating areas of accelerated and decelerated
flow. The approaching flow is pushed downwards in
front and gets accelerated at the lateral parts of the
obstacle resulting in rotating vortex system, which
increases bed shear stress and induce sediment
mobilization in front and lateral to the obstacle. The
vortex system is stretching around the obstacle base in a
horseshoe-like pattern and moves eroded sediment out
of the scour hole into the wake region of the obstacle.
Therefore the morphology of a typical obstacle mark
consists of a frontal, crescent-shaped scour hole and an
adjacent sediment accumulation in the wake region,
denoted as “sediment ridge” (Euler and Herget, 2012).
However, different morphological patterns may arise
due to dynamic interactions of hydraulic and
sedimentary processes at different independent boundary
conditions since the formation of obstacle marks
depends on flow, obstacle and sediment properties as
well as on temporal dynamics. Many of these properties
have been investigated systematically in the past
decades, especially in engineering science with an
emphasis on local scouring at emergent bridge piers
aiming to estimate maximal frontal scour depths (e.g.
Melville and Coleman, 2000); while systematic
investigations on the effects of different boundary
conditions on the process dynamics at submerged
obstacles are readily comprehensible (e.g. Sarkar, 2014).
Particular flow depth seems to be an effective boundary
condition to alter hydraulic and sedimentary processes
and vice versa the morphological patterns of an obstacle
mark at submerged obstacles as flow regimes vary by
submergence ratio (Shamloo et al., 2010). The objective
of the present study was therefore to systematically
investigate the influence of different flow depths on the
dimensions and morphological patterns of obstacle
marks at different shaped obstacles by a series of
experiments in a laboratory flume.

3. Results and Conclusion
Flow depth has a quantifiable effect on the dimensions
of scour hole (depth, width, length) and sediment ridge
(height, width, length) in a near steady state despite
obstacle shape. Generally the obstacle marks were
bigger at the angular obstacle than at streamlined
obstacles, but with increasing submergence (=
increasing flow depth) the dimensions of scour and ridge
at each obstacle type decrease due to a weaker vortex
system at the obstacles. During deep submergence a
different morphological pattern arose at the streamlined
obstacles (pebble and sphere). Instead of a frontal scour
hole, the morphological pattern consists of two
downstream scour holes, laterally aligned to the obstacle
in the plane of symmetry. This morphological pattern
was caused by circulating currents formed at the
obstacles top, which laterally and vertically reattach to
the bed in the wake, while the frontal horseshoe vortex
system was too weak to initiate frontal scouring at high
flow depths. Therefore the transition from frontal to
wake scouring at more streamlined obstacles is
controlled by a threshold in respect to the degree of
submergence, denoting a system change, altering the
interaction of hydraulic and sedimentary processes. The
results provide a data basis for further investigations to
improve the hydraulic interpretation of obstacle marks.
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2. Methodology
30 physical modelling experiments were conducted at
rectangular flume of 5 m length, 0.32 m width and 0.27
m high working section, filled with a 0.055 m thick
layer of uniform sand (D50 = 0.0055 m). The slope was
fixed at 0.003 m/m. Three types of obstacle with
different shapes and nearly identical in size (height =
0.035-0.037 m and width = 0.04-0.045 m) were used:
glass cube (angular), sandstone pebble (elliptical) and
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between sand and gravel grains) in between 0.154 and
0.414 (see Figure 1). For unimodal gravel beds (ߪீெ >
1.2), internal clogging was observed for relative sand
sizes smaller than 0.167. Alteration of sand supply rates
did not show an effect on the final distribution of sand in
both cases.

1. Introduction
The riverbed plays an important role in the field of
integrated river management, due to its relevance as an
ecotone for many organisms and interface between
surface water and groundwater. Especially the upper
reaches of a river, where the riverbed morphology and
hydraulic conditions are heterogenous and the riverbed
is dominated by gravel, cobbles, and boulders, provide
extensive spawning grounds for salmonids and other fish
species. The suitability of these gravel-beds as a habitat
for organisms and functionality as an exchange medium
strongly depends on the internal pore space of the
riverbed which determines the riverbed porosity and
permeability. If the riverbed however becomes clogged
through input and deposition of fine sediments within
the pores, the resulting porosity and permeability
decrease may cause significant economic and ecological
damage, e.g. due to reduced pumping capacities or lower
survival rates of fish spawn, respectively.
In theoretical (Cui et al., 2008) and experimental
(Schälchli, 1992; Wooster et al., 2008) studies it was
observed that sand infiltration into immobile beds only
occurs to a depth of a few mean gravel grain diameters.
In theses studies, gravel beds were unimodal with a
geometric standard deviation (ߪீெ ) larger than 1.2.
According to geometrical models (Yu & Standish,
1988; Frings et al. 2008), however, sand grains should
be able to infiltrate to deeper gravel layers, if gravel
deposits are poorly-sorted.
Conditions for the transition between accumultation
of fine grains in top or within the coarser deposit, i.e.
external and internal clogging, have not been determined
yet. In this study, we will determine critical conditions
for the transition between external and internal clogging.
The conditions will account for the effects of grain size
distribution and sand supply rates.

Figure 1. Distribution of sand (blue) with relative size
of 0.25 in uniform gravel bed (grey).
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2. Methods
In the present study, we use a non-smooth granular
dynamics (NSGD) algorithm to simulate fine sediment
infiltration into virtual gravel-beds by accounting for the
effects of the surrounding water, e.g. buoyancy and
drag, with gravity reduction and an empirical drag law.
In the NSGD simulations, sediment grain geometries are
fully resolved allowing for a detailed evaluation of the
complex pore space between grains, e.g. determination
of porosity and permeability (e.g. Schruff et al., 2016).
In total, almost 100 simulations were carried out with
different sand and gravel grain size distributions and
sand supply rates.

3. Results and Conclusion
In case of poorly sorted gravel beds (ߪீெ < 1.2), internal
clogging was observed for relative sand sizes (size ratios
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and for steady “spatial” bars (e.g. Colombini et al., 1987;
Seminara and Tubino, 1992) to the study reach of the
River Isère. We also employ information extracted from
the historical images and flow records across a range of
space and time scales and contemporary grain size and
topographical to quantify meaningful, bar-forming ranges
for the theoretical models.
The results from this coupled analysis allows
determination of the most probable location and length of
sub-reaches where bar migration might have occurred
prior to systematic vegetation establishment. By
combining such information with data extracted from
recent aerial images, we analyze possible associations
between bar migration properties and the initiation of
vegetation colonization and its further dynamics. Finally,
by integrating results from the two approaches, we
propose a conceptual model for alternate bar migration
under both unvegetated and vegetated conditions.
Insight on biophysical processes gained through the
present work, together with temporal trajectories of
morphological and vegetation development identified
previously (Serlet et al., 2017) provides relevant
information that can be used to support future decision
making in the management of alternate bars in both the
River Isère and in other channelized rivers that developed
similar responses to channelization and multiple human
stressors.

1. Introduction
Channelization of rivers often results in the formation of
alternate bars, with potential implications for hydraulic
safety and river navigation. For these reasons, the
morphodynamics of alternate bars has been extensively
studied for decades, mainly through mathematical
theories and laboratory experiments, with comprehensive
field observations almost lacking until very recently.
Moreover, while in many channelized river reaches the
top surface of alternate bars consists of bare sediments
that are only exposed at low flows, a few cases have been
documented in which riparian vegetation has colonized
the bars, heavily affecting their morphodynamics and
resulting in a very different fluvial landscape. A striking
example of such a phenomenon is the straightened and
embanked 80-km reach of the River Isère (Figure 1) (e.g.
Vautier, 2000), a tributary of the Rhône in southeast
France, which was channelized in the 19th century.

Figure 1. River Isère in 1939 and 2011
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2. Methods and Results
We follow the approach recently proposed by Adami et
al. (2016) and apply the linear theories for free migrating
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Abstract
Although several studies have addressed the large-scale
response of landscapes to changing external forcings
such as climate and uplift, studies that focus on the
smaller-scale drainage pattern re-organization as a
function of the timing, magnitude, and frequency of the
changing forcing are lacking. To that goal, a series of
controlled laboratory experiments were conducted at the
St. Anthony Falls laboratory of the University of
Minnesota to study the effect of space-time variable and
changing precipitation patterns on landscape evolution
at the short and long-time scales (see for details Singh et
al., 2015). High spatio-temporal resolution digital
elevation (DEM) data were collected for a range of
rainfall patterns and uplift rates (Figure 1). Results from
our study show distinct signatures of extreme climatic
fluctuations on the statistical and geometrical structure
of landscape features. These signatures are evident, in
response to a five-fold increase in precipitation, in
widening and deepening of channels and valleys, change
in drainage patterns within a basin and change in the
probabilistic structure of erosional events. Our results
suggest a change in scale-dependent behaviour of
erosion rates at the transient state resulting in a regime
shift in the transport processes in channels from supplylimited to sediment-flux dependent. This regime shift
causes variation in sediment supply, and thus in water to
sediment flux ratio (Qs/Qw), in channels of different subdrainage basins which is further manifested in the
longitudinal river profiles as the abrupt changes in their
gradients (knickpoints), advecting upstream on the river
network as the time proceeds.

Figure 1. Digital elevation model (DEM) of steady
state landscape evolved under a precipitation rate
P = 45 mm/hr and uplift rate U= 20 mm/hr.
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1. Introduction
Sediment Bypass Tunnels (SBT) have been proven to be
an effective countermeasure to reservoir sedimentation
(Sumi et al., 2004), but their morphological effects on
the downstream reach are still poorly investigated. The
final goal of this work is to quantify the morphological
changes in terms of riverbed slope and grain size distribution (GSD) induced by realistic SBT operations.

4

2. SBT-release scenarios
Possible SBT-release scenarios are obtained starting from
the observation that to properly work a SBT must have
a higher sediment transport capacity than the river flowing in the reservoir. Therefore, given the slope and the
GSD of the upstream river reach, the relationship between
the water Qw and the bedload discharge Qb (sediment
discharge rating curve, SDRC) can be calculated for the
upstream river reach (SDRCu ) and the SBT (SDRCSBT ),
corresponding to the solid red and blue line in Fig. 1(a).
SBTs are usually designed according to a given water discharge value Qw,d,SBT . On the SDRCSBT curve, Qw,d,SBT
identifies the maximum bedload discharge that can be carried by the SBT (Qb,M,SBT ). The Qw needed for carrying
the maximum sediment discharge in the upstream reach is
Qw,M . On the SDRCSBT curve, it is also possible to identify the minimum value of Qw for which the SBT is first
put in operation (Qw,m,SBT ), together with the corresponding minimum bedload discharge transported by the tunnel
(Qb,m,SBT ). Then, we can identify four possible scenarios:
i) scenario 0 (very small events, i.e. Qw < Qw,m,SBT ), for
which the SBT is not operated and sediment carried by
the upstream river is all stored in the reservoir; ii) scenario 1 (Qw,m,SBT ≤ Qw < Qw,d,SBT ), for which the entire amount of sediment coming from upstream is diverted
downstream by the SBT and the possible SBT-release operations are identified by the points lying on the SDRCu
curve; iii) scenario 2, for which the water discharge flowing through the SBT is the maximum possible (Qw,d,SBT )
and the surplus can be either stored in the reservoir or
conveyed through dam outlets, both entirely or partially;
the bedload discharge is smaller or equal to the maximum
possible (Qb,M,SBT ); iv) scenario 3 (very large floods), for
which the sediment discharge is Qb,M,SBT and extra water
is released from the dam (Qw > Qw,M ).
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Figure 1. (a) SBT and upstream reach rating curves and
related scenarios. (b) Results at mobile-bed equilibrium.
morphological equilibrium is attained. A typical gravel
bed river GSD is fed at the upstream boundary.
Results are given in Fig. 1(b). They are presented in terms
of nondimensional riverbed slope (S∗ ), defined as the ratio
between the initial upstream and final downstream equilibrium river slope, and nondimensional geometric mean
∗ = d /d
size of the active layer ds,g
s,g s,g, f , where ds,g and
ds,g, f are the geometric mean sizes at equilibrium and of
the feeding, respectively. It results that the more water is
released for a given sediment feeding rate, the lower the
resulting equilibrium slope will be (see the dashed blue
lines in Fig. 1(b)) and the faster the mobile-bed equilibrium is reached. This result shows that the final equilibrium configuration is dramatically dependent on the SBTrelease scenario. Another important finding is that the final configuration results to be less armored (red triangles
in Fig. 1(b)), i.e. ds,g tends to ds,g, f ) and that the dif∗ are slightly different among the possible
ferences in ds,g
scenarios.

3. Numerical results
To quantify the downstream changes in riverbed slope and
GSD due to SBT-releases, we run numerical simulations
with BASEMENT (www.basement.ethz.ch). We consider
a simplified configuration, i.e. a straight channel with
rectangular cross-section, non-erodible walls and constant slope. At the upstream boundary a hydrograph and
a sedimentograph are imposed according to the possible
SBT-release scenarios (see numbered dots in Fig. 1(a)).
They vary sympathetically in time and are cycled until
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the movement of sediment in the flow. To be able to
make a sensible impact assessment, a process-based
modelling approach is developed that uses scientific
knowledge on the processes as much as possible, still in
a coarse and approximate way. It uses a quasi-3D
modelling approach (Delft3D) because that allows the
simulation of lateral sand bars in stagnation zones.

1. Introduction
Hydropower dams largely impact sand and gravel
movement in rivers. The reservoirs and their operation
trap the sediment and dampen the flow hydrograph. In
fully alluvial rivers, this causes bed degradation,
coarsening and change of channel patterns. However, in
many cases these dams are located in bed-rock channels
with under-supplied conditions. Bed-rock channels are
generally steep with high velocities, and sand is only
settling in wakes and eddies behind rocks or along banks
in sand bars (some sand is stored in pores and pockets in
the exposed river bed as well). Without dams, deposition
(during floods) and erosion of the sand bars is balanced,
but a dam disturbs this balance and causes gradual
degradation of the bars. A well referenced and important
example of these conditions is the Colorado River in the
Grand Canyon in the USA (Grams et al, 2015). The
existence of sand bars is crucial for environmental and
social functions of the river.
In this paper the results of a study to develop a
practical approach to simulate the impacts of
hydropower dams on sand bars, and to assess the effects
of mitigation measures. The origin of this study comes
from the present plans of constructing several dams in
the main stream of the Mekong in Laos and Cambodia.
Previous work of the author for sand-bar modelling in
the Grand Canyon using Delft3D (Sloff et al, 2009),
showed that with 3D high-resolution Delft3D models,
the sand bar development during artificial floods can be
quantified to some extent. However, for assessment of
large stretches of rivers, such techniques require too
much computational effort. Instead, a coarser modelling
approach has been developed, that mimics the
developments of sand bars and associated processes, but
only in an approximate way. The main aim of this
approach is to quantify the impacts of modified flows
and sediment loads downstream of dams.

HWL

Figure 2. Modelled lateral sand bars for a section of the
Mekong River. Black/grey areas are lateral sand bars
The components included in this approach are 1)
movement of sediment over non-erodible layers (i.e.
under-supplied conditions); 2) transport of multiple
fractions, different models for different fractions; 3)
variable discharges; 4) storage of sediment in sand bars
along the banks and behind rocks. Various layouts and
sub-models have been tested. The study results show
that this approach allows not only the gradual decay of
the sand bars downstream of the dams, but also
deposition and bar patterns in the reservoirs. Although
detailed processes of bar formation are not reproduced,
the model results mimic the temporary sand storage in
lateral zones and there decay after modified hydrographs
and sediment supply. The approach allows for long-term
simulations over long periods (decades), as well as the
development of mitigation measures such as reservoir
flushing and sluicing operations.
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Figure 1. Sand bar in Mekong River near Pak Beng

2. Modelling work and result
The lack of data for the Mekong hampers the
development of empirical approaches for this river that
quantify the exchange of sediment to the sand bars and
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1. Introduction

4. Results

Many studies focus on the evolution of bifurcations in
small scales when the flow is diverted around a channel
bar, alluvial island or is the result of meander cutoff or
avulsion (e.g. Bertoldi, 2005; Kleinhans et al., 2011)
Studies on river bifurcations, where a single river course
splits into two or more courses, and the flow is
distributed to different river basins, are rare. The present
study aims to retrace the evolution of such a bifurcation
based on identification of former channel patterns by
means of geological, geophysical and remote sensing
methods. Research tasks include i) to distinguish types
of channel patterns, ii) determine the sequence of
planform changes and iii) discuss scenarios for
restoration and flood protection. The problem is
important in the context of intensive floods occurring in
the Odra valley. They impose a large flooding hazard on
the area of the bifurcation.

Historical maps show that sinuous channels conveyed
the flow from the middle Obra valley to the Odra River
in the 17th century. The flow diversion to the north,
through a multi-channel pattern connecting a system of
lakes and the Warta River, had already been active by
that time. The final transformation into artificial canals
commenced in the 19th century.
The former channels were possible to be distinguished
in aerial images. They are marked by darker tones
within meadows and wetlands. Floodplain areas and
fluvioglacial and aeolian deposits are occupied by
agricultural areas and forests.
Based on sedimentary architecture of the former
channels and floodplain, and the analysis of aerial
images, traces of the following channel patterns were
distinguished: a large-scale meandering planform, traces
of a smaller-scale anabranching pattern, large-scale
sinuous channels and a system of crevasse channels
excised in the floodplain.

2. Study area
The research was conducted in the area of a canalized
bifurcation of the Obra River (western Poland), in the
area of the Warsaw-Berlin proglacial stream valley.
The flow is diverted to the north, through a system of
lakes, to the Warta River, and west, through artificial
canals, to the Odra River (fig.1). The canalization is the
result of hydro technical works.

5. Conclusions
The Obra River was connected with the Odra River
through a multi-channel system. The distribution of the
channels was conditioned by the situation of moraine
uplands and accompanying fluvioglacial and aeolian
areas. The flow diversion to the north commenced
through a former subglacial tunnel filled with lakes,
wetlands and anabranching channels.
The large scale meandering planform is the earliest trace
of the connection between the Obra and Odra Rivers. It
was replaced by an anabranching pattern owing to the
channels’ incision and increased upstream sediment
delivery. The large sinuous channels, active in the 17th
century, could have been the traces of first drainage
works. They were replaced by a system of canals in the
19th century.
Owing to the intensive anthropogenic changes, a
restoration of the former channels is impossible.
However, a scenario of restoration is proposed to prevent
low groundwater levels occurring during drought
periods. The former waterways can be managed as
polders for water storage during large floods in the Odra
basin.

Figure 1. Situation of the study area.

3. Research methods
Field research was carried out by means of GPR
(ground-penetrating radar) measurements groundtruthed with sedimentary data to study the architecture
of the former channel patterns and floodplain.
Historical maps and aerial images were studied to
identify traces of channel patterns and effects of hydro
technical works. The findings from the field campaigns
were used to correlate the distinguished types of river
patterns with their traces identified in aerial images.
These findings were then extrapolated to the whole
study area.
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mimicking a natural river bed. In order to validate the
volume measurement results, a known geometry box
was placed on the sediment surface during the
photography. The volume of the box modeled by the
Photoscan was compared to the reality. The comparison
showed that the 3D model which is geometrically
accurate produced volume errors of less than 1.5 %. In
combination with the values of Vg determined for the
test, which is accurate, the resulting porosity error is less
than 1 %. Comparison of our error with previous
methods such as standard method (Frings et al., 2011)
with an error of around 4%, reveals the high accuracy of
the photogrammetry method.

1. Introduction
Porosity, as one of the important properties of sediment
mixtures, plays a key role in the morphological,
ecological, and geological characteristics of fluvial
environments. However, porosity measurements in
fluvial sand-gravel mixtures are difficult, laborious and
most importantly not very accurate (Frings et al., 2011).
Generally, porosity (n) of sand-gravel mixtures is
calculated as follows: n = 1 – Vg / Vb, where Vg is the
volume of the solid fraction and Vb is the bulk volume of
a sediment sample. Laboratory analysis is used to
measure the solid fraction volume using the water
saturation method, which produces very accurate results.
However, accurate measurement of the bulk volume in
situ is difficult. Different methods have been introduced
e.g., the use of a plastic liner and subsequent
measurement of the volume of water that is needed to
fill the sample pit (ASTM, 1994), or the use of a 3D
structured light scanner for measuring Vb. All these
measurements are prone to unacceptably large errors
(Frings et al., 2012).
In this contribution we introduce a new, much more
accurate, method for determining the in situ bulk volume
Vb of a sediment sample. The method is based on highresolution photogrammetry and the Structure from
Motion (SfM) technique.

2. Description of the technique

Figure 1. Final 3D model after excavation.

For a porosity measurement, a metal frame is placed on
the sediment surface. Predefined binary-coded markers,
generated by the PhotoScan software, are placed at the
corners of the frame (Figure 1) and the distances
between markers are measured. Using a Sony Alpha
ILCE-7 camera with 28-70 mm lens, two sets of
photographs from the sediment surface are taken from
different angles and distances, before and after
excavation of a 20-30 cm deep sediment sample. Based
upon the shape of the pit, 26 to 73 photographs are
needed per set.
With the Structure from Motion (SfM) technique
implemented in the PhotoScan software (version 1.2.6.,
Agisoft) a 3D model is produced for each set of
photographs. The 3D models are referenced using the
markers on the frame, which allows setting coordinates
and assigning a scale to the 3D models. A 3D model of
the surface after excavation is shown in Figure 1. The
two 3D models are subtracted from each other to obtain a
3D image of the sample pit. It’s in situ bulk volume Vb is
determined by the software, whereas the volume of the
solid fraction of the excavated sediments Vg is
determined using the water saturation method in a
laboratory.

4. Conclusions
Compared to previous methods, Image-based 3D
modelling, as a part of the process of porosity
measurement, is an accurate (average error smaller than
1%), time efficient and flexible method. The flexibility
of the method makes it applicable in field studies in
which previous methods are laborious and imprecise.
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3. Assessment of the accuracy of the technique
Ten test measurements were carried out in the Hydraulic
laboratory of IWW, RWTH Aachen University with
loose sandy surfaces and loose gravel surfaces
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1. Introduction

tribution observed in the field, we recalculated the corresponding dispersion coefficients through the Chatwin’s
method. In this way we were also able to check which
cross sections were located far enough from the injection
point to ensure that the pollutant cloud actually follows
the Fickian behaviour described the advection dispersion
equation.
Figure 1 shows the reasonably good agreement between
the longitudinal dispersion coefficients predicted by the
proposed theoretical approach, relying on the equilibrium
cross section concept, and those estimated from field measurements according to the Chatwin method. It is worthwhile to note that this framework in principle requires
only the knowledge of the relevant hydrodynamic and
morphodynamic parameters (e.g., width to depth ratio,
Shields parameter, sediment grain size normalized to flow
depth, particle Reynolds number) without any need to introduce ad hoc calibration constants.

Pollutants discharged into a river are subjected to different
stages of mixing, owing to the advection-diffusion action
of the flowing water. In the early stages of the transport
process, just after the injection into the river, advection
plays an important role in determining the pollutant cloud
dynamics. In the later stages, when the cross-sectional
mixing is complete, longitudinal dispersion controls the
temporal and spatial distributions of the cross-sectionally
averaged concentration. Basically, this process is driven
by the cross-sectional distribution of the longitudinal velocity and, specifically, by the deviations of the local velocity from its cross-sectional mean. A large number of
researchers have contributed to the understanding of longitudinal dispersion, and many theoretical and empirical
formulations have been proposed to determine the longitudinal dispersion coefficient. Recently, an approximate
formula for estimating this coefficient has been proposed
by Deng et al. (2001). The better accuracy ensured by
this approach with respect to the other predictors available in literature (Fischer et al., 1979; Seo and Cheong,
1998), however, relies on the introduction of a constant
to be suitably calibrated in order to achieve a good agreement with the experimental data.
The present contribution proposes a new accurate analytical estimate of the longitudinal dispersion coefficient in
movable bed straight streams. It accounts for the flow effects related to the equilibrium shape of the river cross
section. The proposed method has also the advantage to
be potentially extended to the case of meandering rivers.

25

TEST 1
TEST 2
TEST 5
TEST 6
TEST 7
TEST 10

K0 calculated

20

15

10

5

0
0

2

4

6

8
10
K0 measured

12

14

16

18

Figure 1. Comparison between the dispersion
coefficients calculated according to the present approach
and those estimated applying Chatwin method to the
field data collected by Godfrey and Frederick (1970).
Dotted lines correspond to the ±30% error.

2. Method
An analytical method is developed to determine the longitudinal dispersion coefficient in straight natural rivers.
The flow field that establishes in the cross section is determined following the approach of Tubino and Colombini
(1992) that accounts for the presence of channel banks
through a rational perturbation scheme. The resulting
cross section geometry allows us to compute the lateral
distribution of the local velocity and its deviation from
the cross-sectionally averaged velocity. This information
is used to solve Fischer’s triple integral yielding an estimate of the longitudinal dispersion coefficient.
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3. Results and Conclusion
The modelling framework has been validated through the
comparison with the field dataset collected by Godfrey
and Frederick (1970). These data provide a thorough description of several cross sections and of the flow field
therein, as well as a first estimate of the observed dispersion coefficients based on the method of moments. In
order to account for the rapid rising limb and the long tail
usually exhibited by the longitudinal concentration dis-
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1. Introduction

3. Results

2. Methods

The pattern of erosion and deposition is consistent with
the longer historical trend, and provides a detailed
picture of the ongoing evolution of this very active
system. Most cut and fill can be attributed to channel
erosion and fills; trimming of lateral fans is highlighted
as a key sediment source. Figure 1b highlights the
variable nature of net reach cut and fill along the main
channel. Net accumulations can typically be linked with
major tributaries and sediment sources entering the
channel. The longitudinal cumulative trend shows a
pattern of net accumulation in the upper channel, quasiequilibrium conditions in the middle reaches, and net
removal of material within the lower channel. The
switching braid threads in the lower channel are much
deeper, increasing the relative volumes of cut and fill.

An active mass-wasting regime within New Zealand’s
Waiapu Catchment has prompted decades of river
aggradation and channel widening. The passage of
Cyclone Bola in 1988 prompted a particularly strong
episode of landslide-driven sedimentation. Five tributary
catchments to the Tapuaeroa River have delivered
sufficient quantities of sediment to aggrade the main
channel and braidplain by more than four meters since
1988. While rates of detrital supply from hillslope have
tapered significantly, the signal of reduced sediment
supply has not yet reached the distal main channel.
Structure-from-motion surveys have captured on-going
adjustments in the main channel.
Gisborne District Council has carried out cross-section
surveys of Tapuaeroa River since 1958, helps to
illustrate the highly dynamic history of the river (Figure
1a). We sought to characterise the morphologic
development of the river in transition over the past three
years (2015-2017). Using a fixed-wing drone platform
(Trimble UX5), we collected highly overlapping photos
along a 15 km reach of the Tapuaeroa River in order to
develop a high-resolution (15 cm) photogrammetric
model of the active riverbed. Summer river levels were
quite low: water covered 8% of the bed in 2015; 16% of
the bed in 2016 and 2017. The bathymetry of submerged
sections was estimated by calibrating a relationship
between water hue and depth. The two DEMs of
Difference (DoDs) yielded from these surveys help to
illustrate the relative influences of erosional and
depositional processes on sediment transfer, including
channel switching, bank erosion, trimming of fans and
terraces, and accretion of floodplains.

4.Conclusions
High-resolution models collected at an annual scale
provide an excellent summary picture of channel
change, and complement the longer-term, lowerresolution
cross-section
records.
Using
this
methodology, it is possible to link specific process
adjustments to volumetric change along the length of the
river. We have captured a key phase of adjustment in the
Tapuaeroa, as the river adapts to diminished headwater
sediment supply. After at least 55 years of aggradation,
there are signs of degradation within the upper channel
reaches. Reworking of the mainstem deposit via channel
migration (filling and erosion) constitutes most of the
mass transfer, followed by trimming of fan deposits and
more diffuse erosion/deposition on the braidplain. Given
the volumes in transit, it may take several more decades
to complete the process of system relaxation following
the cyclone-induced disturbance.
Figure 1. Sediment budget
derived from a DEM of
Difference along the length of
the Tapuaeroa River between
2015 and 2016. (a) trend of
ongoing river aggradation since
1958 (= ‘0’ datum). (b) Net
volumetric changes along the
length of the river. (c)
Volumetric change along the
channel, showing the nature of
uncertainties, related to noise
within
the
model
and
submerged topography.
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(a)

1. Introduction
Pool-riffle (PR) morphodynamics has been traditionally
described based on the cross-sectional averaged flow
characteristics, using episodic shifts in higher shear
stress or velocities from riffles to pools (i.e. reversal
conditions) as an indication of the long term selfmaintenance of the structures (Thompson et al. 1999,
Harrison and Keller 2007). However, less attention has
been paid to the interactions of flow unsteadiness,
sediment supply and sedimentological contrasts as the
drivers for maintaining PR sequences. Here we
investigate the effects of changing sediment size
distribution and sediment supply on self-maintenance
mechanisms in PRs.

(b)

2. Methodology
We conducted experiments on a scaled-down PR
sequence of an existing gravel bed river within a 13meter long and two-meter wide experimental flume (Fig.
1). Froude similitude and equality of Shields’ number
were applied to scale one to four year recurrence flood
events and sediment size distributions, respectively.

Figure 2. Bed profiles before and after running the
hydrograph with a) fine and b) coarse sediment supply.

Figure 3. Bed grain size distribution during a) rising and
b) falling limb of the test with coarse sediment supply.

Figure 1. Schematic of experimental flume
We focus in this paper on two similar hydrographs with
different sediment size distributions, fine and coarse,
introduced at the upstream end of the flume. For each
case we measured bed levels (using a bed profiler) and
bed grain size distribution (using an automatic digital
technique on the painted bed sediments) during the
hydrographs.

4. Conclusions
Our experimental data provides a unique opportunity to
analyse the effects of upstream sediment supply and
longitudinal sorting on the stability of PR sequences.
The coarse sediment supply test presented evidence of
self-maintenance mechanisms, with erosion of the pool
and finning of the riffle sediment.

3. Results
Figs. 2a,b show alterations to the bed profile after
running hydrographs with a) fine and b) coarse upstream
sediment supply. With fine sediment supply most
deposition occurred in the pool, but for the coarse
sediment significant erosion occurred in the same
location. Fig. 3a,b compares longitudinal sorting during
the rising and falling limbs of the hydrograph for the
coarse supply experiment. As a result of coarse sediment
supply, there was less mobility of upstream sediment
towards the pool centre, so finer sediment had a chance
to relocate from pool to riffle. This resulted in pool
erosion (Figure 2b) and, particularly during the falling
limb, a finer sediment size distribution in the riffle than
in the pool.
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1. Introduction

relation, but we later extend this to other relations.
The development of the side channel is related to, for example, the length difference between the channels and the
presence of a bend upstream of the bifurcation. We therefore test several cases in which the side channel varies in
length, width and the location of the bifurcation with respect to the bend. A weir is often placed at the entrance
of the Dutch side channel. This weir affects the morphodynamic changes in the side channel and likely the grain
size in side channel. We therefore will include the effect
of such a weir in our cases.

Side channels have been constructed in the Dutch river
system to reduce flood risk and to increase the ecological
value of the river. Some of these side channels show large
aggradation and therefore require regular maintenance.
Grain size measurements of the deposited sediment show
that the bed of the side channel contains much finer sediment (0.2-0.3 mm) than the bed of the main channel (1-2
mm). This suggest that sorting occurs at the bifurcation
of the side channel which likely affects the equilibrium
state and the time scale of the side channel development.
The objective is to reproduce the morphodynamic development with a 2D numerical model that allows for sorting
processes. The dimensions of the system are based on the
Waal River in the Netherlands.

3. Discussion
Preliminary results show that the Engelund & Hansen relation for the sediment transport is unable to reproduce
the fining of the bed in a side channel. Initially variations
in the sediment volume fraction occur, but these seem to
disappear in the morphological equilibrium. With Engelund & Hansen both sediment classes react similarly
to flow velocity changes. In other words, the nonlinearity of the sediment transport relation for both fractions is
the same. This probably prevents sediment sorting to occur and therefore several tests with other sediment transport relations which do include a nonlinearity as a function of the grain size are tested to confirm this hypothesis. In addition, the preliminary results show that the
transverse bed slope does influence the spatial distribution of the grain size, because the parametrization used is
a function of the Shields stress. However, the effect of
the transverse bed slope seems limited and might be underestimated. Future work will focus on using different
sediment transport relations and including the effects of
overbank flow.

2. Method
We use a 2D Delft3D model and we compute the morphodynamic development of a side channel system as presented in Figure 1. Initially the bed level of the side
channel is higher than in the main channel which corresponds with a side channel system just after construction. The bed roughness in the side channel is smaller
than in the main channel since bed forms are generally
much smaller. The upstream discharge is given by a average yearly hydrograph which includes one flood peak and
at the downstream boundary a water level is prescribed
which is based on the equilibrium water depth. We assume two sediment classes: one with a grain size which
is similar to the sediment of the main channel bed and one
with a grain size which similar to the deposited sediment
in the side channel. The mixture is uniformly distributed
over the system with the coarse sand volume fraction of
0.95. This corresponds with the volume fraction of the
two mixtures which was found in the main channel in reality (Ten Brinke, 1997). The bed level and bed composition changes are computed using the Hirano (1971) active
layer model. The active layer thickness is assumed constant over time and equal to the bed form height (Blom,
2008). Initially, we compute the sediment transport for
each sediment class with the Engelund and Hansen (1967)
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Figure 1. The out line of the numerical model with a
side channel which is shorter than the main channel.
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1. Introduction

1

Morphodynamic numerical models represent powerful
and increasingly used scientific tools to enhance our understanding of river systems. The growing computational
power and the development of advanced numerical techniques allow morphodynamic models to predict the bed
pattern evolution for a broad spectrum of spatial and temporal scales (Siviglia and Crosato, 2016). In front of such
widespread development, a knowledge gap exists in defining benchmark frameworks to assess numerical model capability in reproducing morphological processes.
In this work we focus on the benchmark of numerical
simulations of alternate migrating bar formation against
a well-established theoretical stability criteria (Colombini
et al., 1987). In particular we highlight and quantify the
magnitude of numerical approximation errors associated
with the choosen numerical tool when attempting to replicate reference analytical solutions. This would positively
contribute in defining coherent workflows to develop and
test more robust numerical morphodynamic models (e.g.
Mosselman and Le, 2016).
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Figure 1. Global diffusion factor rsim for different
physical input r p .
pression) match together.
We simulated the alternate bar stability in straight channel using the 2D numerical model BASEMENT (Vetsch,
2017), which solves the system of governing equations (shallow water and Exner) through a finite-volume
method on unstructured triangular meshes.

2. Methods
According to the findings of Colombini et al. (1987),
free alternate bar stability depends on different hydromorphological characteristics (i.e. channel slope, reference flow, ect.), that can be expressed with the
non-dimensional governing parameters β , θ and ds
(widht-to-depth ratio, Shields stress and relative diameter, respectively). Moreover, a key-role in bar formation/suppression is played by the magnitude of the sediment transport direction deviation (γg , with respect to flow
direction) due to the effect of lateral bed slope (∂n z), measured as

3. Results and Conclusions
The main findings of our analysis are that, for the given
numerical model, numerical diffusion rn has roughly
same magnitude of the physical diffusion r p (Figure 1).
Moreover, it is worth noting that the magnitude of numerical diffusion is not constant but increases with the input
diffusion r p .
The present study quantifies the non-linear effects of numerical approximation when simulating a simple morphodynamic process via a posteriori analysis. Moreover
it suggests a coherent workflow to estimate the modeldependent numerical diffusion hence to assess morphological model limits and capabilities.

tan(γg ) = f ∂n z.
(1)
√
In this study we assume f = −r p / θ with r p ∈ [0.3−0.6]
(see Colombini et al., 1987). The deviation in (1) appears as a physical diffusive term when inserted into the
2D Exner equation. This pyhsical diffusion could be of
the same magnitude of numerical diffusion, which is an
ever-present consequence of the numerical discretization
of the continuous original equations (e.g. Mosselman and
Le, 2016). However, this latter diffusion magnitude can
hardly be quantified a priori. Nevertheless if we dump
the contribution of numerical diffusion into an equivalent
factor rn , it results that observed diffusion of numerical
simulations is actually rsim = r p + rn . The backward evaluation of rn is achieved varying the input r p and then estimating the resulting rsim for a total of 440 different hydromorphological configurations. The value rsim is estimated
as the factor r∗ ≃ rsim that makes the numerical and theoretical bar stability rensponse (i.e. bar formation or sup-
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model for flows with different recurrence intervals to
obtain water surface slopes and velocities and use these
to estimate basal shear stresses. Finally, we will use
empirical bed load equations based with measured grain
sizes to estimate transport capacities along different
reaches to produce a map of transport capacities on a
reach-by-reach basis over a range of discharges.
In Section 2, the format for figures, tables, equations,
items and citations is presented.

1. Introduction
The Rhône River represents a highly complex fluvial
system owing to its basin characteristics and tectonic
and climate histories. Superimposed on this natural
complexity are intense changes in land use within the
basin and management works in the main channel and
tributaries over the pas t 150 years. The present-day
Rhône is characterised by almost continuous
embankments along its lowermost 300 km and 19
hydropower dams to which flow is delivered by canals
that bypass the channel (Parrot, 2015). The sum of these
modifications has drastically altered the delivery of
sediments to the main stem and their transfer
downstream.
We present preliminary results of a large-scale
multidisciplinary study aimed at understanding how
sediment is mobilised and transferred between
successive reaches along the 500 km from Lake Geneva
to the Mediterranean Sea. A reach is defined here as
being between two successive dams (excluding the
upstream reach bounded by Lake Geneva and the
downstream reach bounded by the Mediterranean Sea).
The main goals of the study are to establish a physicallybased classification of reaches based on transport
dynamics for targeting restoration projects, and to gain a
better understanding of longitudinal connectivity with
clear knowledge of the main nodes of discontinuity.

3. Perspectives
We will compare the results of our analysis with
changes in bed elevation and sediment volumes
estimated from differential bathymetry over the last
century (e.g., Provansal, 2014; Parrot, 2015). The
analysis will also be carried out using historic bed
elevations and discharges. The results of the study are
expected to highlight the variables controlling transport
capacities and bed evolution through time on a reach -by
reach basis and shed light on the relative influences of
natural inheritance and various periods of human
modifications on the Rhône's evolution.
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2. Materials and methods
An exceptionally comprehensive data set for a large
river system exists for the Rhône owing to its long and
important role in navigation and hydropower. These data
include numerous bathymetric surveys and discharge
records. More recently, the “Plan Rhône” - an
integrative management framework, via the Rhône
Sediment Observatory (OSR), provided the resources to
conduct a large-scale field campaign to sample and
measure bed grain size every 5 km along the mainstem
(Parrot, 2015) and the development of a 1D hydraulic
model for the entire river. The model is based on the
code MAGE and has been calibrated for a large range of
water discharges and dam operation (Dugué et al.,
2015). The available data coupled with the newly
calibrated hydraulic model represents an unprecedented
opportunity to conduct a quantitative physically -based
study of the Rhône.
Our first step has been to compile all available gauging
records along the main stem and tributaries and relative
drainage basin areas to produce a flow duration curve
through each reach. Next, we will run the 1D-hydraulic
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Meandering river planforms are easily observable features
in the landscape, but the processes shaping them, act on a
wide range of spatial and temporal scales. This results in
meanders that curve at several spatial scales with smaller
scale curves embedded in larger scale curves.
Here, we show how to quantify the multi-scale structure
of meanders from the valley scale until the sub-meander
scale based on continuous wavelet transforms of the planform curvature. The zero crossings and maximum lines
of the wavelet transform capture the main characteristics of the meander shape and their structure is quanti-

fied in a scale-space tree (Figure 1). The tree is used to
identify meander wavelength and how meanders are embedded in larger scale features. The submeander structure determines meander shape, which is quantified with
two parameters: skewness and fattening. The method is
applied to the Mahakam River planform, which features
very sharp, angular bends. Strong negative fattening is
found for this river which corresponds to angular nonharmonic meanders which are characterized by strong
flow recirculation and deep scouring.

Figure 1. Based on the curvature of the planform of the Mahakam River (top panel) the continuous wavelet transform is
determined (middle panel). The transform is used to construct a scale space tree based on zero crossing lines (gray lines)
and local maxima (dots). The lowest panel shows the same tree as the middle panel, but now drawn in connection to the
planform.
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focus on the interplay between a stochastic external
forcing and the (deterministic) non-normality of the
linearized morphodynamics. To this aim, we consider a
typical and well-known geomorphological pattern of
river landscapes: free bars.. In a previous work (Vesipa
et al., 2012), we elucidated the non-normal character of
bar dynamics and demonstrated the occurrence of
relevant transient perturbation growths in the stability
region of the parameter space. These features, along
with frequent occurrence in rivers, make bars an optimal
candidate to explore which the stochastic (non-normal)
instability of morphogenesis phenomena. Our specific
purpose is to demonstrate how small random
disturbances of the basic state can excite long lasting
giant transient growths of perturbations that induce bar
patterns in regions of the parameter space classified
stable according to the classical (asymptotical and
deterministic) stability analysis.
Due to the explorative nature of our work, we focus on
small random fluctuations (i) affecting a steady basic
state and (ii) modelled as a white Gaussian noise;
namely, no correlation structure is considered in the
external stochastic forcing. These modelling choices
allow us to develop a fully analytical theory, where the
pivotal role of randomness on inducing patterns is
described by the noise intensity, σ.
Our results suggest that the spectacular variety of
patterns exhibited by river landscapes is prone to host
very interesting noise-induced phenomena.

Over the last decades, stability analysis has become a
crucial mathematical tool to understand landscape
morphogenesis processes. Examples range from river
and coastal geomorphology to glacial patterns, from
magma shaping to dissolution/precipitation chemical
processes.
The key steps of stability analysis are: (i) to select an
unperturbed basic state, (ii) to introduce small
perturbations superimposed to the basic state, (iii) to
linearize the perturbation dynamics around the basic
state, (iv) to study the eigen-structure of the linear
differential operator. Usually, the asymptotic fate of
perturbations (decay or amplification) is investigated by
detecting possible instability regions in the parameter
space. Additional insights about the system dynamics
can be gained by the non-modal analysis, the assessment
of the absolute/convective nature of instability, and
weakly- or fully-nonlinear stability analyses. In
particular, non-modal analysis plays an important role
when eigenvectors are not normal. In those cases,
perturbation energy can exhibit strong transient growths,
although perturbations disappear when t→∞ (i.e., the
dynamical system is asymptotically stable).
So far, researchers have focused only on deterministic
cases, regardless the specific approach adopted.
In particular, the basic state was considered either steady
(this happens in the most studies) or periodic (in this
case the Floquet analysis is adopted), but random
fluctuations were never considered. This was done
although the morphogenesis processes occur in
environments where randomness is pervasive and
external disturbances are very frequent.
In this work, we shed light on this gap. Our aim is to
consider the effect of small random fluctuations of the
basic state on the stability analysis, and, in particular, we
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Alternate or multiple bars form, and quickly evolve to a
braided network. After a few hours a dynamic
equilibrium is reached. Several runs with slopes and
flow discharges in the range [0.5%-1.5%] and [0.5 l/s 1.5 l/s] were performed, and lasted tens of hours.

1. Introduction
Braided rivers are peculiar morphologies that occur in
water courses characterized by high sediment load and
slope. They are characterized by multiple channels
which undergo a continuous spatiotemporal evolution.
Braided river landscapes have a high environmental
value, but they are fragile dynamical systems and very
sensitive to hydrological changes: recent climate
changes and river damming are inducing braided rivers
to evolve to meandering or pseudo-meandering rivers,
with strong environmental impacts.
As complex phenomena drive the braiding process (e.g.,
flow bifurcations at island edges, partition and
confluence of water and sediment discharges in the
channel network, sediment erosion/sedimentation along
channels, etc.), a satisfactory knowledge of braided river
dynamics is far to be reached. For this reason, new
research efforts are required. To this aim, flume
experiments are a key tool, as they can reproduce some
fundamental mechanisms occurring in these river
systems. However, technical issues generally limit an
accurate survey of the flume topography and its
temporal evolution. In fact, although high-precision
laser scans are used, water refraction hampers the direct
measure of the bed topography in water-covered flume
channel. Therefore, the removal of water is mandatory
before the laser survey. This emptying procedure alters
the flume topography and makes the study of the
temporal evolution of the system very difficult.

Figure 1. (a) Profile of a braided transect acquired by
the laser-sonar-sensor. (b) Standard deviation σ of the
bed elevation across a braided transect.
3. Results
The flume data acquired are used to investigate the
following aspects: (i) the effect of the survey frequency
on the estimation of the eroded/deposited volumes; (ii)
the spectral analysis of the bed-elevation topography;
(iii) the evaluation of the probability distribution of
bottom elevations and the corresponding temporal
dynamics; (iv) the statistical analysis of the bedelevation topography. As example of our results, Figure
1b shows the standard deviation, σ, of the bed elevation
across a braided transect.

2. Methods
In order to measure the bed-elevation of the flume-rivermodel with sufficient detail for a statistical study of the
braided topography dynamics, we have setup an
experimental facility that overcomes the limitation
mentioned in the introduction. The key feature is the use
of a laser-scan coupled with an ultrasonic sensor. The
ultrasonic sensor measures the position of the free
surface, while the laser-scan the elevation of the bottom.
This last measure is affected by a refraction error, which
can be corrected, as the position of the free surface is
known (Visconti et al., 2012).
To generate braiding channels, the erodible-bed flume of
the Hydraulics Laboratory of the Politecnico di Torino
was used. Its size is 18x2 m, and it is filled with sand of
0.45 mm mean diameter. The laser-sonar-sensor is
mounted in a frame with numerically controlled axis.
The laser-sonar-sensor repeatedly goes from one bank
side to the opposite bankside, and acquires with high
temporal (30 profiles/hour) and spatial (3000 points/m)
frequencies the profile of a river transect (see Figure 1a
for an example of profile acquired).
The runs are as follows: water is let flow in a flat
floodplain crossed by a rectangular straight channel.

4. Conclusions
We adopted a technique for scanning the bottom
topography of braided networks without interrupting the
water flow, and with high temporal and spatial
frequencies. This allowed us: (i) to survey the bottom
topography without errors associated with the water
removal/restoration; (ii) to describe the bed-elevation
temporal variability across a transect of a braided flume
model.

References
Visconti, F., L. Stefanon, C. Camporeale, F. Susin, L.
Ridolfi, and S. Lanzoni (2012), Bed evolution
measurement with flowing water in morphodynamics
experiments, Earth Surf. Processes Landf., 37 (8), 818–
827.

257

Morphological Response to Sediment Replenishment
in Confined Meandering Rivers
D.F. Vetsch1, L. Vonwiller1, D. Vanzo1 and A. Siviglia1
1

Laboratory of Hydraulics, Hydrology and Glaciology (VAW), ETH Zürich, dvetsch@ethz.ch

1. Introduction
Different artificial infrastructures such as dams and runof-river hydropower plants might disrupt sediment
transport continuity causing a deficit in downstream
reaches. If further sediment sources are limited, as in
confined reaches, such deficit leads to a progressively
degradation and coarsening of the river bed, and to a
reduction of river self-morphological reshaping
capability, with adverse consequences for river
environment as well as downstream infrastructures (e.g.
Kondolf
1997).
As
counteractions,
sediment
replenishment by means of artificially adding gravel in
downstream reaches is currently implemented with
different strategies (e.g. stockpile, conveyor belt).
Nevertheless these interventions are likely to fail if not
able to trigger any morphological processes as bed
reshaping or grain size distribution (GSD) variation.
While several-decades efforts provided a fundamental
suite of tools and theories to predict morphological
evolution under non-limited, uniform sediment supply
conditions, the quantitative prediction of non-uniform
sediment-limited morphodynamics represents a vivid
and challenging research topic (e.g. Venditti el al.
2010).
In this work we model and investigate the
morphological response of a confined meander river
reach to a series of different sediment replenishment
procedures. The final goal is to qualify and quantify the
different downstream morphological responses (e.g.
shape, volume, GSD), thus suggesting the effectiveness
of the proposed replenishment operations. This study
would also positively contribute in shedding the light on
numerical modelling challenges, requirements and
opportunities in the description and prediction of
complex morphodynamic processes.

Figure 1. Aerial view of the Reuss River (CH)
47°22'16.11"N, 8°19'44.03"E, Google Earth.

3. Discussion and Conclusions
As a result, we map the morphological response and the
grain sorting effects of the simulated reach varying both
the inflowing hydrograph and sediment feed assuming a
constant feed (e.g. conveyor belt operation). In a second
step we evaluate also the response to replenishment by
stockpile with different initial volume. Lastly the role of
different input grain size distributions and its influence
of downstream grain sorting processes are analysed.
Beyond the scientific relevance of this modelling
attempt, the outcomes of the present study will provide
some insights and suggestions for further development
of sediment replenishment metrics and indicators to
quantify the effectiveness of these operations.

2. Methods
The study site is a reach of Reuss River in Canton
Aargau, Switzerland (Figure 1). The Reuss River
represents a typical gravel-bed river of lowland
Switzerland, both in term of sediment characteristics and
hydrological regime. In particular we simulate the reach
downstream the run-on-river hydropower plant of
Bremgarten-Zufikon. The numerical simulations are
conducted with BASEMENT (Vetsch et al. 2017), a
freeware tool for two-dimensional hydro- and
morphodynamic modelling over unstructured mesh. To
account for non-uniform GSD, fractional sediment
transport is modelled with the Hirano-Exner scheme,
including lateral correction for both local bed slope and
helical flow.
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1. Introduction
Flume experiments from literature observed different responses of free bar morphology to sediment supply reduction. In some experiments free bars disappeared by
migrating out of the flume (e.g. Venditti et al., 2012),
whereas in others, free bars transformed to steady bars
due vertical erosion and emergence of bars (e.g. Lisle
et al., 1993).
In this contribution we analyzed the response of free bar
morphology to sediment supply reduction by means of
numerical 2-D modeling. Thereby, we focused on the
influence of bed slope and bed load transport reduction
(morphological 1-D effect) on the 2-D response of free
bar morphology, e.g. wave number and bar height.

2. Methods and Numerical Setup
The mathematical model consisted of the 2-D shallow water equations for water flow and the Exner equation for
uniform bed load transport. Bed load transport direction
was corrected due to lateral bed slope accounting for gravitational influence. The non-linear numerical 2-D model
solved the equations using a finite volume method on unstructured grid (www.basement.ethz.ch). Linear theory
based on Colombini et al. (1987) was used to compare
and validate the numerical results.
The numerical setup consisted of a straight rectangular
channel with initial bed slope S0 = 0.005, channel width
W = 60 m, and channel length of 300 times the width.
Furthermore, discharge Q = 800 m3 /s and median grain
size d50 = 87.7 mm resulted in dimensionless quantities
at the beginning of simulation as follows: Shields parameter θ = 0.1, relative roughness ds = d50 /h0 = 0.03 (h0
denotes uniform flow depth), and half the width to depth
ratio β = W /(2h0 ) = 10.3. The morphological regime
was supercritical (β > βC ), where βC denotes the threshold value for free bar formation (βC = 7.5).
First, a dynamic equilibrium of free bar morphology was
established using bed load transport capacity at the upper boundary (Fig. 1, time = 0 d). Then, sediment supply
at the upper boundary qb,in was reduced applying different fractions of initial bed load transport qb,0 (qb,in /qb,0 =
0.75, 0.50, 0.25, 0.0).

the flume experiments of Lisle et al. (1993). However, we
found that for sediment supply rates qb,in /qb,0 ≥ 0.25, free
bars persisted as morphological pattern (λ = 0.35−0.40).

3. Results
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After completely reduced sediment supply (qb,in /qb,0 =
0.0) bed slope and bed load transport continuously reduced in time and space. This morphological 1-D effect played a major role on changing free bar morphology. Therefore, wave number λ = πW /L (L denotes
wavelength) decreased and bar height HB increased (see
Fig. 1). As the morphological 1-D effect proceeded, free
bars started to emerge. Finally, steady bar configuration
was observed in the whole domain with bed load transport trending towards zero. This behavior was found to
be in accordance with the observation of emerging bars in

Colombini, M., Seminara, G., and Tubino, M. (1987).
Finite-amplitude alternate bars. Journal of Fluid Mechanics, 181:213–232.
Lisle, T. E., Iseya, F., and Ikeda, H. (1993). Response
of a channel with alternate bars to a decrease in supply
of mixed-size bed-load - a flume experiment. Water
Resources Research, 29(11):3623–3629.
Venditti, J. G., Nelson, P. A., Minear, J. T., Wooster, J.,
and Dietrich, W. E. (2012). Alternate bar response to
sediment supply termination. Journal of Geophysical
Research: Earth Surface, 117(F2). F02039.

Figure 1. Response of free bar morphology to sediment
supply reduction and morphological 1-D effect

4. Conclusion
We investigated the response of free migrating bars to sediment supply reduction using numerical 2-D modeling approach. The morphological 1-D effect was found to play
a major role on free bar morphology response. Therefore,
the wave number decreased and the bank height increased
accordingly. These findings were found to be coherent
with linear theory using a priori reduced equilibrium bed
slope. Hence, the final bar configuration pattern (free bars
or steady bars) can be reasonably well predicted using linear theory.
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1. Introduction

2m

4m

The characteristics of bank erosion and bar formation
directly connect with river channel disasters and a river
ecosystem. For this reason, many researches on bank
erosion and bar formation. However, there is an
incomplete understanding of the relationship between
bank erosion and bar development. In recent years,
many flood disasters by bank erosions due to
development of bars have occurred. For this reason, the
relationship between bank erosion and bar development
needs to be grasped. In this study, the hydraulic
experiments on this relationship were conducted.
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Figure 1. Experimental flume

2. Hydraulic Experiment

Case2-1

2.1 Experimental set-up
A straight flume used for the experiment is 7m in length,
and 0.2m in width. In order to generate bank erosion, the
20cm wide extension part was added to the left bank
side of the middle section as a flood plain. The
experimental flume is shown in Figure 1. The reason
that limited the extension part to a section of flume is for
preventing a channel meandering by bank erosion. The
flume is set with a gradient of 1/100 after the flume is
covered with silica sand (dm = 0.765mm) at 0.10m in
thickness. The extension part is covered with the same
sand. As for this portion, three kinds of bank height
were set up (2cm in Case1, 3cm in Case2 and 4cm in
Case3.
2.2 Hydraulic conditions
Two patterns to which the starting time of bank erosion
was changed were implemented in each case. One is that
bank erosion was allowed after forming bars in straight
channel with setting partition between flood plain and
channel (Case*-1). Another is that bank erosion was
allowed from the beginning (Case*-2). The initial water
depth was set as 7 mm in each case so that alternate bars
might be formed. The discharge was adjusted so that
initial water depth (7mm) might become the same in
each case.
2.3 Measurements
The locations of the front tips and the height of the bars
and bank erosion part were measured every 5 minutes
during water flow in the flume.
2.4 Results of Experiment
In one example, time variations of the bar front edge and
the bank erosion part in Case3 are shown in Figure 2. In
the case where bank erosion (Case*-1) was allowed after
the bar grew enough, migration of bars became slow and
riverbank erosion advanced to the transverse direction.
On the other hand, in the case which formation of bars
and the bank erosion advance simultaneously, migration

Case2-2

Figure 2. Time variations of the bar front edge and
the bank erosion part in Case3
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Figure 3. Time variations of bar height
of bars continued and bank erosion advanced in the
longitudinal direction. The lower a bank is, the clearer
characteristics are. The time variations of bar height
after forming bars are shown in Figure 3. The height of
bar becomes low by sediment supply from banks. Final
bar height is the same even if the height of a bank is
changed.

3. Conclusions

The influence of the height of a bank works directly to
progress of bank erosion, and affects development of the
bar through bank erosion. The situation of bank erosion
changes with the development stage of bars. And the
migration of bars is affected by the development of bank
erosion. Thus, strong impact is received to each other.
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(1947). Both numerical and analytical results indicate
that the transverse slope at the base of the bank will
equal zero under the assumptions of the problem. This
provides the similarity shape locally at the limits of
integration for the bank region that is critical to
implementing the integrated Exner equation. The
integrated Exner equation then yields a straight-forward
expression for steady-state bank migration rate that takes
into account both the excess boundary shear stress and
the radius of curvature.

1. Introduction
The banks of alluvial rivers commonly consist of a basal
layer of non-cohesive material that is overlain by finergrained material with some cohesion, a configuration
referred to as a composite bank (Thorne and Tovey,
1981). The more readily mobilized non-cohesive layer is
recognized to have a disproportionately large effect on
bank migration rate (Thorne, 1982), and yet physicallybased bank erosion sub-models commonly impose bank
deformation rate formulations that are suitable only for
the cohesive bank layers, as described by Waterman and
García (2016). The physically sound method to model
bank deformation in the non-cohesive basal layer is the
proper implementation of the sediment mass
conservation equation (Exner equation). Previous
methods used to overcome the computational expense
associated with finite difference solution of the Exner
equation have involved integration over the bank region
using a similarity assumption for bank shape
(Hasegawa, 1989; Parker et al., 2011). In such
treatments, the bank profile is generally estimated as a
rather steep and constant transverse slope, whereby the
transverse component of bedload flux is associated with
the downslope gravitational force. However, in concaveupward shaped basal bank profiles (Waterman and
García, 2016), the transverse slope at the base of the
bank (considered to be the thalweg herein) may be quite
small. The main driver of the transverse component of
bedload flux at the base of the bank is thus likely the
transverse component of the boundary shear stress
associated with the secondary flow. This issue is
explored in the present analysis.

3. Conclusions
The dimensionless migration rate formula is physicallybased, using the sediment-mass conservation equation
with a justifiable shape constraint and a constitutive
relationship for bedload transport rate applied to the
basal bank layer. The formulation represents an upper
limit on actual migration rates based on basal layer
migration alone that can be expected to be mitigated by
the influence of the upper cohesive layer and the
different rates of over-bar deposition and bank
deformation not accounted for in the assumption of
steady translational migration.

References
Hasegawa, K. (1989). Universal bank erosion coefficient
for meandering rivers. Journal of Hydraulic
Engineering, 115(6), 744-765.
Khodashenas, S.R., and Paquier, A. (1999). A
geometrical method for computing the distribution of
boundary shear stress across irregular straight open
channels. Journal of Hydraulic Research, 37(3), 381388
Parker, G., Shimizu, Y., Wilkerson, G.V., Eke, E.C.,
Abad, J.D., Lauer, J.W., Paola, C., Dietrich, W.E.,
and Voller, W.E. (2011). A new framework for
modeling the migration of meandering rivers. Earth
Surface Processes and Landforms, 36(1), 70-86.
Thorne, C.R. (1982). Processes and mechanisms of river
bank erosion, in R.D. Hey, J.C. Bathurst, C.R. Thorne
editors, Gravel-bed Rivers, Wiley, Chichester, 227–
271.
Thorne, C.R. and Tovey, N.K. (1981). Stability of
composite river banks, Earth Surface Processes and
Landforms, 6(5), 469-484.
van Bendegom, L. (1947). Some considerations on river
morphology and river improvement. De Ingenieur,
59(4), 1-11 (in Dutch; English transl.: Nat. Res.
Counc. Canada, Technical Translation 1054, 1963).
Waterman, D.M. and García, M.H. (2016). Concaveupward composite river bank profile shape at
migrating meander bends. In Constantinescu, G.,
García, M., and Hanes, D., editors, River Flow 2016,
pages 1098-1105. CRC Press.

2. Analytical and Numerical Treatment
The problem is distilled into its most basic form:
uniform, developed bend-flow (bend of infinite length)
in a channel bounded by uniform coarse alluvium
mobilized as bedload. The goal is to identify the
transverse component of bedload flux at the base of the
bank that is the key variable in the integrated Exner
equation. The condition of translational migration is
sought, whereby the entire cross-section migrates
laterally without changing shape under constant
discharge. A single radial slice of the channel is
considered; all divergence terms in the streamwise
direction are eliminated. Simplified numerical modelling
techniques are sought, to capture the most important
physical principles and inform the analytical formulation
for bank migration rate. The streamwise component of
the boundary shear stresses are solved using the rapid
and simple method of Khodashenas and Pacquier
(1999). The deviation of the shear stress vector from the
streamwise direction is calculated using the ratio of flow
depth to radius of curvature based on van Bendegom
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clear pattern, with a sequence of fine sediment high bars
separated by coarse riffles.
The introduction of large roughness elements resulted in
a higher proportion of covered bed and larger volume of
deposited alluvium. The combination of higher
roughness and initial sediment cover further increased
sediment storage, but complete alluvial cover was not
achieved in the sinuous channel.

1. Introduction
Urban development in river catchments often results in a
flashy flow regime and limited, irregular sediment
supply, which in turn cause widespread erosion and
incision. In Southern Ontario, the response of riverine
systems to urbanization is modulated by the glacial
legacy. In many urban streams in the Greater Toronto
Area, local incision has led to the partial removal of
alluvium and the exposure of the underlying glacial till
(Chapuis et al., 2014).
These semi-alluvial channels represent a challenge for
river management and restoration projects. Incision and
erosion pose a threat to man-made structures, such as
roads and sewers, while the loss of sand and gravel bars
limits the availability of physical habitats for aquatic
fauna. A better understanding of sediment dynamics in
semi-alluvial channels is needed to improve flood safety
and ecological quality in these systems.

2. Methods
We used a physical model to explore the influence of
channel morphology, sediment supply, pre-existent
alluvial cover and bed roughness on sediment storage
and flux. Simulations were carried out in a non-erodible
channel comprising a straight reach and sinuous reach
with five identical bends. Initial configurations included
fully uncovered beds, fully covered beds and beds with
additional large roughness elements. Grades sediment
was used to feed the channel and to build the initial
cover. Discharge and sediment supply were kept
constant during each run and a range of feed rates was
tested.
Output bedload flux was measured at regular intervals
and high-resolution images were acquired. The areal
fraction of alluvial cover was reconstructed using
supervised image classification routines and DEMs of
the flume were built using Structure-from-Motion.

Figure 1. Maps of alluvial cover, for increasing
sediment supply (top to bottom: 2,4,6,8 g/s).

3. Conclusions
Laboratory simulations have shown that semi-alluvial
streams adapt to different sediment supply rates by
modifying the areal fraction of covered bed, the shape
and thickness of deposits and eventually the slope.
Engineered sinuous channels with fixed banks – a
common river restoration design for urban streams in
Southern Ontario, – are likely to exhibit local exposure
of the glacial substrate even in the case of high sediment
supply, large bed roughness and presence of an initial
alluvial cover. Therefore, long term monitoring and
maintenance may be needed to ensure flood safety and
ecological quality in these systems.

3. Results
All simulations reached a steady state characterised by
sediment input/output balance and a stable proportion of
covered bed area. At low sediment input rate, patchy,
thin sediment cover developed in the straight channel. In
contrast, high feed rate rapidly produced a complete
sediment cover and aggradation continued, forming a
large wedge-shaped deposit. This behaviour was
observed regardless of pre-existent cover, but runs that
were started from a fully covered bed resulted in a
slightly larger average sediment thickness.
In the sinuous channel, a series of point bars formed at
low feed rate, while at high feed rate the bars coalesced
into a continuous strip of alluvium (Fig. 1). Patches of
exposed bed were always present along the outer bank
downstream of bend apex. Sediment texture showed a
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allocation. Then, a required channel width for bedrock
erosion channel is also figured out according empirical
and flow regime method. The scenario modeling results
also shows that the proposed stable channel could
reduce the bedrock channel incision efficiently over one
year designed flood event. The maximum erosion depth
of stable channel, as well as average erosion depth,
decreases more than 70% erosion in compare with the
current condition.

Abstract
Rivers in Taiwan typically have steep slopes and subject
to high sediment transportation flows. During the past
decades, earthquake induced riverbed uplift, in stream
structure, and sand mining are the main agents lead to
the tremendous channel migration in the river reaches of
the west-central Taiwan. After experienced significant
alluvial erosion, the soft bedrock exposed immediately
downstream of water intake cross-stream structures, the
severe erosion due to slope adjustment become
extremely complex between alluvial, bedrock and mixed
river channel. So the river stability becomes an
important issue for the limited water resources in
Taiwan. To mitigate the damage of downstream crossstream infrastructures and flood prevention works from
the severe bedrock erosion. A number of engineering
schemes have been proposed and implementation.
However, the allocation of every single stable river
engineering need a principal of stable channel for a
comprehensive stability solution under the continuing
morph-dynamic processes.
The downstream river reach of Ji-Ji Weir on Cho-Shui
River is selected for this study, where a vertical erosion
of up to 18 meters was experienced since 1999. For the
complexity of this study river reach, both morph
dynamic characteristic of river channel and numerical
model are used to analyse the dynamic stable channel
over the sever bedrock erosion river reach, which
includes channel slope, channel width and channel
alignment. So this study has following objectives: (1) to
assess and propose a stable channel for stability
engineering scheme allocation; (2) to evaluate the
efficiency of the proposed stable channel by scenario
modelling; and (3) to identify the future research needs
for stability engineering implementation. To determine
the dynamic stable channel for the bedrock erosion
channel, a two-dimensional flow model was used to
calculate the accurate channel alignments and slope with
available measured data in the past decades. Then, the
river reach was divided into some zones on the basis of
channel dynamic characteristic and bed material
property. And a two-dimensional flow and mobile bed
numerical model, SRH-2D, was used to predict future
channel slope tendency. Finally, a scenario modelling
with stable channel and current condition over 1-year
flood event are performed to evaluate the proposed
dynamic stable channel effect.
The characteristic analysis shows that the bedrock
erosion river reach could be divided into four zones as
figure 1, named as head-cutting, bedrock erosion,
transition and alluvium zones, to get a dynamic stable
channel slope tendency for engineering scheme
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1. Introduction

2.2 Free surface modeling in CFD
With OpenFOAM, a Volume-of-Fluid (VOF) method was
used for the free surface and LES was used to resolve
the turbulence. The computational mesh for the complex
channel geometry was generated with s♥❛♣♣②❍❡①▼❡s❤,
a meshing utility in OpenFOAM. The key here is to find
proper resolution for the mesh. The following rules were
used: (1) grid size doubles in horizontal than in vertical,
(2) at least 10 mesh layers for fluid part in vertical, (3)
mesh refinement near the potential free surface. The resulted mesh has about 7 million cells. However, it is very
difficult to initialize the flow in full resolution mesh. A
3-step hot start method was utilized to solve this problem:
(1) use coarse mesh (0.15 million cells) to initialize the
flow, (2) use the results of Step 1 to refine the free surface and re-run the simulation on a slightly refined mesh
with 0.45 million cells, (3) run the full resolution mesh
simulation.

Whitewater parks have been widely constructed with the
increasing popularity of recreational kayaking throughout the United States. The engineering design of the
kayak surfing waves is the core element of a whitewater park. Many of such existing parks are now facing
re-licensing which requires detailed hydraulic analysis.
In lieu of expensive physical modeling test, a novel numerical method is introduced and discussed in this study
which combines Structure-from-Motion (SfM) and computational fluid dynamics (CFD). The SfM method is a
low-cost and fast approach to reconstruct the complex
channel geometry Westoby et al. (2012). With the reconstructed channel surface, three-dimensional CFD simulations can be run to assess the hydraulic conditions and
provided guidance on retrofitting measures if necessary
to meet the updated requirement for re-licensing. In this
work, the free surface surfing waves were modeled using large eddy simulation (LES) with OpenFOAM. In the
past, some efforts have been made to model the hydraulics
in whitewater parks by Reynolds-Averaged Navier-Stokes
(RANS) equations Kolden et al. (2015); Borman et al.
(2015). A signature hydraulic condition in kayak surfing waves is the super-criticality of flow. As a result,
the flow is highly turbulent. In addition, the length scale
of the whole channel can be up to hundreds of meters,
while the water depth can be as small as tens of centimeters. The scale of fluctuating free-surface waves is even
smaller. The disparity in these scales poses a significant
challenge for CFD modeling. Using the Holtwood Dam
Project (located in Pennsylvania, USA) as an example,
this paper outlines the work flow of combining SfM and
CFD and explores some solutions to the technical difficulties which may be encountered in practice.

3. Preliminary results

(a) Photograph

(b) Simulation

Figure 1. Visual comparison between photo and
simulation.

2. Methodology
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2015. One is precise survey with advanced devices. The
other is simple way with multi UAV. Comparing each
results, we confirmed the accuracy and effectiveness of
UAV for survey of bedrock river. Next, we comparing
the new topographical data with old LP data taken in
2006, we found that the knickpoint had moved about 5m
for 9 years.

1. Introduction
River have some knickpoints which is formed by
diastrophism or riverbed erosion. knickpoints continue
to move upstream. So much attention has been devoted
to the recession rate and the deformation of knickpoint
because the migration threatens the stability of river
structures. There are many studies about that mainly
from the perspective of Geography. For example, an
experiment conducted by Gardner show that knickpoints
do not undergo parallel head-ward retreat but are rapidly
destroyed to be flat in homogeneous bedrock. On the
other hand, in nonhomogeneous bedrock such as a less
erodible stratum over a more erodible stratum, flow
plunges over the knickpoint, scouring the bed, which
leads to cantilever toppling and plunge pool
development. As the downstream extent of bed of the
tributary channel erodes, the knickpoint is moved
upstream. In these cases, the scale of migration speed
was several millimetres or centimeters per a year and it
was considered that the main reason of knickpoint
propagation was water shear stress. But, in these days,
the effect of gravels transported on the knickpoint from
the upstream areas receives attention. Cook studied
about waterfalls formed by the surface deformation of
the Chelungpu Fault at the time of Chi-Chi Earthquake
on September 21, 1999 in central Taiwan and he shown
that some knickpoints of them had moved dozens of
meters per a year by the effect of gravels from upstream.
Hayakawa studied 4 knickpoints of them and he showed
that every knickpoint had undergone parallel head-ward
retreat.
The number of study about the knickpoint migration
which considers the effect of gravels is small. Studies by
Izumi discuss about cyclic step morphology formed on
bedrock by sediment attack, but they mainly focused on
the cycle mechanism, so the detail of deformation of
single step has not been clear. This study focuses on
knickpoint migration including the effect of gravels
from upstream. We chose a knickpoint on Toyohira river
in Sapporo, Hokkaido as study site. At first, we
surveyed there and got topographical data to know how
long it had moved. After that, we had experiments which
stands for the knickpoint migration by feeding sediments
to the experimental channel.

3. Experiments
We made an experimental channel which has knickpoint
to understand the effect of gravels transported from
upstream reach of river on deformation and migration of
knickpoint. The bed is composed of soft mortar. the
length is 300cm. The width is 1cm. The knickpoint
height is 5cm. The slope is 1/50. We fed sediment from
upstream reach and measured height of the bed surface.
We had total 5 cases changing value of water discharge,
sediment feed rate, and strength of mortar. Through the
experiments, we found a cycle of knickpoint migration
illustrated in Figure 1. Under this experimental
conditions, at first, erosion happened upstream of
knickpoint by sediment attack and the erosion bottom
finally touched knickpoint surface. After that, the bed
was scoured and knickpoint was renewed. Continuing
this cycle, knickpoint rapidly migrated upstream.

Figure 1. Cycle of Knickpoint Migration
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2. Survey of a knickpoint on Toyohira river
Toyohira river is one of the rivers in Hokkaido, Japan.
The river has about 5m waterfall in upstream area. We
attempted 2 ways for survey there on Jun 29 to August 1,
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Results of riverbed after10-hour water flow are shown in
Figure 2. The dashed lines indicate the main stream at
the final state of the each case. The solid lines show the
fixed side walls in Case2, and spur dikes in Case 3.
In Case1, the initial channel changed to plane form with
narrow parts (nodes) and wide parts (anti-nodes). Figure
2.(a) shows that main watercourses converge/diverge at
nodes formed continuously and longitudinally. The
process of migrating nodes and anti-nodes was seen
several times, and former watercourse formation due to
deposition on the main watercourse was seen in this
process. In Case2 and 3, widened channel over 2m width
was restrained by the fixed walls and spur dikes as
shown in Figure 2.(b) and (c) respectively. The number
of nodes reduced and the longitudinal length of
watercourses along the bank increased in Case2, in
which the sediment supply was insulated completely
from the bank when channel widened to the fixed walls.

1. Introduction
We examined focusing on the influence of the sediment
supply by the bank erosion to channel plane formation in
this study. The purpose of this study is to observe the
process of channel plane formation in some movable
bed experiments and to clarify the influence of sediment
supply by the bank erosion to the channel plane form.

2. Experiments on channel plane formation
The experiment flume is 26m in length and 3m in width.
Each case was started from a straight low-water channel
with erodible banks, which was set as shown in Figure 1.
Different restraint condition of widened channel at sides
related to bank erosion was set in each case (Table 2).
26m in length

Sand (dm= 0.765mm)

1/100
Initial channel
(Width: 0.45m, Height: 0.02m)

3. Conclusion

Figure 1. Experimental flume.

In this study, we focused on the influence that the
sediment supply is insulated from the bank when
restraining channel widening by the fixed walls. Our
movable bed experiments showed the process of
increases in the longitudinal length of watercourses
along the bank by the influence which has no sediment
supply from the bank.

Movable width Restraint of widened channel
Case1
3m
--Case2
2m
Fixed walls
Case3
2m
Spur dikes
Table 1. Experimental conditions.
(a) Case1

(b) Case2

E.L.
(mm)
10
0

-10

(c) Case3
-20
-30
-40

Figure 2. The result of riverbed. The contours are in relative height after subtracting a channel slope.
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1. Introduction

The principal aims of this analysis were: (1) to
understand the mechanics of formation and evolution of
sand waves and bars at this section and (2) to analyze
the kinematic of these bed forms. This required a
sampling with transects during the months of May and
November, 2016. Each bathymetric transect was
measured twice, with a day of difference and on the
same trajectory obtained by a GPS receptor. During the
fieldwork on November 13, 2016 was possible to obtain
bathymetric
transects
and
ADCP
profiles
simultaneously.

The Orinoco River is the third largest flow-dischargeriver in the world with an average water flow of 37,600
m3s-1. Due to the presence of the Guyana shield on the
right bank, the lower reach of the Orinoco presents a
plan form characterized by alternance of contraction and
expansion zones (Laraque et al., 2013). Typical 1-1.5
km width narrow reaches are followed by 7-8 km wide
reaches (Figure 1). A complex pattern of bed
aggradation and degradation processes takes place
during the hydrological cycle. The relationship between
flow velocity and morphodynamic of sand waves and
bars in an expansion/contraction channel is very
important to understand the processes that control the
evolution of rivers. Considerable research efforts has
recently been directed towards the understanding of
fluvial processes associated with geomorphology and
hydrologic conditions with the river width, which are
explained through the mechanics of formation and
evolution of sand waves and bars.

2. Conclusions

The spatial analysis of ADCP data shows that a strategy
of repeated surveys and flow field interpolation has the
potential to simplify the acquisition of temporal series of
bathymetries in slightly deep sections (~16m) with
various flow conditions. Additionally, the application of
correlation techniques provides the measurement of
local displacements between temporal series of
bathymetric models, as well as the understanding of the
kinematic of bed sand dunes.

Repeated surveys by an acoustic Doppler current
profiler (ADCP) were carried out in a channel (in
expansion) in the Orinoco River, specifically a central
island near to Ciudad Bolivar Town, close to the
navigation channel, dominated by sand waves and bars.
For this purpose, temporal series of bathymetric
cartography obtained by ADCP profiles were used to
recover the local displacement of bed forms in this
island. The methodology is based on correlation
techniques applied on bathymetries with a day of
difference and the COSI-Corr software (Leprince et al.,
2007).
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Figure 1. Study area in the Orinoco River

267

Relationship between Precipitation, River Flow and Its Turbidity:
Fine-Structure of Water and Turbidity Data at an Upper-most Reach
Y. Yokoo1 and Keiko Udo2
1
Faculty of Symiotic Systems Science, Fukushima University, Fukushima, Japan. yokoo@sss.fukushima-u.ac.jp
International Research Institute of Disaster Science, University of Trento, Sendai, Japan. udo@irides.tohoku.ac.jp

2.4 Recession analysis
We applied a traditional recession analysis method (e.g.,
Hino and Hasebe, 1984) which fits an exponential
recession model as in Equation (1) to recession curves,
(1)
q( )  q0  exp(    )
where q(t) and q0 are time series data of water discharge
(or turbidity) and its highest value on the recession curve,
respectively. The parameter  is time starting from the
highest value of a recession curve. The recession
coefficient  becomes unique to a watershed.

1. Introduction
Unlike the progressing approaches of deductive
modelling for sediment transport, inductive data-based
approaches could develop further with hourly sediment
transport data. Such data has recently become available
and the authors attempted to interpret the continuous data
of water discharge and its turbidity for estimating
sediment transport processes behind the data, from the
data based modelling approach (e.g., Young, 1998).

2. Method

3. Results

2.1 Study area
This study was conducted at the Higashi-karasu River
watershed as shown in Figure 1. The watershed occupies
an area of 6.10 km2 with an elevation range between 440
to 1600 m and mainly covered with forest under humid
continental climate (Dfa) and humid subtropical climate
(Cfa). Mean annual precipitation is approximately 2,000
mm including snowfalls.

Ta (⁰C)

Figure 2 shows the relationship between precipitation (P),
water discharge (q) and Turbidity (Turb). The line
segments overlaid on the recession parts of q and Turb
indicate that the same processes would appeare in the
periods (see “Secondary process?” in Figure 1). The
recession part of Turb quoted as “Fastest process?” shows
faster decrease than the following “Secondary process”,
this would indicate a different sediment transport process.
Likewise, sediment transport processes would be
estimated along with hydrological processes
30
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Figure 1. Study area.
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2.2 Water discharge monitoring
We estimated water discharge at the check dam of the
lower-end of Higashi-karasu River using the relationship
between water level and discharge. The water level data
is monitored by the Ministry of Land, Infrastructure,
Transport and Tourism (MLIT). This is accessible at the
Water Information System (http://www1.river.go.jp/)
maintained by the MLIT. We downloaded the data for the
year of 2016.

P (mm h-1)

2
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Secondary process?

21
22
23
Date in September, 2016
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Figure 2. Rainfall, water discharge and turbidity.
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2.3 Turbidity monitoring
We conducted turbidity monitoring at the check dam of
the lower-end of Higashi-karasu River using a turbidity
sensor attached to a multiple water quality monitor
(EXO2 Sonde by Xylem Inc.). With this sensor, hourly
turbidity was recorded in the Formazin Nephelometric
Unit (FNU) from September 12 to December 31 in 2016.
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1. Introduction
The sediment runoff in the catchment depends on
history of sediment production, sediment volume and
size distribution along the river, and magnitude of
rainfall. In particular, the volume of sediment runoff
won’t be so large in the river section when the
armouring processes develops, while it is large where
the sediment production just occurs. It indicates that
sediment runoff can vary considerably, depending on the
condition of the sediment in the basin, even with
roughly the same intensity of rainfall. In order to explain
this kind of phenomena, the authors conducts the
numerical simulation of the sediment runoff. For this
purposes, the authors apply the Rainfall Runoff
Inundation and Sediment transport (RRIS) model, which
was proposed by Yorozuya et al. (2017).

3. Sediment runoff
calculation results

characteristics

and

Kawamata catchment have experienced an inflow of
about 500 m3/s frequently, while the largest inflow was
1,344 m3/s during the 1981 flood, which caused the
debris flows. Because of the debris flow, a large amount
of the sediment was produced in the catchment. In 1983,
when the annual maximum inflow of 2.86×103 m3/s was
recorded, the annual sedimentation reached 497×103 m3.
Thereafter, when similar inflows were experienced, the
annual sedimentation volumes were not particularly
large. It indicates that sediment runoff can vary
considerably, depending on the condition of the
sediment in the basin, even with roughly the same
intensity of rainfall.
Figure 1 shows temporal changes in sedimentation from
RRIS modeling with applying exactly same three
rainfall pattern, which corresponds to the sediment
discharges. As the figure shows, the sedimentation
decreased each time as rainfall event of the same
magnitude is repeated. Though it is not written in this
paper because of the space limitation, the decreasing
trend of the sediment discharge are able to be explained
by the river bed material distribution.

2. RRIS model
The RRIS model deals with the rainfall runoff, river
flow, inundation of flood flow, and sediment runoff
using rainfall as a given condition. Water flow on the
slope and river channel are evaluated with the two and
one dimensional diffusion-wave approximation,
respectively. Darcy’s law is applied for the runoff
simulation. The model assumes that sediment is
produced from slope as the debris flow or land slide, and
transported and deposited in the channel whose bed
slope of 4 to 5 degree. Thereafter, sediment is
transported by the water flow in channel evaluated using
the bed shear stress estimated from one-dimensional
diffusion-wave approximation in the river channel.
Sediment transport model is capable enough of dealing
with mixed sediment sizes, including the bedload,
suspended sediment, and wash load.
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Figure 1. Calculated sediment discharge
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1. Introduction
Bottom of gravel bed rivers are consisted of the particles
with a wide range of sizes which are congregated around
larger (the largest) particles. This configuration of river
bed materials which makes more stable structures is
called gravel “clusters”. Particle clusters influence river
flow in various aspects such as bedload transport,
sediment sorting pattern and biodiversity in river bed
(Papanicolaou et al., 2012). Despite the large number of
researches in this context, almost all of these researches
are focused on perennial rivers and no information
concerning gravel clusters on other types of rivers such
as intermittent, ephemeral and exotic rivers is not
available (Wittenberg, 2002). This paper deals with
qualitative description of gravel particles clusters in an
ephemeral river. The area selected for this study
(Kordan River) is located within the Shour Catchment in
the west of Alborz Province, Iran. The semi-arid climate
of this zone can affect the river flow and thus only in
less than a month of the year, this river has water.

2. Clusters in ephemeral river
In Fig. 1, the types of gravel clusters notified in this
river are shown. Generally, three types of gravel clusters
can be found: The first type of clusters which is shown
in Fig. 3-a is composed of some particles which are
located continuously in a line. The second type of
clusters which is shown in Fig. 3-b, is a combination of
the particles which are situated near each other and
formed a shape which is quite similar to a triangle.
Finally, the type which is shown in Fig. 3-c has four
angles and its shape is similar to a rhomboid.
Statistical analysis of the observed clusters shows that
the linear cluster is the more common than other types
and the rhomboid-shaped cluster can be rarely observed
in this river. The observed classification is almost the
same as previously observed clusters by Strom and
Papanicolaou (2008) in perennial rivers. This fact allows
us to conclude that the general shape of gravel clusters
in ephemeral rivers is almost the same as perennial
rivers. It should be also mentioned that the
aforementioned conclusion is just about qualitative
properties and further analysis should be conducted on
quantitative properties of gravel clusters of ephemeral
rivers such as fractal dimension of clusters.

Figure 1: Different types of observed clusters in the
study site: (a) linear cluster, (b) triangle-shaped cluster,
(c) rhomboid-shaped cluster.
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1. Introduction

Valley confinements were assigned at a distance from the
initial central axis proportional to the mean intrinsic meander length computed at the steady state for the case of
unconfined evolution. By increasing or decreasing such a
distance we explored a set of different scenarios.

Valley confinements, by preventing the full development
of meander bends, induce changes in the overall planform of meandering rivers. When a river channel impinges on the less erodible valley walls the meander bend
becomes flat and form angles in correspondence of the
contact point, varying its curvature as well as its sinuosity. As a consequence the meander migrate laterally
faster and through a direction almost parallel to the main
axis of the alluvial valley. The magnitude of such effect, besides confinements physical characteristics, seems
to depend on the ratio between alluvial valley and channel width (Nicoll and Hickin, 2010). On the long time
scale the occurrence of cutoffs limit the portion of alluvial
floodplain occupied by the river while spanning back and
forth the valley, generating an active meander belt which
width can be related to the mean meander wavelength of
the free evolving channel (Camporeale et al., 2005). Once
assigned channel geometry and flow characteristics it is
therefore possible to know whether valley constraints will
interact with the river or not. Because during a long-term
evolution river channel axis geometry keep varying, river
metrics that characterize meandering patterns, e.g. mean
meander wavelength, has to refer to the statistical steady
state reached by the river (Camporeale et al., 2005).
In this work we aim to investigate the effect of valley confinements on i) the meandering channel pattern and ii) the
floodplain structure generated by the river during its longterm evolution.

3. Results
The comparison between metrics computed at the steady
state conditions reveal that the decreasing of the portion of
alluvial floodplain available for meanders evolution result
in a decrease of meander mean intrinsic length and sinuosity. Furthermore, changes in meander bends dynamic
affect also the occurrence of neck cutoffs.
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Figure 1. Example of long-term confined evolution.
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We apply the model for meandering rivers evolution proposed by Zolezzi and Seminara (2001). The model linearly solves the 2D momentum equation along with the
continuity equation for the liquid and solid phase. The
lateral migration of the channel axis is described trough
the relation
ζ = EU,
(1)
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Figure 2. Temporal variation of the mean meander
intrinsic length for different alluvial floodplain width.
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where E is the erodibility coefficient and U is the excess
near-bank velocity estimated as


Z s
U = f ν, β , θ ,C f ,C, C(l)eλ (s−l) dl .

2

(2)

so

In equation (2) s is the longitudinal coordinate, l indicates
a precise position along the axis, C is the channel curvature, C f is the friction coefficient and ν, β , θ are the
dimensionless parameter that describe the flow field in a
2B-wide curve channel. To simulate the presence of less
erodible valley walls the coefficient E of equation (1) was
opportunely modified.
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1. Introduction

3. Conclusions

Step-pool system is the common controlling bed form in
high-gradient mountain streams. It has been discovered
that step-pool functions well in dissipating water power,
controlling river incision and providing stabilized and
diverse aquatic habitats (Wang et al., 2009). Step-pool
system can be applied in river bed stabilization and even
in the defence against flash floods and debris flows
(Wang et al., 2012). However, step-pool may be
destabilized by ‘exceptional’ flood or debris flow events
and lose the functions mentioned above. In order to
explore the failure mechanism of an individual step-pool,
a series of flume experiments with different discharge
magnitudes and discharge processes were conducted.

Experimental observations exhibited that most step-pool
failures occurred due to the scour at the step toe, which
is in accordance with the prediction in the theoretical
model of individual step-pool stability (Zhang et al.,
2014). Along with the increase of the discharge
magnitude, the critical pool depth for step failure
increased if the whole data set was examined. For the
runs with constant flow rate, the critical pool depth
increased with discharge magnitude at first but started to
remain stable or even decreased slightly after the flow
reached 54 L/s (Figure 1). As for the runs with
continuously growing flow rate, the critical pool depth
only increased with discharge (Figure 2), indicating that
two kinds of critical discharges for the failure of the
same individual step-pool existed under different
discharge processes. If the critical pool depth and the
lasting time at each discharge magnitude were checked
together, a significant difference was discovered
between the spatial and temporal scale: for the runs with
similar discharges (within ±2 L/s), the maximum lasting
time could be over 15 times larger than the minimum
while the difference of critical pool depth between the
maximum and minimum was within 40%. The large
temporal difference was related to the appearance of
the ‘stable phase’ before step-pool failure, the period
during which the topography of the step-pool remained
relatively stable, with the protection of armouring layer
fully developed in the pool. However, fine sediments
kept being transported downstream during the ‘stable
phase’, which might be the explanation to the final
destruction of the individual step-pool model.

2. Methods
The experiments were conducted in a flume of 0.5 m
width, 0.4 depth and 20.0 m length with 6.0 m working
length. A step model consisting of 6 stones with b axis
ranging from 76 mm to 104 mm was set at the same
location on the sediment bed with a slope of 3% in all
the 71 runs. Two kinds of discharge processes were
utilized: the constant flow rate and the continuously
increasing flow rate. No sediment was fed in all the tests.
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Figure 1. Relation between discharge and critical pool
depth for runs with constant flow rate
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Figure 2. Relation between discharge and critical pool
depth for runs with continuously increasing flow rate
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linear across the collisional layer for all fractions within
the entire range of studied conditions. For the monodispersed flows, this agreed with earlier results by
Capart and Fraccarollo (2011). The slope of the linear
profile was very similar for all fractions (two monodisperse fractions and the mixture) at Shields parameters
below say one. At this threshold value of the Shields
parameter, however, the slope reached a certain
maximum limit and no longer increased with the
Shields. The role of the threshold had been discussed
elsewhere (Matoušek et al. 2015). For individual
fractions tested separately, the threshold value was
smaller for the coarser fraction than for the finer fraction
indicating that the coarser fraction obeyed more bed
resistance. For the bimodal mixture, the threshold value
was similar to that for the finer individual fraction
indicating that the coarser component of the mixture had
little influence on the total bed friction. This might be
caused by the presence of a layer that developed at the
interface between the bed and the collisional layer and
was composed almost exclusively of grains of the finer
fraction. In the interfacial layer, grains did not collide,
instead they slid over each other. The thickness of the
interfacial layer increased with the Shields parameter
and shifted the position of the virtual origin of the linear
profile further away from the top of the bed.

1. Introduction
We discuss our experimental observations of the effect
that segregation of grains of different sizes (and shapes)
has on a vertical profile of longitudinal velocities across
a collisional transport layer developed above the bed in
flow carrying a considerable volume of bimodal solids.

2. Methods
Laboratory measurements were carried in a recirculating
tilting flume (Zrostlík et al. 2015) for two fractions of
lightweight sediment and with their bimodal mixture.
Distribution of local velocities across the transport layer
was measured using three different methods including
acoustic Doppler methods. Data were collected within a
broad range of Shields parameters in the upper stage bed
regime.

4. Conclusions
In bimodal bed load, segregation leads to a development
of an interfacial layer composed primarily of finer
grains. This layer seems to affect the velocity
distribution in the collisional layer above the bed and
hence also bed friction and other flow conditions.
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Figure 1. Velocity profiles measured at different values
of Shields parameter. Legend: circles – finer sediment,
squares – coarser sediment, diamonds - mixture.

3. Discussion of observations
The experiments revealed that the distribution of the
longitudinal velocity could be considered approximately
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1. Introduction

3. Analysis and results

Tidal networks consist of a complex system of
branching, usually blind-ended, tidal channels and
creeks that provide the flow route for water, sediments,
nutrients, etc. to and from tidal wetlands. They are thus
essential to the functioning of tidal marshes and tidal
flats to which they are tightly coupled. Tidal networks
show a great spatial diversity in geometrical and
topological forms. This diversity entails differences in
network drainage efficiency with consequences for
ecosystem functioning including marsh biogeochemical
cycling and vegetation productivity (Kearney and
Fagherazzi, 2016).

Measures of channel and network size and shape such as
network length, area, outlet width, tributary count,
Strahler stream order, channel sinuosity, drainage area,
density, and efficiency are computed for the simulated
tidal networks for every model scenario and compared
against those of natural tidal networks. Pronounced
differences in these properties allow to differentiate
between network morphologies as a function of the
underlying marsh geomorphic setting. Moreover, results
may further help restoration practitioners to design
artificial tidal networks with relevant geometries and
topologies, toward successful tidal marsh restoration.

Despite a number of studies have revealed the influence
of several linked controlling variables, there are
currently no clear theories that explain this diversity in
channel network morphology. In this contribution, we
intend to bring further insights into this research topic by
investigating the role of the marsh geomorphic setting
on tidal network morphology and drainage efficiency.
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2. Methods
Numerical simulations are performed using a twodimensional modelling framework introduced by
Belliard et al. (2015), following the work of Defina
(2000) and Carniello et al. (2011, 2012). The model
explicitly simulates the co-evolution of the marsh
platform with the embedded tidal networks on the basis
of the ecomorphodynamic approach, i.e., the modelling
framework considers interactions and feedbacks
between the hydrodynamics and the morphology, driven
by sediment transport and mediated by vegetation
growth through related ecogeomorphic processes.
Model scenarios consist of simulating long-term marsh
evolution starting from three initial schematised domain
geometries representative of open coast, island and
back-barrier marsh geomorphic settings, using same
dimensions. The choice for adopting a modelling
approach here is further motivated by the fact that the
majority of previous modelling studies only accounted
for the same type of domain geometry, i.e., referred to as
a filled tidal basin (Coco et al. 2013). To isolate the role
of the geomorphic setting, all scenarios are forced with
similar tidal water levels and suspended sediment
concentrations; other physical parameters are kept
identical correspondingly.
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1. Introduction

Two major human interventions deeply modified the
hydrodynamics of the northern basin of the Venice
Lagoon (Fig. 1) in the past: 1) the construction of the
jetties at the northern inlet (1882-1982) and 2) the
removal of the reed barrier (1910) that for decades
delimited a fishing farm (see zigzag line in Fig. 1).
We used a 2D numerical hydrodynamic model that
incorporates different historical lagoon configurations
(1887, 1901, 1932, 2003 and 2012) to investigate the
effect that the considered interventions had on the
hydrodynamics. To describe the vertical evolution of the
marsh surface we numerically implemented the
analytical model described in D’Alpaos et al. (2011)
with different assumptions specifically thought for the
Venice Lagoon.

Several studies have recently described the tight link
between Local Relative Sea Level Rise (LRSLR), tidal
amplitude, availability of suspended sediments and
existence/survival of salt marshes in coastal estuaries
and lagoons (Marani et al., 2010). However, most
studies do not consider the large spatial and temporal
variability that these variables may have within a basin,
often affected by human interventions. In this work, we
explore the impact that a modified hydrodynamic field
may have on the existence and survival of salt marshes
using, as a case study, the anthropic interventions
performed in the northern basin of the Venice Lagoon at
the end of the 19th century/early 20th century.

2. Method

3. Conclusions
 The jetties increased the depth of the inlet of more
than 250% in less than 15 years.
 The increased depth at the inlet had a positive
feedback on the stability of nearby marshes, by
lowering the local mean sea level and increasing the
tidal amplitude, thus locally contrasting the eustatic
sea level rise and the natural subsidence for more than
30 years.
 On the contrary, salt marshes far from the inlet could
not take advantage of this effect due to tidal wave
dissipation occurring along shallow canals. In these
inner areas, the marsh elevation at the equilibrium
state is highly reduced due to the low tidal excursion,
making these marshes extremely vulnerable to
changes in suspended sediment concentration and sea
level rise.
 The removal of reed barriers delimiting the fish farm
may have reduced the sediments available to the
already low marshes thus contributing to their
drowning.

Figure 1. Map of the North basin of the Venice Lagoon
and the marsh extent in 1932 (dark grey) overlapping the
marsh surfaces present in 1901 (white-squared pattern).
The black circles connected through a line are,
respectively, points and trajectory considered for the
hydrodynamic model simulations. Plot A: marsh surface
elevation at the Ca' Zane study site. Dashed grey line:
Local Relative Mean Sea Level (LMSL). Dotted line:
elevation of the salt marsh if the reed barriers would
have not been removed, maintaining a sediment
concentration C0=50 mg/l. Black line: salt marsh surface
elevation in the hypothesis that sediment concentration
decreased from C0=50 mg/l to C0=20 mg/l after the
removal of reed fences. Plot B: marsh surface elevation
at the San Felice study site. Dashed grey line: LMSL.
Black line and grey line: salt marsh surface elevation
considering sediment concentration C0=10 mg/l and
C0=20 mg/l respectively.
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the steep seaward fringe. As the tidal wave propagated
over the flat forest surface, currents became quickly flood
dominant, and diminished in size. The vegetation damped
the ebbing tide so that the water level displayed a
recession curve more typical of a river than of a tidal
environment. Comparison with observations, as shown in
Fig. 3, demonstrate that the ebb-flood asymmetry is well
produced at high and mid tide, but the conditions are
poorly reproduced when water levels are very low.

1. Introduction
The evolution of morphology in intertidal regions is
critical to understanding how low lying coastal regions
will respond to sea level rise. Recent work has shown that
some marsh and mangrove ecosystems may modify the
morphology, and allow the seabed to evolve upward with
rising sea level, thus alleviating the pressure on coastal
adaptation. However, models for flow in vegetated
regions are still in their infancy, and very few studies test
predictions. In particular few studies consider highfriction mangrove environments which dominate tropical
and sub-tropical low energy coastal ecosystems.
Here, we develop a Delft3D model to compare
model predictions with observations of tidal currents and
water levels over a shallow, muddy, rapidly prograding
mangrove environment in the Firth of Thames, New
Zealand. Model performance is determined with respect
to current magnitude, and ebb and flood asymmetry
patterns across the fringing environment of the forest.

Figure 2. Blue dots: Intertidal profile across the main
transect (red line, Fig. 1) superimposed on the 2005
profile provided in Swales et al., 2016.
4. Discussion and Conclusions
The flood dominance in the main bay is consistent with
predictions of unchannelised shallow embayments. The
shift to ebb-dominance at the seaward fringe can be
explained by delayed water drainage in the vegetated
region causing a seaward sloping water level surface on
the outgoing tide. The flood dominance within the
vegetation can be explained by the nonlinear effect of
friction which causes the landward face of the
propagating tide to steepen as harmonics develop, and the
dissipation damping reflection at the shoreline. These
effects would both combine to steepen morphology at the
fringe and flatten the forest surface.

Figure 1. The location of the main measurement
transect, the mangrove forest (dark green) and the
approximate location of offshore current measurements.

2. Methods
Instruments were deployed to measure currents and water
levels within the main bay (Fig. 1, dots) and along a
transect across the forest fringe (Fig. 1, red line) in April
and November, 2016. The forest consisted of Avicennia
marina, growing in a substrate of fine sediment (d50~10
m). Elevation was surveyed using an RTK-GPS,
showing rapid progradation (Fig. 2).
The effect of vegetation on tidal flow was modelled with
the Baptist formulation available in Delft3D based on
measurements of pneumatophore and tree characteristics
collected in the field. Distribution of vegetation was
extracted from satellite imagery.

Figure 3: Modelled tidal stage plot (black) compared to
observed tidal stage plot (blue).
2.5 References
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3. Results
The tidal currents within the main bay were flood
dominant which was well predicted by the model, and
there was a small lateral circulation which was more
challenging to reproduce. The tidal currents just seaward
of the forest were ebb-dominant, and shoaled quickly at
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1. Introduction

3. Results and Conclusions

Meandering tidal channel networks play a critical role
on landscape morphodynamic evolution (e.g., D’Alpaos
et al., 2005; Hughes 2013). Improving current
understanding of the origins and evolution of tidal
meandering channels, together with their morphological
characteristics and the related sedimentary products is a
critical step to address issues of conservation of tidal
landscapes. We studied the morphodynamic evolution
and internal architecture of a meandering tidal channel
network in the Venice Lagoon (Italy), through a
multidisciplinary approach which integrates analyses of
remotely-sensed images, sedimentological analyses, and
mathematical modelling.

The comparison of aerial photos highlighted that the
portion of the marsh through which the study channel
develops, experienced relevant changes in the last 70
years. Interestingly, we observed that morphological
changes at the marsh scale, led to an increase in channel
width and to a decrease in channel sinuosity in the
considered period, thus challenging the validity of the
assumption of increasing tidal channel sinuosity in time.
These changes were likely due to an increase in the
landscape forming tidal prisms occurred along the study
meandering channel after major changes at the marsh
scale. We also observed that the considered channels
shifted with a rate of few decimeters per year in the last
70 years.
The sedimentological analyses allowed us to distinguish
between salt-marsh, top-bar, bar and channel-lag
deposits. The depositional architecture determined
through these analyses showed an overlap of outer bank
bar sediments on point bar sediments, thus suggesting
sediment deposition on the outer side of the channel, a
signature of the progressive decrease in sinuosity.
Mathematical models were used to study the
morphometric features of the tidal meandering channel
and allowed us to quantitatively analyse the
morphometric characteristics of the network. We
observed substantial changes in the spatial distribution
of bottom shear stresses on the marsh surface and in the
drainage density of tidal networks, which both increased
over time. Interesting differences between tidal
meanders and their fluvial counterparts emerge. Overall,
we find that current landforms in the tidal landscape
bear the signatures of processes occurring at larger
spatial scales.

2. Methods
The morphodynamic evolution of a tidal network and
the stratal architecture of a meandering channel (Figure
1) within this network were studied: i) by analysing a
sequence of aerial photographs and satellite images
(from 1938 to present); ii) through high-resolution facies
analyses on 52 sedimentary cores (1-3 m deep) collected
across 7 transects on two tidal point bars along the study
channel; iii) on the basis of a simplified hydrodynamic
model (Rinaldo et al., 1999) to determine relevant
geomorphic indicators (distribution of bottom shear
stresses, drainage density, landscape-forming tidal
prisms) and quantitative analyses (Marani et al., 2002)
of tidal meandering channels (lateral migration, changes
in sinuosity and channel size).
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Figure 1. Aerial photographs of two the study bends in
the Venice Lagoon (in 1968 and 2004) and stratal
architecture of channel bends.
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multiple bars is visible during the full 18-month
simulation. A first bar forms and migrates onshore at a
rate of about 4 m/day and is seen to shoal
simultaneously. After six months, the migration rates
decrease to about 0.5 m/day until a new bar emerges.
This new bar migrates onshore again at 4 m/day and
attaches to the shore.

1. Introduction
Tidal inlets are at the cross-roads of tidal motions and
wave action. They provide suitable areas for large socioeconomic activity, including aquaculture, tourism and
navigation. The highly dynamic morphology of these
systems can induce large changes at adjacent coastlines.
The ebb-tidal delta present at the seaward end of the
inlet often consists of shoals and sand bars that migrate
towards the coast and attach themselves in a cyclic birthand-decay pattern. The attachment of such sand bars can
supply the beach with large additional sand volumes.
The main process responsible for bar migration is that,
due to the presence of the inlet, wave setup is smaller
than at a beach and the associated barotropic pressure
gradient is too weak to balance wave forces caused by
wave breaking over the ebb shoals, which causes a
strong residual force onshore directed. Whereas the
general shape of ebb-tidal deltas can experience
considerable changes at the timescale of several years
for large inlets, individual sand bars migrate more
rapidly and form and attach to the coast with migration
rates up to 3.5 m/day (e.g. Pianca et al. 2014). To be able
to predict the evolution of these bars and to test its
dependence
on
offshore
wave
conditions,
morphodynamic simulations are performed and
compared
to
topographic
observations.
The
morphological change, the bar migration rates and the
underlying processes are studied in more detail.

z (m)

z (m)

200 m

Figure 1. Left panel: Simulated bathymetry after 6
months. Right panel: bar migration through time at a
cross-shore transect.

4. Conclusions and outlook
The model is able to capture the detailed ebb-delta bar
birth-and-decay patterns. The mean hydrodynamic
conditions have been considered only as a first test.
Morphodynamic simulations with realistic forcing
during a period of five years are currently ongoing to
study inlet dynamics and bar migration rates in more
detail, and to study the variability in morphodynamics
and migration rates during the seasons. Observations by
drone and from Sentinel images show large variability in
migration rates on season, varying from 35 m/month
during summer, to 90 m/month during winter months. In
addition, the role of wave asymmetry and infragravity
waves will be investigated too.

2. Model and data
The migration patterns of these ebb-delta bars are
investigated at Maumusson Inlet, located at the southern
tip of Oléron Island (France). Topographic surveys done
by drone are combined with recent bathymetry surveys,
which lay the basis of our modelling study with the
community modelling system SCHISM (Zhang et al.,
2016). The model has proven to be able to perform
realistic morphodynamic predictions for mixed-energy
environments (e.g. Bertin et al. 2009, Guérin et al.
2016). The model couples a hydrodynamic circulation
model, a spectral wave model and a sediment transport
and bed update model. The unstructured computational
grid has a spatial resolution varying from 3000 m
offshore in 60 m water depth, to 40 m at and around the
inlet. Along the open boundary, SCHISM is forced with
constant wave conditions with a significant wave height
of 2 m, a peak wave period of 10 s and a mean wave
direction of 290°N, and a simplified tide represented by
M2 (1.5 m tidal range). A 2DH morphodynamic
simulation is performed over a period of 1.5 years.

References
Bertin, X., Fortunato, A.B. and Oliveira A., (2009). A
modeling-based analysis of processes driving wavedominated inlets. Continental Shelf Research 29,
819-834, doi: 10.1016/j.csr.2008.12.019.
Guérin, T., Bertin, X. and Chaumillon, E., (2016). A
numerical scheme for coastal morphodynamic
modelling on unstructured grids, Ocean Modelling,
104, 45-53. doi: 10.1016/j.ocemod.2016.04.009.

3. Preliminary results

Pianca, C., Holman, R. and Siegle, E., (2014). Mobility
of meso-scale morphology on a microtidal ebb delta
measured using remote sensing. Marine Geology
357, 334-343 doi: 10.1016/j.margeo.2014.09.045.

The left panel in Figure 1 shows Maumusson inlet after
6 months of simulation. An ebb-delta bar is visible
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1. Introduction

The storm at the 20th of November was characterized by
wind speeds exceeding 20 m/s. The storm surge
exceeded 1.3 m and waves up to 70 cm were measured,
in contrast to the relatively calm period before and after
the storm, see Figure 1cd.
Figure 2 provides further insights on the hydrodynamics
and timing of the storm. The first and last tides of Figure
2a are typical for this location: slack water just after
each high and low water. Contrary, the low water around
1 p.m. on the 20th was characterized by a much earlier
slack water and unusually high flow velocities (up to 80
cm/s) over several hours at ±1 m water depth.

Tidal flat morphodynamics is forced by waves in
combination with tidal and wind-driven flow (Le Hir et
al., 2000). This implies that tidal flats can change due to
long-term processes and events. Despite the progress in
numerical modelling and recent insights from field
campaigns, it is still unclear which processes dominate
morphodynamic trends. Where high water conditions
due to storm surge are the most important events for
coastal safety, other conditions can be more relevant for
the morphology. We discuss a specific storm during low
water conditions that was measured within an intensive
field campaign on a tidal flat in the Western Scheldt.

2. Measurement Set-up

a

Two frames were employed to determine the response at
different bed levels (Figure 1a). Each frame was
equipped with a Nortek Vector to measure pressure and
velocity fluctuations at a high frequency (16 Hz) and the
distance to the bed. Furthermore, OBSes for sediment
concentration and a Nortek Aquadopp for velocity
profiles were mounted. Additionally, 14 Nortek
Aquadopps were placed in four transects, capturing the
spatial diversity in flow patterns across the tidal flat.

b

Figure 2. (a) Flow velocities measured at F1, (b) wind
speed measured at the nearby station Vlissingen.

3. Results
We highlight the effect of the storm at November 20,
2016. Significant erosion took place around the low
water line (F1), while hardly any bed level changes were
found higher up at the flat (F2), see Figure 1b. Within a
few days, an almost exponential recovery took place
with a time scale of approximately 5 days. The initial
bed level was however not reached anymore.

3. Discussion and Conclusions
Three key factors that caused the erosion at the lower
part of the intertidal area are identified: (1) the peak of
the storm (with the highest waves) occurred during low
water leaving the high elevations unexposed; (2) the
storm surge induced unusually high flow velocities
during low water; (3) the water depth at the lower part of
the flat was small (±1 m) for several consecutive hours
causing the waves to be highly effective. A low-water
storm is therefore very effective in eroding the bed and
should be considered as an important morphological
event for specific parts of the tidal flats.
Despite the fast recovery of the bed, the initial bed level
was not reached. This implies that the storm has a longterm effect as well. Although long-term morphological
consequences seem limited by the fast recovery,
ecological consequences are expected to be substantial.

a

b

c
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1. Introduction

the model with synthetic tidal forcings. In the absence of
waves, the sediment transport in the inlet was shown to
be strongly ebb-dominated. This ebb-dominance was attenuated when the tidal range was increased or when the
mean oceanic water level was higher than average. Model simulations including the wave forcing revealed the
strong impact of the waves on the circulation and the
sediment dynamics of the inlet. Indeed, winter-average
wave conditions were able to invert the direction of the
net transport through the inlet from ebb-dominance to
flood dominance, causing the infilling of the inlet. The
main processes responsible for this wave-induced shoreward transport were the development of net forces with
strong onshore component in front of the inlet, the development of lateral gradients of barotropic pressure along
the inlet margins focusing the transport through the inlet, and the blocking of wave propagation during ebb tide
(Dodet et al., 2013), reducing seaward sediment transport.

Wave-dominated tidal inlets are very dynamic coastal systems, whose morphology is continuously shaped by the
combined action of the waves and the tides. The rapid
morphological changes they experience impact directly
their ecological and socio-economic environments, and
thus require further investigation for their sustanaible management. The main objective of this study is to gain a
better understanding of the physical processes that control
the morphological evolutions of an ephemeral tidal inlet
in Portugal, the Albufeira Lagoon inlet. A morphodynamic modelling system is applied to the lagoon-inlet system over a two-month period, during which the inlet experienced infilling and closure. The results of the model
are analyzed to investigate the impact of the forcings on
the morphological evolution of the inlet.

2. Methods
The numerical modelling system SCHISM (Zhang et al.,
2016) is used in this study. SCHISM (Semi-implicit
Cross-scale Hydroscience Integrated System Model) is a
derivative product built from the original SELFE (Zhang
and Baptista, 2008), based on unstructured grids, and designed for seamless simulation of 3D baroclinic circulation across creek-lake-river-estuary-shelf-ocean scales.
The sediment transport and the updates of the morphology are ensured by the SED2D module, originally developped by Dodet (2013) and later improved by Guerin (2016). The fully coupled wave-current-sedimenttransport modelling system was set up to simulate the
morphological changes at the Albufeira Lagoon inlet between November 5 and December 27, 2010. The modelling system used a single computational grid with a resolution ranging from 1000 m to 3.5 m. Wave spectra computed with a North Atlantic regional wave model (Dodet
et al., 2010) were used to force the spectral wave module at its ocean boundaries. The circulation module ran
in depth-averaged (2DH) barotropic mode and was forced at its ocean boundary with time-series of sea surface
elevation measured at a nearby tide gauge.
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3. Results
The comparisons of the morphological evolutions computed with the morphodynamic modelling system and the
topographic measurements show that the model is able
to reproduce the dominant morphological changes induced by the combined action of the tides and the waves. In
particular the southward migration of the main channel in
November and the spit growth in December were reproduced by the model. The water levels in the lagoon were also
correctly simulated by the model. The physical processes
controlling the morphological changes of the inlet during fair weather conditions were investigated by forcing
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and numerical modelling itself, the selected channel
represents an appropriate target for investigating the role
of the aforementioned factors in the morphodynamic
evolution of tidal meandering channels.

1. Introduction
Branching and meandering tidal channels form the
pathways for tidal currents to propagate and distribute
clastic sediments and nutrients (Hughes, 2012), thus
providing a primary control on tidal landscapes
ecomorphodynamics. Most tidal channels in both
estuarine and lagoonal landscapes have a tendency to
meander (Solari et al., 2002). However, very few studies
have analyzed their morphometric characteristics and
morphodynamic evolution (Gabet, 1998; Marani et al.,
2002; Fagherazzi et al., 2004). As for the fluvial case,
the meandering process in tidal channels is likely to be
controlled by several components such as flow
conditions, abundance and type of sediments,
vegetation, and sedimentological characteristics of the
channel boundaries. Channel evolution, both in time and
space, results from complex interactions among the
aforementioned components. In spite of the recent
breakthroughs in numerical, experimental and field
techniques, a truly investigation on the full-spectrum
variability of chief landforming processes is yet not
feasible, and process interactions remain mostly
unknown. Hence, researchers and scientists have usually
adopted simplified approaches according on the
objectives of the study. If, on the one hand, the adoption
of simplified conditions allows one to better understand
the specific processes underlying morphodynamics, on
the other hand oversimplifications might sometimes lead
to misleading results. In the present study, the mutual
influence of bidirectional flows, tidal asymmetries and
lateral tributaries on tidal meander morphodynamics is
investigated.

3. Results and conclusions
Our results show that the presence of some, yet small,
asymmetry in the first tide-harmonic component
significantly influences channel morphodynamic
evolution (see Figure 1). Using simplified conditions,
we were able to reproduce a temporal evolution of the
channel that seems to match the observed one, derived
from historical data. Secondly, running simulations
under fluvial conditions (i.e., unidirectional water
fluxes), we were able to highlight the fundamental
differences between the tidal and fluvial cases.
Particularly, we showed that point-bar position
represents an appropriate proxy to detect ebb or flood
dominance, whereas the asymmetry index does not.
Finally, the influence of lateral tributaries has been
studied and the results have been compared with a
sedimentological study, suggesting that modifications in
boundary conditions may cause the lateral tributaries to
influence the sedimentation pattern in the main channel
in a crucial manner. By highlighting the relative
importance among the complex set of morphodynamic
forcings, our findings might be relevant for extending to
the tidal case the 1-D or depth-averaged 2-D models
which are commonly used in long-term investigations on
river-meander evolution (Seminara, 2006)
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Figure 1. Cumulative erosion/sedimentation patterns
obtained by imposing (a) perfectly sinusoidal tide
(T=12h, A=0.5m); (b) ebb-dominated sinusoidal tide
(T=12h, A=0.5m); (c) real tide (T=12h)

2. Methods
An approach based on the integration of 2D and 3D
numerical modelling is employed to model the
morphdynamic evolution of a meander bend in Northern
Venice Lagoon (Italy). Thanks to the availability of
several field data, derived from both historical and
recent aerial photos, tide gauge measurements,
bathymetric field surveys, geophysical investigations
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muds, with a strongly predominance of slightly gravelly
sands. By comparing the result of the sedimentological
analysis and the seabed photos with the acoustic
backscatter distribution, we obtained the seafloor
sediment distribution with four main sediment classes
with an overall accuracy of 75%.
The sediment distribution seems to be directly linked to
MoSE construction, in particular to the presence of the
breakwater, that constrain in a small section the water
fluxes: this factor causes an upgrade of the bottom shear
stress and the consequent increase in grain size
distribution. The presence of breakwater induced the
forming of the two main erosive features due to
increased vorticity.

1. Introduction
Transitional environments like lagoons, deltas and
estuaries are extremely shallow, dynamic and highly
valuable in terms of biodiversity and productivity.
Therefore, they require constant monitoring, but at the
same time they represent a challenge both for optical
(aerial- satellite) observations because of their turbidity
and for swath bathymetry because of their shallowness.
In this study, we present results from a high resolution
multibeam echosounder (MBES) survey carried out in
2013 in a highly human impacted tidal inlet in the,
Venice Lagoon, Italy. The Venice Lagoon has an
average water depth of about 1 m and it is connected to
the open sea by three inlets (Lido, Malamocco and
Chioggia) that since 2006 have been strongly modified
by the construction of mobile barriers (MoSE Project) to
protect the historical city of Venice from high water.
These works could influence the lagoon hydrodynamic
and morphological configuration (Ghezzo et al, 2010).
This study focuses on the Chioggia inlet with the aim of
describing the inlet benthic morphological and habitat
characteristics highlighting the main changes on the
seafloor induced by the anthropogenic interventions.

2. Methods

In 2013, we mapped a seafloor area of 10 km2 in the
Chioggia Inlet with a resolution of 0.5 m thanks to a
high resolution MBES. MBES data (bathymetry and
acoustic backscatter intensity) and a total of 45 in-situ
samples (bottom sediment samples and underwater
images), were collected to describe the territory, in
terms of seafloor geo-morphology and grain size
distribution. The main bedforms (scour holes, dune
fields, pools, etc.) were identified both manually and
with the Benthic Terrain Modeller in ArcGIS 10.2.
Different automatic algorithms were tested to classify
the acoustic backscatter intensity and checked against
the sedimentological analysis in order to obtain the
seafloor sediment and habitat distribution.

Figure 1. 3-D digital benthic model of the Chioggia inlet (0.5 m
resolution, 5 times vertical exaggeration).

4. Conclusions
Whereas a vast literature is available on MBES studies
in deep waters, very few papers has been made in
shallow tidal environments. This research shows with
unprecedented detail the Chioggia inlet morphologies
and shows the unknown alterations induced by the
anthropogenic structures, like scour holes excavation
and different bottom sediment distribution.
The results were compared with previous literature and
with the results of a high resolution hydrodynamic
model, which helped to explain the distribution of
seafloor sediments and the recent evolution of the tidal
inlet.

3. Results
The depth of the study area ranges between 2 m and 30
m, with a mean of 10.9 m (Figure 1). The maximum
depth was registered inside a big scour hole located
close to the artificially stabilised landward side of the
Chioggia inlets. Other 2 smaller scour holes were
observed around the artificial breakwater located on
seaside. Moreover, we mapped 32 dune fields in the
study area with a high variability in terms of wavelength
and height.
The Folk classification of 45 grab samples shows 7
different classes, ranging from coarse gravels to sandy
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(organic or clastic), changes in hydrology and changes
in sea-level. Initial topography was based on a LiDAR
survey in the case of the Teifi, and a DEM created from
field survey in the case of De Mond.

1. Introduction
Geospatial modelling allows us to integrate the
combined effects of sea-level rise and ongoing
sedimentation to investigate how climate change may
impact on coastal wetlands. When combined with an
understanding of controls on vegetation type and
structure, it becomes possible to predict the likely
trajectory of ecosystem change. This is especially useful
for long–term modelling studies, where changes in
roughness (caused by changes in vegetation type and
cover) may dramatically alter morphodynamic outputs.
The research presented here describes the application of
a geospatial model in two climatically contrasting
environments. In each case, the model was developed to
uniquely fit each wetland, although the fundamentals of
the model may be applied to other systems. The impact
of climate on vegetation assemblages, specifically with
respect to salinity tolerance, has major implications for
how we might expect coastal wetlands to change as sea
levels rise. The aim of this paper is to compare the two
systems and consider how the climatic context may
impact upon ecosystem resilience to rising sea level.

4. Conclusions
The research highlights the importance of climatic
setting in shaping how systems respond to climate
change and associated sea-level rise. In the Teifi wetland
in the UK, the lack of a distinct dry season and higher
rainfall allows the accumulation of peat. In contrast, at
De Mond, the prolonged dry season, frequent fires and
high rates of evaporation preclude the formation of peat.
At De Mond, clastic sediment is the largest contributor
to changes in surface elevation. Thus, while the model
predicted a short term increase in carbon storage in the
Teifi wetland due to larger areas being inundated, a rise
in sea-level has no impact on carbon storage potential at
De Mond.
Plant species present in the Teifi wetland displayed
strong variation across a continuum of saline to
freshwater environments. An increase in sea level and
more frequent tidal inundation will likely result in a
dramatic transformation of vegetation due to salinity
constraints. At De Mond, high evapotranspiration rates
result in saline wetlands occurring far beyond the reach
of tidal inundation. As a result, vegetation communities
at De Mond are likely to be more resilient to changes in
sea level caused by climate change, as many are already
adapted to saline environments.
Preliminary findings suggest that coastal wetland
ecosystems may be resilient to a certain amount of sea
level rise, but will likely experience rapid change once
an elevation threshold is exceeded.

2. Study areas
Two study areas are presented for comparative purposes.
The Teifi wetland is located on the west coast of Wales
in the UK. The climate is temperate, with no distinct dry
season and a warm summer. The second region is
located near the southern tip of South Africa at De
Mond, Cape Agulhas. While also temperate, the region
experiences an extremely hot, dry summer with high
rates of evapotranspiration. The climates are described
in Table 1.
Region
Teifi, United
Kingdom

Kӧppen
climate
type
Cfb

MAR
(mm/a)

MAT
(oC)

1200

9.7
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Table 1. Climate comparison of two study areas.
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3. Methods
The approach followed is detailed in Grenfell et al.
(2016). Field data to clarify environmental variables
were collected, these were then considered with respect
to a geospatial model developed in ArcGIS 10 to
calculate changes in elevation caused by sedimentation
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The impacts of longitudinal bed-slope factor on the
channel pattern are limited. Moreover, the effects of the
bed-slope factors are substantially influenced by the
choices of different sediment transport modes and
formulas.
The effect of the lateral bed-slope factor is much more
significant (Fig.1). With a smaller lateral bed-slope
factor, the formed channels are narrow and deep, thus a
smaller width-to-depth ratio. The sand bars are more
accreted and the channel pattern over the delta region is
more braided. The formed channel pattern mimics that
of Lena delta. To the contrast, under a larger lateral bed
slope factor, the tidal channels are wider and shallower;
the sand bars are larger in space and less accreted in
elevation. More sediment is flushed to the sea, showing
a more seaward advanced delta.

1. Introduction
Long-term, large scale estuarine and deltaic
morphodynamic modeling is increasingly used to
examine morphodynamic development. With coupled
hydrodynamic, sediment transport and morphodynamics,
the numerical model results can be sensitive to the
sediment transport module in terms of sediment
transport mode (suspension or bed load or both), and the
parameters in them. One such parameter is the bed-slope
factor exerting on bed-load transport. So far there are
some literatures showing that a larger lateral bed slope
factor can lead to shallower and wider channels (van der
Wegen, 2010; Dissanayake, 2011). Our experience is
that using the default value in e.g. Delft3D can lead to
unexpected morphology. Systematic work is still needed
to unravel the impacts of the bed-slope factor on channel
pattern development.

4. Conclusions
Model results suggest that 1) varying lateral bed-slope
factor has strong impacts; larger value leads to gentler
channel-shoal interface or smaller lateral channel bedslope. 2) Different sediment transport formulas lead to
considerable differences in morphodynamic patterns. 3)
Sediment transport formulas considering both
suspension and bed load transport tolerate a smaller
morphological acceleration factor and requires a larger
bed-slope factor.

2. Methodology
We used Delft3D software to construct a 2D basin
consisting of a fluvial reach and a receiving sea basin.
The model is forced by a river discharge of 10000 m3/s
and a tidal range of 4 m. Long-term morphodynamic
development is achieved by a morphological factor
approach. Sensitivity to the longitudinal and lateral bedslope factor as well as the choices of sediment transport
mode is tested.

Acknowledgments

(a)

The study is supported by NSFC via projects
51320105005 and 41505105.

References
Dissanayake, P.H. (2011) Modelling Morphological
Response of Large Tidal Inlet Systems to Sea Level
Rise. PhD. dissertation of Delft University of
Technology and UNESCO-IHE, Delft, the
Netherlands.
Engelund, F. and Hansen, E. (1967). A monograph on
sediment transport in alluvial streams. Teknisk Forlag,
Copenhagen.
van der Wegen, M. (2010). Long-term morphodynamic
modeling of alluvial estuaries. PhD. dissertation of
Delft University of Technology and UNESCO-IHE,
Delft, the Netherlands.

(b)

Figure 1. Modeled morphodynamics after 200 years
with a lateral bed slope factor of (a) 5 and (b) 20 in a
basin with river discharge of 10000 m3/s and tidal range
of 4 m

3. Results
Morphodynamic simulations at the end of 200 years
show well-developed deltas with braided and
meandering channels (Figure 1).
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model test. The second scour hole shows a different
behaviour with expansion towards the dominant
upstream edge (tidal area) instead of downstream edge.

1. Introduction
The subsoil lithology of many deltas is composed of
alternating peat, clay and sand layers. This heterogeneity
has important consequences for the morphodynamics.
When the river bed is composed of poorly erodible clay
or peat, erosion will be slow. If an underlying sand layer
gets exposed, a deep scour may form within a short
amount of time (Sloff et al. 2013; Huismans et al. 2016).
As scour holes may pose a threat for the stability of
nearby structures or dikes, it is desirable to understand
their growth process. In this research we combine field
data and scale model tests to study scour hole growth in
heterogeneous subsoil.

2. Scale model tests
Scale model tests are carried out in a 12 m by 0.8 m
flume with a cement top layer, representing the poorly
erodible river bed. An oval opening of 0.5 m by 0.3 m,
with erodible sand below it, represents the incision area.
With a water depth of 0.13 m and flow velocity of 0.45
m/s experiments are carried out, with different grain
sizes and different upstream sediment supply conditions.
In one case the oval opening was covered with poorly
erodible material. All experiments show an initiation of
a scour hole directly downstream of the cement layer,
gradually growing in depth and length. When the
downstream edges are reached, they undermine. In case
of poorly erodible material, the undermining leads to
failure of the top layer and further growth in
downstream direction. Development in sideward
direction happens with a widening angle of ~1:8. The
upstream slope remains stable, which can be understood
by the presence of a recirculation cell. Compared to
earlier quasi-2D experiments (Zuylen and Sloff 2015) a
deeper scour hole develops in this 3D geometry.

Figure 2. Two recently developed scour holes in the
Oude Maas river, with a poorly erodible top layer.

3. Discussion and conclusions
Scale model tests show that the natural tendency of
scour holes in heterogeneous subsoil and unidirectional
flow is to grow in downstream direction, with a stable
upstream slope and undermining of the downstream
edge. The initial depth development is fast, gradually
decreasing towards an equilibrium depth. Field data of
two recently developed scour holes show for one case a
similar development. For the other case, scour hole
growth mainly proceeds in the dominant upstream
direction. Differences may be linked to the presence of
tide, horizontal heterogeneity of the poorly erodible
layer, the influence of a nearby confluence or scaling
effects. This will be further investigated.
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Figure 1. Left: Flume experiment. Right: recorded
longitudinal sections for the clear water scour case, with
D50 = 260 µm. Blue arrow indicates flow direction.

3. Field data analysis
For comparison to field observations two recently
developed scour holes are selected, from over 100 scour
holes in the Dutch Rhine Meuse Delta. For the selected
scour holes the river bed is composed of poorly erodible
clay covering the Pleistocene sand. As shown in figure 2
the first scour shows comparable behaviour to the scale
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low rate of bed elevation change (using the rooting
depth as a characteristic length scale for the vegetation).
It grows logistically between floods and can die during
floods, with a mortality rate proportional to the ratio of
bed elevation change and the rooting depth. Vegetation
acts to increase the flow resistance and inhibit lateral
transport of sediment.

1. Introduction
Deltas are governed by complex interactions between
coastal, wetland and fluvial dynamics, and many of the
processes that control delta evolution are not well
understood. One such process is the formation of
channel networks on deltas, from highly dynamic
networks of many intertwined channels to networks with
fewer, more stable distributary channels. The patterns of
distributary channels are influenced by many factors,
such as water and sediment discharge, grain size, sea
level rise rates, and vegetation type. In turn, many
characteristics of deltas such as their shape, how they
evolve, and what types of plant and animal life –
including humans – they can support depend on the
types of channels and networks that emerge. Previous
field observations and flume and numerical-modelling
experiments (e.g. Murray and Paola, 2003; Tal et al.,
2004) in fluvial environments have shown that
interactions between sediment and vegetation that allow
or impede lateral transport of sediment play a
fundamental role in determining the morphology of the
resulting channel network. Vegetation reinforces
existing channels by strengthening channel banks (either
directly or by introducing cohesive sediment), tending to
stabilize flow patterns and reduce channel migration
rates. On the other hand, sediment transport processes
result in lateral migration and frequent channel
switching, which can inhibit vegetation development.
These interactions likely shape flow patterns on deltas as
well. While recent delta studies have indirectly explored
the cohesive effects of vegetation through the
introduction of cohesive sediment (e.g. Edmonds and
Slingerland, 2010), we incorporate key effects of
vegetation directly into DeltaRCM (Liang et al., 2015)
to explore the interactions between vegetation and
sediment transport and under what conditions each plays
a more important role in determining delta channel
network morphology.

3. Results
Initial results support the hypothesis that the ability for
lateral transport of sediment to occur plays an important
role in shaping delta channel networks. In otherwise
identical model experiments with and without
vegetation, deltas with vegetation have more rugose
shorelines and channels which are narrower, deeper, and
less dynamic. Here we present the results of additional
experiments: we vary sediment and water discharge and
proportion of cohesive sediment to determine under
which conditions delta channel networks exhibit
cohesive and non-cohesive traits. We quantify the
similarities and differences in channel networks when
cohesivity results from vegetation versus the
composition of the input sediment. We also explore the
effects of climate on delta channel network morphology
through varying vegetation traits including growth rate,
rooting depth, and stem morphology.
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2. Model Development
DeltaRCM consists of a cellular flow routing scheme
and a set of sediment transport rules which route water
and sediment parcels using a weighted random walk
calculated using the average downstream direction,
water surface gradient, and resistance to flow. We
establish an additional set of rules for vegetation.
Represented as a fractional cover value, vegetation
establishes in any cell with sufficiently shallow depth (<
0.5 m in experiments presented here) and a sufficiently
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Our dataset highlights also the presence of depositional
features and in particular of dune fields on the seafloor
of tidal channels and tidal inlets. From the bathymetric
data it is possible to extract the dune dimensions and
therefore classify the dune type (from ripples to large
sand dunes). The dunes of the shallow internal channels
present mostly an irregular 3D pattern that could be
related to the presence of bioconstructions.

1. Introduction
The complexity of the seafloor is a fundamental
structural property of benthic marine ecosystems
(Lecours et al., 2016), and it has been demonstrated to
be positively correlated with biodiversity (Ferrari et al.,
2016). This complexity is far from being understood
given that only 0.05% of seafloor of the ocean and about
5% of the coastal and transitional environments have
been mapped with high resolution (less than 10 m)
swath bathymetry (Copley, 2014). Here, we present the
results of an extensive full coverage mapping carried out
in the tidal network of the Venice Lagoon (Italy) by
means of a 2500 km of high resolution (5 cm)
multibeam survey. Such extended dataset reveals the
three-dimensional properties of tidal channels, their
seafloor morphological complexity and habitat
heterogeneity never observed before in coastal wetlands,
and provides evidences of anthropogenic impacts.

2. Methods
Figure 1. Anthropogenic features on the seafloor of a
tidal channel in the Venice Lagoon.

The multibeam dataset was collected using a dual-head
multibeam echo-sounder system Kongsberg 2040DC
EM in 2013. The multibeam raw data were processed
with the software CARIS HIPS and SIPS (v.7 and 9.1)
to take into account sound velocity profiles, tide
corrections and manual quality control tools. The Digital
Terrain Models so obtained were manually and
automatically analyzed with ArcGIS (v. 10.2) and
Matlab in order to identify the main physiographic,
morphological and anthropogenic features of the tidal
channel seafloor.

4. Conclusions
The anthropogenic impact on the lagoon environment
and on the tidal channels has been, and still is, massive
and pervasive. A hidden world of erosional and
depositional features, including those formed or
enhanced by anthropogenic interventions, was revealed
with unprecedented detail in tidal channels. The high
resolution and extension of the dataset allowed to
evaluate the density of all submerged anthropogenic
features and to estimate their contribution in enhancing
the natural seafloor morphological and, consequently,
habitat complexity.
This study shows evidences of pervasive human
impacts, which extend far beyond the well known
modifications on the inlet geometry and the shrinking of
salt marshes of the Venice Lagoon.

3. Results
The analysis of the high resolution multibeam dataset
allowed the identification of key natural and
anthropogenic morphological features.The new MBES
data reveal four main classes of human impacts on the
floor of the tidal channels: a) erosional holes (typically 1
to 2 m deep) that we ascribe to the turbulence caused by
the propellers of water busses and, likely, larger ships;
b) linear grooves systematically oriented toward shoal
areas (ascribed to the keel ploughing of ships and boats
that accidentally exit the main navigable channels); c)
diffuse littering (Figure 1) and d) obstacle scours that
reveal a more indirect human impact and record the
interaction of bottom currents and human constructions.
Among the main erosive features, we recognized pools
(bend scours), confluence scours, i.e. scour holes at
channel junctions, and obstacle (or headland) scours,
i.e. scours related to the presence of large structures or
anthropogenic obstacles. In our study, 136 erosional
features were mapped, with maximum depth ranging
between 0.5 and 48 m, in the most landward reaches of
the lagoon or in correspondence to anthropogenic
structures at the inlets, respectively.
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the lagoon. The observed processes which counteract
such losses by widening the lagoon all relate to outlet
channel migration. The imagery shows a range of
processes initiating and propagating outlet channel
migration. These include: onshore movement of shoreparallel gravel bars, long-shore transport of gravel into
the mouth, fluvial bank erosion in the outlet channel, and
truncation of the outlet channel by wave events or lagoon
overtopping. As the outlet migrates it erodes and removes
much of the wide barrier built up by wave overtopping,
replacing it with a new narrower barrier and wider lagoon.
In addition, river floods occurring while the mouth is
offset cause scour of the banks and bed of the lagoon,
helping to enlarge and maintain space for the lagoon.

1. Introduction
Non-estuarine river mouth lagoons, known as hapua, are
common on the East Coast of the South Island, New
Zealand. Hapua form where gravel-bed rivers emerge
onto high wave energy, micro/meso-tidal coastlines.
Hapua have highly dynamic outlet channels, which
migrate rapidly along shore in response to river flows and
waves. Constricted or closed outlets, occurring during
periods of low river flow and high waves, cause
backshore flooding and interfere with river-ocean fish
migration. In order to develop a model of the impacts of
river flow regime modification, sea level rise and
artificial mouth openings on hapua, it is first necessary to
develop a detailed understanding of the processes
controlling them. Previous studies have described some
of the processes influencing lagoon outlet channel
morphology and their drivers (Hart, 2007; Kirk, 1991,
Paterson et. al. 2000), but little is known about the
mechanisms by which space for the lagoon waterbody is
carved out and maintained.

This is the first time these lagoon enlarging processes
have been systematically observed and documented.
These processes are important to include in any model of
hapua, and also have important implications for decision
making regarding hapua management interventions. For
example, in many other hapua, artificial outlet channel
opening is widely used to re-open closed lagoons and realign their outlet channels with the river. However,
regular realignment of an outlet channel prevents its
migration to the end of the lagoon, likely resulting in
reductions to lagoon area over time.

2. Data collection and analysis
Monitoring of the ~1.5km long Hurunui Hapua (Figure 1)
since July 2015 has included time-lapse cameras, water
level and salinity recorders, and repeat surveys of lagoon
and barrier topography. To gain insight into hapua
processes, several post-processing techniques have been
applied:
 Water balance modelling of the lagoon to hindcast
outlet flow rates. Combined with salinity data this
also identifies periods of wave overtopping.
 Image processing to identify and map the outlet
channel and barrier backshore position.
 Automated optimisation of a simple hydraulic model
used to hindcast outlet channel dimensions
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3. Findings
Survey and time-lapse imagery of the Hurunui Hapua
records for the first time its frequency of wave
overtopping events, and the significant loss of lagoon
width resulting from the lobes of gravel these wash into
river

lagoon

outlet channel
Figure 1. Aerial photo of the Hurunui Hapua (Sourced from the LINZ Data Service).
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Lateral retreat with respect to a vertical section of the
bank has been computed by measuring the extent of the
erosion occurred within the time scale of a single storm
surge. 28 erosion pins placed horizontally at four diﬀerent
heights and at seven different positions at the marsh
shoreline were used to locally measure the erosion extent.
The erosion rates (ER), expressed in m2/yr, are obtained
by dividing the retreat value by the time during which the
erosion occurred. Wave energy flux (EI) was measured by
means of a set of submersible capacitive pressure
transducers, installed and wired in front of the scarp of
the bank (Bendoni et al., 2016).

1. Summary
Survival of tidal marshes depends on several factors and
can be explained as a delicate balance between the
processes supporting marsh thriving (e.g., vertical
accretion and vegetation colonization) and those
endangering it, such as drowning and edge erosion.
Present work analyses the relationship between marsh
edge erosion and wave climate at the time scale of a single
storm, in comparison with longer time scale analyses.
The data, nowadays collected over 4 significant storm
surges with the intent to analyse at least 10 events, show
that the linear relation linking erosion rate to wave power
agrees with the analysis based on monthly surveys but
exhibits a larger slope than what has been estimated
through long-term surveys.

3. Results
Results were compared to those obtained at time scales of
one month and one year respectively (Fig. 3).

2. Surveys methods and data
The salt marsh bank selected for the surveys is located in
the North part of the lagoon of Venice, between Burano
and Sant’Erasmo islands (Fig. 1).

Figure 3. The relationship between wave energy flux
and erosion rate is compared at different time scales.
A linear trend between erosion rate and energy flux at a
single storm time scale (thick continuous line) is shown,
and the relationship obtained by Bendoni et al. (2016)
based on monthly time scale (Fig. 3, dotted line) is
confirmed. The comparison of the results to a yearly scale
based analysis (Fig. 3, dash line, Marani et al. 2011),
shows a much higher slope of the regression line. The
main reason for this discrepancy can be found in the
diﬀerent time scales analysed: increasing the time span of
the survey, the slope of the linear trend tends to decrease.
Boat waves, sedimentation and vegetation colonization
play a fundamental role in leading to these differences,
because at storm surge scales they are negligible.

Figure 1. Location of the marsh selected for the study.
The border of the marsh bank is exposed to dominant
wind directions, in order to study wave impact on marsh
boundaries during intense storm surges.
A first monitoring campaign provided a systematic
measurements of the selected salt marsh retreat for three
years, in order to determine the monthly averaged
erosion. Results show a continuous trend related to the
monthly storminess, equal to about 35 cm/year (Fig. 2).
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Figure 2. Monthly lateral erosion in the study site.
In this work we analysed several recent storm surges
presenting different wind direction and speed, linking
marsh erosion to wave climate and mean sea level.
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1. Introduction
Water and soil temperature are crucial factors affecting
the biological and ecological processes in enclosed or
semi-enclosed ecosystems like lakes, estuaries, bays and
lagoons (Guarini et al. (2000)). The understanding of
these processes is relevant considering the role of inland
water bodies in processing a large amounts of organic carbon (Battin et al. (2009)). Furthermore, water temperature
of inland and coastal water bodies is one of the main factor that can be considered as a signal of climate change
(Adrian et al. (2009)).
The aim of this study is to investigate the evolution of the
temperature profile in the water column and within the
soil in a shallow tidal environment. In particular, we want
to analyze the heat exchange at the interface between soil
and water (SWI), its role for the evolution of the temperature in the water column and of the vertical temperature
profile within the soil. The present study aims at investigating the temperature dynamics at the sub-daily time
scale and is based on the analysis of temperature data collected in the Venice lagoon, located in the North East of
Italy and characterized by a Mediterranean climate.

2. Data and Methods
A specific field campaign was performed to collect data
for describing the vertical temperature profile in the water column and within the soil. The analysis of these data
enabled us to investigate the role of the heat flux between
water and soil. Data were collected in a shallow tidal flat
of the northern part of the Venice lagoon.
We developed a "point" model for describing the time
evolution of the water and soil temperature considering
only the vertical heat fluxes. The heat flux at the SWI
is modeled as the sum of the residual solar radiation that
reaches the bottom and the conductive heat flux due to the
water-soil temperature gradient.

Figure 1. comparison between computed (solid line) and
measured (dotty line) temperature of the water (assumed
uniform within the water column) and of the soil at
different depths below the bottom.
• The heat flux at the SWI doesn’t affect significantly
the water column temperature, but it is crucial to
model the soil temperature evolution.

3. Conclusions
• Dealing with very shallow basin, the assumption of
uniform temperature within the water column is confirmed by empirical evidences.
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• The heat flux at the SWI is mainly described by the
conductive component. The residual solar radiation
reaching the bottom is small.
• The "point" model describes properly the water
and soil temperature evolution if we consider periods characterized by negligible advection (neap tide
and/or small difference between the water temperature at the sea and within the lagoon).
• To describe the process in any condition a model able
to compute the horizontal heat flux due to advection
is needed.
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1. Introduction
Salt marshes are typical morphological features of the
Venice Lagoon, as well as in many other tidal systems
worldwide. Among numerous benefits to the
environment, salt marshes furnish a shoreline buffer
between the mainland and the sea dissipating waves and
mitigating erosion during storms, filter nutrients and
pollutants, serve as an organic carbon sink, host
characteristic plant and animal species. Salt marshes are
currently
exposed
to
possibly
irreversible
transformations due to the effect of climate change and
human pressure and their extent has dramatically
decreased worldwide over the last centuries. In the
Venice Lagoon salt-marsh area decreased of more than
70% in the last 200 years. For decades the disappearance
of salt marshes has been ascribed to the effect of the
rising sea level and lack of sediments, but more recent
studies have been carried out considering the erosion
triggered by wind waves as the primary driver for saltmarsh retreat (Marani et al., 2011; Bendoni et al., 2016).
In this work we analysed the contribution of different
sediment types in increasing, or decreasing, the
resistance of salt-marsh margins to wave processes. Our
results are compared with outcomes by Feagin et al.
(2009), who suggested that the soil type is the primary
variable that influences the lateral erosion rate.

Figure 1. (a) Bathymetric map of the Venice Lagoon.
The black circles indicate the location of the recovered
cores. (b) Example of core collected by the steel frame.
(c) Example of marsh retreat between 1978 and 2010.

3. Results and Conclusions
Our results suggest that the salt-marsh retreat is strongly
correlated with the incident wave power density. On the
contrary, erosion is almost independent from soil
physical characteristics such as organic matter content,
inorganic fraction grain size, and dry bulk density. It is
therefore not possible to establish a direct correlation
between retreat rates and soil physical characteristics,
and consequently our results do not confirm the
outcomes obtained by Feagin et al. (2009). Additionally,
at several wind-sheltered sites, we observed that the
erosion of marsh edges shows rates of marsh retreat
similar to the other sites. This behaviour can be due to
the presence of boat waves and/or to the influence of
tidal fluxes.

2. Methods
We collected 20 undisturbed sediment cores along
marsh boundaries in different sites of the Venice Lagoon
(Figure 1a). Each core, recovered through a steel frame
50x10x10 cm (Figure 1b) vertically pushed into the soil,
was analysed in order to estimate the vertical
distribution of:
 organic matter content, through Loss On Ignition
technique;
 grain size of the inorganic fraction, through a
Mastersizer, after removal of the organic
component with hydrogen peroxide;
 dry bulk density of the sediments.
To detect the marsh retreat in each core site, we
compared the aerial photographs acquired in 1978 and
2010 (Figure 1c).
The wave power impacting each marsh edge was
computed on the basis of a fully coupled wind-wave tidal
model (Carniello et al., 2011).
Finally, physical soil characteristics were correlated with
the rate of lateral erosion and with the magnitude of wave
power.
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1. Introduction
Set along the border between sea and land, wetlands are
exposed to several forcings, resulting from natural processes and human activities, that affect their final configuration. The evolution of these environments is driven
by tidal channels which dissect wetlands spreading water,
sediments and all the nutrients that the ecosystem needs
for its survival (Coco et al., 2013; Hughes, 2012).
Many authors have analyzed tidal-channel morphodynamics, focusing on the evolution of the longitudinal bed
profile for a given channel-width distribution (Lanzoni
and Seminara, 2002), as well as on the evolution of channel cross sections (D’Alpaos et al., 2006). A complete
modelling framework assessing both altimetric and planimetric equilibrium channel features has recently been
proposed (Lanzoni and D’Alpaos, 2015). We have further developed the latter modeling framework to analyze
the effects of changing sediment supply (SS), sea-level
rise (SLR) and vegetation growth.

2. Model framework

Figure 1. Computational domain

The equilibrium configuration is evaluated on a properly
spaced 3D domain, resulting in a straight channel on a
rectangular watershed. The domain is subjected to a sinusoidal tide at the seaward boundary and to no-flux conditions at the landward boundary. Under quasi-static assumptions, the instantaneous discharge flowing through
each cross section is computed so that the cross-sectional
distribution of the longitudinal bed shear stresses can be
evaluated. The 1D hydrodynamic model is coupled with
a morphodynamic model which retains the description of
the main physical processes shaping the channel within
the tidal basin due to accretion, erosion and sea level rise,
mediated by vegetation growth. The novel feature of this
model is given by the possibility to analyze the mutual
role of tidal forcing, SS, SLR and vegetation dynamics on
the morphodynamic evolution of a tidal channel.

sediment availability, biomass distribution within the tidal
frame, and tidal range.
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3. Results and Conclusions
Model results show that an increase in SS and a decrease
in the rate of SLR lead to higher tidal platforms in the
tidal frame, and therefore to lower landscape-forcing tidal
prisms and smaller channel cross sections. In addition,
we show that SS increases, the system is less likely able
to retain the signatures of the initial conditions. We also
observe that vegetation encroachment on the marsh surface produces two competing effects: increased flow concentration within the channel, owing to the increased flow
resistance on the vegetated platform and reduction of the
tidal prism, owing to higher accretion rates of salt marsh
surface. Whether effect prevails on the other, depends on
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bathymetries of the Venice Lagoon by forcing the model
with the same boundary conditions. The mean wave
power density increased over the last four centuries due
to the evolution of the Lagoon morphology and
bathymetry. The power density has not significantly
changed from 1611 to 1901. However, in the last
century a rapid increase in wave power densities was
observed due to the larger depths and fetches that
characterize the current Lagoon configuration. In
particular, in the central-southern part of the Lagoon the
wind forcing can easily generate fetch unlimited
conditions and the resulting wave field produces higher
power densities. Moreover, marsh erosion rates
computed for several areas of the Venice Lagoon
confirm the linear relationship between incident wave
power density and marsh lateral erosion rate.

1. Introduction
Wind-wave attack is one of the main mechanisms
leading to marsh loss in estuaries and lagoons
worldwide (e.g., Marani et al., 2011; Leonardi et al.,
2016). Salt-marsh erosion by wind waves is a complex
phenomenon that includes the continuous removal of
small size particles and the discontinuous detachment of
marsh-edge portions. The existence of a linear
relationship between wave power density and salt-marsh
lateral retreat has recently been proved on theoretical
and empirical grounds (e.g., Marani et al., 2011;
Leonardi et al., 2015). However, less attention has been
devoted to the temporal evolution of wave power
density. The aim of the present work is to evaluate,
through the use of a 2D Wind Wave Tidal Model
(WWTM), the effects of wave action on marsh
boundaries and how the wave field has changed through
time. To this end, we first analysed the spatial
distribution of wave power density during the last four
centuries in the Venice Lagoon and then we investigated
the relationship between the incident wave power
density and salt marsh erosion rate.

2. Materials and Method
We applied the fully coupled WWTM (Carniello et al.,
2011) to different configurations of the Venice Lagoon
(namely 1611, 1810, 1901, 1932, 1970 and 2012). The
WWTM describes the hydrodynamic flow field together
with wind-wave generation and propagation, and solves
the wave-action conservation equation to determine the
wave field. The model was forced with a one-year-long
record of water levels, wind speeds and directions
collected in the Venice Lagoon in 2005, a representative
year in terms of wind forcings. The determination of the
hydrodynamic and wave fields within the Lagoon
allowed us to compute the power density, P, in the entire
basin:

P

cg H 2
8

Figure 1. Spatial and temporal variation of the mean
power density in 1810 (A) and 2012 (B).
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(1)

with H wave height and cg wave group celerity. The
wave power density for the six different configurations
was averaged over the one-year-long simulations. In
order to obtain a map of the eroding margins we used
two sets of aerial photographs, acquired in 1970 and
2010, whose georeferencing and superimposition
allowed us to calculate the erosion rate in different area
of the Venice Lagoon.

3. Results and discussion
Figure 1 shows the temporal and spatial variation of the
mean wave power density evaluated for the six
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bedforms and sediment samples to quantify mud
consolidation.

1. Introduction
The development from intertidal mudflat towards salt
marsh is characterised by strong positive feedbacks
(Marani et al., 2007). Drainage, mud consolidation and
benthic algae mat growth might be central to these
feedbacks. We suggest that bistability can arise between
a fluidic mud state and a vegetated state. Once drainage
channels have been formed, lateral drainage further
enhances mud consolidation, promoting benthic algae
growth, which again reinforces drainage structures. On
the other hand, when mud is poorly consolidated (“fluid
mud”) any topography, essential for good drainage, is
rapidly flattened out again. The resulting lack of drainage
topography impedes algae growth, such that the system
remains in a fluidic mud state. This raises the question
how (drainage) bedforms can arise from initially very
poorly consolidated, fluidic mud. We hypothesise that
benthic algae can actively decrease the mud fluidity
locally; this enables the formation of self-organised
bedforms (Figure 1), facilitating the transition from
poorly consolidated to well-drained mudflat state and
setting the stage for further development to a salt marsh.

Figure 2. Numerically simulated bedforms (top view)
due to biogeomorphological interactions; drainage flow is
oriented from top to bottom of the picture.

3. Conclusions
We show that benthic algae mats can, by locally reducing
mud fluidity, trigger the formation of mudflat drainage
structures and further development to a vegetated state.
This mechanism might be especially relevant for initially
poorly consolidated mudflats, e.g. after managed coastal
realignments. Without the influence of benthic algae,
development from such a fluidic mud state towards a
well-drained vegetated state might be strongly impeded.
This emphasises the importance of biotic processes for
intertidal morphodynamics.
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Figure 1. Regular bedforms induced by benthic algae
mats (Vaucheria) on an intertidal mudflat in the Schelde
estuary, Dutch-Belgian border.

2. Methods
We motivate our hypotheses with a simple numerical
biogeomorphological model (Figure 2), coupling depthaveraged hydrodynamics to algae mat growth and a
simplified bed evolution equation. Algae mats decrease
sediment erosion, whereas inundation reduces algal
growth (Weerman et al., 2010). The crucial new
assumption herein is that algae locally decrease the
fluidity of deposited sediment. Model assumptions and
results are compared to field measurements on an
intertidal mudflat in the Schelde estuary on the DutchBelgian border. Field data comprises aerial photos
(drone) to detect algae presence, bathymetric
measurements (terrestrial laser scanner) to determine
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1. Introduction
Mudflats are a key feature of many estuarine
environments. Intertidal mudflats are connected and
intersected by channels draining water towards deeper
channels. At the landward side mudflats connect to
saltmarshes and/or levee systems. The morphodynamics
of mudflats may develop based on (changing) forcing
conditions such as wind waves, tides, sediment supply,
vegetation and sea level rise.
Several modeling attempts have been made to model the
morphodynamics of mudflats. Most studies considered a
1D- profile along the mudflat which could evolve
towards an equilibrium configuration (e.g.Van der
Wegen et al. (2016), Zhou et al. (2015). Other studies
assumed a constant profile shape moving in time (e.g.
Maan et al., 2015). However, these modeling efforts did
not take explicitly into account tidal currents flowing
across the mudflat and parallel to tidal currents in the
adjacent channel.

Figure 1. Observed morphodynamics in San Francisco
Bay

2. Aim of the study
In this study, we aim to explore conditions for
equilibrium and the possible driving mechanisms taking
into account across and along mudflat tidal flow. Based
on the dimensions and conditions near Dumbarton
Bridge mudflat in South San Francisco Bay, we
developed a 2D model (Delft3D) including wave action
covering a 1 km wide and 1.5 km long mudflat and an
adjacent tidal channel. No profiles are imposed so that
the mudflat-channel system can develop freely.

Figure 2. Modeled morphodynamic development

3. Results
Model results shows mudflat-channel system
morphodynamics towards near equilibrium. The channel
initially widens and the mudflat accretes. Lateral supply
of sediment eventually silt up the mudflat fully to high
water. We subsequently impose seasonally varying wind
wave conditions, sediment characteristics and sediment
supply. In addition to a thorough sensitivity analysis,
model results thus show resilience dynamics of the
mudflat due to changing forcing conditions related to
wind waves, sediment supply and (consolidated)
sediment characteristics.

Figure 1 is an example of a figure.
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3. Conclusions
Model results show different adaptation time scales
of the channel mudflat system, but no equilibrium in the
strict sense. Our numerical, process-based modeling
approach allows for a detailed analysis of the underlying
processes, which is part of ongoing efforts.
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1. Introduction

stant deposition term counterbalanced by the erosion term
over the entire cross-section (i.e. Qe0 (τeq /τe −1)−D = 0,
where Qe0 is the erosion rate and D is a constant deposition term). Another interesting phenomena is that the
time duration and the peak shear stresses of the so-called
“static equilibrium” are respectively longer and smaller
for the scenario with a larger constant discharge (see Figure 1c). This implies that the initial development of a tidal
channel is faster when the tidal forcing is weaker. A positive feedback ensures that the tidal forcing increasingly
focuses on the channel region leading to the emergence
of a channel and lateral flats. However, after about 40
years, the scouring in the channel region gradually stops
and the bed shear stresses converge to τeq . As a result the
shape of each cross-section gradually reaches a genuine
static equilibrium (Figure 1a).

Tidal channels are ubiquitous features of coastal regions
and their presence dictates the hydrodynamic and sedimentary dynamics. The development of tidal channels
has been modeled (e.g. Lanzoni and D’Alpaos, 2015)
using a simplified longitudinal Reynolds equation and
simplified deposition-resuspension formulations (Mehta,
1986). Models indicate that the formation of tidal channels begins with the scouring of small bed incisions and
proceeds driven by the positive feedback between the
local scouring and the increasingly concentrating tidal
fluxes. However, many aspects of why/when/how the positive feedback develops are not fully understood. Here,
we combine numerical and analytical analysis to study
the initial formation and long-term equilibrium of an idealized tidal channel.

2. Methods
For simplicity, the longitudinal momentum equation is
derived from the Reynolds-averaged Navier-Stokes equation using Cartesian coordinate system and the Manning
friction relationship. The bed shear stress becomes:
τ = −ρw ghS +

∂
∂y

Z η
zb

τyx dz

(1)

where x, y and z are the coordinate components; ρw is the
water density; h is the water depth; η and zb are the water
and bed surface levels (η −zb = h) and τxy is the Reynolds
shear stress. Only suspended load is considered.

3. Results and discussion
The tidal forcing is characterized by tide-averaged discharge, which is assumed to be constant over the simulation period. Figure 1 shows the results of two typical scenarios with different constant discharges (5 and 30 m3 /s
respectively). Both scenarios eventually reach an equilibrium (see Figure 1a) characterized by a cross-section
composed by a curvilinear channel region flanked by horizontal banks. Figure 1b and 1c show the time series of
bed elevations and bed shear stress for two representative
points located along the channel axis (C1 and C2) and
the bank region (F1 and F2, see Figure 1a). At the beginning of each simulation, since the initial perturbation
is small (0.001 m), the solid and dashed lines are almost
superimposed (Figure 1b), which implies that the bed elevations of the points along the channel axis and those
in the bank region vary uniformly before the channelized shape emerges. As these points reach a certain water depths (denoted as heq hereafter), their elevations are
maintained for short periods. At the same time, the bed
shear stress τc also gets close to the threshold value (denoted as τeq hereafter, see the black dash dot line in Figure
1c), but not to the critical shear stress (denoted as τe hereafter, see the black dotted line in Figure 1c). In fact, τeq
represents a “static equilibrium” condition with the con-

Figure 1. The final equilibrium cross-sectional shapes of
two scenarios with different constant discharge (a).
Subplot (b) and (c) shows the time series of the bed
elevations and bed shear stress for the sampling points
(C1-C2 and F1-F2 in subplot(a)).
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1. Introduction

3. Results and final remarks

Estuaries and bays are usually fed by the small rivers,
streams and tidal creeks. These tidal creeks convey the
bulk of the freshwater runoff and the associated terrestrial sediments eroded from surrounding catchments. The
shallow-water systems in which these creeks evolve are
mainly dominated by tidal asymmetries, generated by
nonlinear processes of interaction that promote a net flow
of sediment in the direction of such asymmetries (Aubrey
and Speer, 1985).
In this contribution, we present the hydrodynamics behaviour of the Sancti-Petri and Carracas creeks (Fig. 1),
which are influenced by the tidal hydrodynamics of Cádiz
Bay (Southern Spain). We have focused on the tidal harmonics and currents levels as well as in the effects of
the tidal dynamics on sediment transport. The analysis is
based on water elevations, currents, and suspended sediment concentrations measurements recorded during a 40days field survey, and also on the simulation scenarios
performed with a sand-mud transport model (Carniello
et al., 2012).

To enhance the understanding of tidal creek networks,
tidal dynamics in the Carraca and the Sancti-Petri creeks
and its implication in the sediment evolution have been
studied in this work. A field survey was carried out to validate the implementation of a numerical model. An analysis of the numerical results shows that the importance of
the Sancti-Petri and the Carraca creeks lies on the double
connection at the open sea where the ride wave penetrates
from both ends with different amplitudes, phases and flow
velocity.
The results show that tidal currents continually entrain
and rework sediment with an enhancement during spring
tides (Zarzuelo et al., 2015). Furthermore, the tidal currents in the Sanct-Petri creek and the Carraca creek are
distorted from the sinusoidal form of their astronomical
forcing, what implies a transfer of energy from M2 to
M4. The main consequence of the overtide generation
is the strengthening (weakining) of flood (ebb) currents
in the case of the Carraca (Sancti-petri) creek. Sediment
is redistributed within the tidal creek on a regular basis by
tidal currents.

2. Methodology
The field survey consisted on 7 moorings stations deployed from December 22, 2011 to April 18, 2012. They
were 4 current meters and 3 tidal gauges, denoted by I1-I4
and T1-T3, respectively (Fig 1a). On the other hand, the
sand-mud transport numerical model has a tidal module
coupled to a wind-wave and a sediment transport and bed
evolution modules. The model was calibrated and tested
not only at the usual intratidal scale, but also at subtidal
time scale (R2 ≈ 0.99 – 0.78).
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Figure 1. Panel a- Location of the Bay of CÃadiz.
˛
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profile meters, and labels T1-T3 to tidal gauges. Panel bZoom of the field site: Carracas and Sanctri-Petri creeks.
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