
Sediment Transport in 
Aquatic Environments

Edited by Andrew J. Manning

Edited by Andrew J. Manning

Photo by Calinat / iStock

Sediment Transport in Aquatic Environments is a book which covers a wide range of 
topics. The effective management of many aquatic environments, requires a detailed 

understanding of sediment dynamics. This has both environmental and economic 
implications, especially where there is any anthropogenic involvement. Numerical 

models are often the tool used for predicting the transport and fate of sediment 
movement in these situations, as they can estimate the various spatial and temporal 

fluxes. However, the physical sedimentary processes can vary quite considerably 
depending upon whether the local sediments are fully cohesive, non-cohesive, or 
a mixture of both types. For this reason for more than half a century, scientists, 

engineers, hydrologists and mathematicians have all been continuing to conduct 
research into the many aspects which influence sediment transport. These issues range 

from processes such as erosion and deposition to how sediment process observations 
can be applied in sediment transport modeling frameworks. This book reports the 

findings from recent research in applied sediment transport which has been conducted 
in a wide range of aquatic environments. The research was carried out by researchers 
who specialize in the transport of sediments and related issues. I highly recommend 

this textbook to both scientists and engineers who deal with sediment transport issues.

ISBN 978-953-307-586-0

Sedim
ent Transport in A

quatic Environm
ents



SEDIMENT TRANSPORT IN 
AQUATIC ENVIRONMENTS 

 
Edited by Andrew J. Manning 

 
  

INTECHOPEN.COM



SEDIMENT TRANSPORT IN 
AQUATIC ENVIRONMENTS 

 
Edited by Andrew J. Manning 

 
  

INTECHOPEN.COM



Sediment Transport in Aquatic Environments
http://dx.doi.org/10.5772/827
Edited by Andrew J. Manning

Contributors

Sylvain SÃ©bastien Victor Guillou, Jérôme Thiébot, Julien Chauchat, Romuald Verjus, Anthony Besq, Duc Hau 
Nguyen, Keang Se Pouv, Naziano Filizola, Jean-Michel Martinez, Jean-Loup Guyot, Hella Wittmann, Eurides De 
Oliveira, Alberto Sanchez, Jose D. Carriquiry, Roberto Fioravanti Carelli Fontes, Áurea Ciotti, Belmiro Castro, Clemens 
Neuhold, Hans Peter Nachtnebel, Philipp Stanzel, Mohammed Achab, Liliana Zaharia, Gabriela Ioana-Toroimac, Grecu 
Florina, Gianina Neculau, Noel Carbajal, Yovani Montaño-Ley, Mirela Magyar, Yun-Chih Chiang, Sung-Shan Hsiao, 
Vlassios Hrissanthou, Li Chen, Dong Chen, Michio Sanjou, Sandra Plecha, Paulo A. Silva, Anabela Oliveira, Joao M. Dias, 
Ellen Petticrew, John Rex

© The Editor(s) and the Author(s) 2011
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2011 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Sediment Transport in Aquatic Environments
Edited by Andrew J. Manning

p. cm.

ISBN 978-953-307-586-0

eBook (PDF) ISBN 978-953-51-4922-4



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

4,000+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

120M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Dr. Andrew J. Manning is both a lecturer in coastal & 
shelf physical oceanography at the University of Plym-
outh (UK) and a principal scientist at HR Wallingford 
Ltd in the Coasts & Estuaries Group (UK). His main area 
of research is cohesive sediment dynamics in aquatic 
environments. He completed his degree with honours in 
civil engineering at Polytechnic South West (UK), which 

was followed by a postgraduate diploma in hydrographic surveying, a 
masters degree in applied marine science, and a doctorate in cohesive 
sediment dynamics, all from the University of Plymouth (UK). He is a 
fellow of the Royal Geographical Society and was awarded a Vice Chan-
cellor’s Research Fellowship in 2007. His research interests include: mud 
flocculation dynamics, modelling & parameterising cohesive sediment 
mass settling fluxes, mixed sediment transport processes, oceanographic 
instrument development, and estuarine & coastal hydrodynamics. He has 
supervised graduates, postgraduates and doctoral students focusing on 
research in cohesive sediment dynamics. To date he has authored over 80 
peer reviewed articles, two thirds of which have been published in interna-
tional books and journals. He has led a number of research projects investi-
gating sediment dynamics in aquatic environments around the world.



 
 

 

 
 

 
 
Contents 
 

Preface IX 

Part 1 Sediment Transport Issues  1 

Chapter 1 Sediment Transport Patterns in Todos Santos Bay, 
Baja California, Mexico, Inferred from Grain-Size Trends  3 
Alberto Sánchez and José D. Carriquiry 

Chapter 2 Dynamics of Sediments Exchange and Transport in the Bay 
of Cadiz and the Adjacent Continental Shelf (SW - Spain) 19 
Mohammed Achab 

Chapter 3 The Significance of Suspended Sediment Transport 
Determination on the Amazonian Hydrological Scenario  45 
Naziano Filizola, Jean-Loup Guyot, Hella Wittmann, 
Jean-Michel Martinez and Eurides de Oliveira 

Chapter 4 Sediment Transport in Rainwater Tanks  
and Implications for Water Quality  65 
Mirela I. Magyar, Anthony R. Ladson and Clare Diaper 

Chapter 5 Fine Sediment Deposition at Forest Road Crossings:  
An Overview and Effective Monitoring Protocol  89 
John F. Rex and Ellen L. Petticrew 

Part 2 Numerical Modelling of Sediment Transport  123 

Chapter 6 The Filling Dynamics of an Estuary:  
From the Process to the Modelling  125 
Sylvain Guillou, Jérôme Thiebot, Julien Chauchat Romuald Verjus, 
Anthony Besq, Duc Hau Nguyen and Keang Sé Pouv 

Chapter 7 Transport of Sediments in Water  
Bodies of the Gulf of California  147 
Noel Carbajal and Yovani Montaño-Ley 



Contents 

Preface XI 

Part 1 Sediment Transport Issues  1 

Chapter 1 Sediment Transport Patterns in Todos Santos Bay, 
Baja California, Mexico, Inferred from Grain-Size Trends  3 
Alberto Sánchez and José D. Carriquiry 

Chapter 2 Dynamics of Sediments Exchange and Transport in the Bay 
of Cadiz and the Adjacent Continental Shelf (SW - Spain) 19 
Mohammed Achab 

Chapter 3 The Significance of Suspended Sediment Transport 
Determination on the Amazonian Hydrological Scenario  45 
Naziano Filizola, Jean-Loup Guyot, Hella Wittmann, 
Jean-Michel Martinez and Eurides de Oliveira 

Chapter 4 Sediment Transport in Rainwater Tanks  
and Implications for Water Quality  65 
Mirela I. Magyar, Anthony R. Ladson and Clare Diaper 

Chapter 5 Fine Sediment Deposition at Forest Road Crossings:  
An Overview and Effective Monitoring Protocol  89 
John F. Rex and Ellen L. Petticrew 

Part 2 Numerical Modelling of Sediment Transport  123 

Chapter 6 The Filling Dynamics of an Estuary:  
From the Process to the Modelling  125 
Sylvain Guillou, Jérôme Thiebot, Julien Chauchat Romuald Verjus, 
Anthony Besq, Duc Hau Nguyen and Keang Sé Pouv 

Chapter 7 Transport of Sediments in Water 
Bodies of the Gulf of California  147 
Noel Carbajal and Yovani Montaño-Ley 



X Contents

Chapter 8 Sediment Transport Modelling and 
Morphological Trends at a Tidal Inlet  163 
Sandra Plecha, Paulo A. Silva, Anabela Oliveira and João M. Dias 

Chapter 9 Coupling Watershed Erosion Model with Instream 
Hydrodynamic-Sediment Transport Model: 
An Example of Middle Rio Grande  187 
Dong Chen and Li Chen 

Chapter 10 Coastal Morphological Modeling  203 
Yun-Chih Chiang and Sung-Shang Hsiao 

Part 3 River, Delta and Lake Sediment Processes  231 

Chapter 11 Computation of Lake or Reservoir  
Sedimentation in Terms of Soil Erosion  233 
Vlassios Hrissanthou 

Chapter 12 Hydrodynamic Influences on Fluid Mud  
Distribution in the Amazon Subaqueous Delta  263 
Roberto Fioravanti Carelli Fontes, Aurea Maria Ciotti  
and Belmiro Mendes de Castro 

Chapter 13 Hydrodynamic Effects of Sedimentation on Mass Transport 
Properties in Dead Water Zone of Natural Rivers  277 
Michio Sanjou 

Chapter 14 Sediment Transport and River Channel Dynamics 
in Romania – Variability and Control Factors  293 
Liliana Zaharia, Florina Grecu, Gabriela Ioana-Toroimac 
and Gianina Neculau 

Chapter 15 Integrating River Bed Dynamics 
to Flood Risk Assessment  317 
Clemens Neuhold, Philipp Stanzel and Hans Peter Nachtnebel 



Preface 

Sediment Transport in Aquatic Environments is a book which covers a wide range of 
topics. The effective management of many aquatic environments requires a detailed 
understanding of sediment dynamics. This has both environmental and economic 
implications, especially where there is any anthropogenic involvement. Numerical 
models are often the tool used for predicting the transport and fate of sediment 
movement in these situations, as they can estimate the various spatial and temporal 
fluxes. However, the physical sedimentary processes can vary quite considerably 
depending upon whether the local sediments are fully cohesive, non-cohesive, or a 
mixture of both types. For this reason for more than half a century, scientists, 
engineers, hydrologists and mathematicians have all been continuing to conduct 
research into the many aspects which influence sediment transport. These issues range 
from processes such as erosion and deposition, to how sediment process observations 
can be applied in sediment transport modelling frameworks. This book reports the 
findings from recent research in applied sediment transport which has been conducted 
in a wide range of aquatic environments. The research was carried out by researchers 
who specialize in the transport of sediments and related issues. 

It is a great pleasure to write the preface to this book published by InTech. It comprises 
15 chapters written by a truly international group of research scientists, who specialize 
in areas such as sediment dynamics, hydrology, morphology and numerical sediment 
transport modelling. The majority of the chapters are concerned with sediment 
transport related issues in either estuarial, coastal or freshwater environments. For 
example: suspended sediment transport in the Amazon delta, how hydrodynamic 
effects influence fluid mud distributions, sediment exchange & dynamics on the 
continental shelf and sediment transport modelling in a tidal inlet. Other contributions 
in this book examine: coastal morphological modelling; sedimentation in lakes; the 
influence of hydrodynamics; fine sediment deposition; water quality associated with 
sediment transport; and how river bed dynamics can influence potential flooding. 
Authors are responsible for their views and subsequent concluding statements. 

In summary, this book provides an excellent source of information on recent research 
on sediment transport, particularly from an interdisciplinary perspective. I would like 



XII Preface

to thank all of the authors for their contributions and I highly recommend this 
textbook to both scientists and engineers who deal with the related issues. 

Andrew J. Manning 
University of Plymouth, School of Marine Science & Engineering, Plymouth, 

HR Wallingford Ltd, Coasts & Estuaries Group, Wallingford, 
United Kingdom 
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Sediment Transport Patterns in Todos  
Santos Bay, Baja California, Mexico, 

 Inferred from Grain-Size Trends 
Alberto Sánchez1 and José D. Carriquiry2 

1Centro Interdisciplinario de Ciencias Marinas, Instituto  
Politécnico Nacional, La Paz, Baja California Sur  

2Instituto de Investigaciones Oceanológicas, Universidad  
Autónoma de Baja California, Ensenada, Baja California 

México 

1. Introduction  
Contaminated sediments do not always remain in the same place in the environment. The 
mobility of sediments and the contaminants associated to them is a factor that complicates 
the evaluation of ecological risk, remediation potential and ultimately, the litigation process 
(e.g., Carriquiry & Sanchez, 1999; Sanchez et al., 2008). A rational decision in this regard 
must take into consideration the potential stability of contaminated sediments, its sources, 
transport and final destination (e.g., McLaren & Beveridge, 2006). A technique capable of 
providing that information in coastal sedimentary environments is the analysis of textural 
trends of sediments; an empirical method that is based on the relaive changes in the grain 
size distributrion of the sediments to determine the net direction of sediment transport (e.g., 
Sunamura & Horikawa, 1971; Mc Laren & Bowles, 1985; Gao & Collins, 1992, 1994; LeRoux, 
2002; Poizot & Mear, 2008). Because many contaminants become adsorbed to the 
sedimentary particles,  this information can help in evaluating the relationship between 
contaminant load and its sources, as well as providing an understanding about the behavior 
and destination of the contaminants in the sediments (e.g., Carriquiry & Sanchez, 1999; 
Sanchez et al., 2008). 
The original theory used to predict the direction of sediment transport based on the relative 
change in the particle size distribution was given by Sunamura & Horikawa (1971). Later on, 
McLaren & Bowles (1985) proposed a one-dimensional approach in which changes in the 
grain size distribution along a sequence of individual samples that were statistically 
analyzed by a Z-test could be used to determine the preferred transport direction. Gao & 
Collins (1991, 1992) and Gao (1996) proposed a two-dimensional model to determine the 
trend on the basis of vector analysis. A different approach based on analytic geometry and 
vector analysis to determine the direction of sediment transport was produced by LeRoux 
(1994) and LeRoux et al. (2002). A summary of all these techniques is provided by Poizot et 
al. (2008).  
In all the sediment transport models based on trend analysis of clastic material, there are 
considerations that limit the inferences made on the net direction of sediment transport. The 
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most important limitation is the inability to validate the obtained transport trends with 
hydrodynamic observations in the field. In this chapter we will use the model proposed by 
LeRoux et al. (2002) to identify the dominant paths of sediment transport based on sediment 
characteristics and dynamics. The sediment transport model obtained with the LeRoux 
model is compared with sediment transport inferences made by Sanchez et al. (2009). 
Subsequently, the model is validated with hydrodynamic observations in the bay. Later, we 
assess the likely extent of dispersion of specific sources of pollution in the Todos Santos Bay, 
off Ensenada, Baja California, Mexico. With this goal we will use additional studies of the 
distribution of organic and inorganic pollutants carried out in this bay.  

1.1 Study area and method 
Todos Santos Bay (TSB) is located on the west coast of the peninsula of Baja California, 
Mexico, between 31°41’ and 3l°56’N and 116°34’ and 116°5l’W (Fig. 1). The natural 
boundaries are Punta San Miguel to the north, Punta Banda to the South and the Todos 
Santos Islands (TSI) in the center, which define two entrances to the bay and permit a 
constant circulation of ocean water. The coastline of the bay consists of a rocky shore that 
encompasses Punta San Miguel, Punta El Sauzal, Punta Morro and Punta Ensenada, with 
pocket beaches between them. Punta El Sauzal and Punta Ensenada form natural 
breakwaters that protect the ports of El Sauzal and Ensenada, respectively. A sandy beach, 
14 km long, starts at the South of the port of Ensenada and ends at the base of Punta Banda. 
This beach is interrupted by an inlet that defines the entrance to a coastal lagoon known as 
the Punta Banda Estuary. The rocky shore of Punta Banda is very irregular, with almost 
vertical cliffs and small beaches with little sand between them. The bathymetric 
configuration of the bay is irregular. The most notable features are: (1) the shoal of San 
Miguel, with a minimum depth of 5.5 m, located between Punta San Miguel and the Todos 
Santos lslands; (2) a submarine depression between Punta Banda and the islands, known as 
the Todos Santos submarine canyon, with depths of 550 m. 
In the Todos Santos Bay several studies have been conducted on littoral transport. In the north 
of the bay, sediment transport is towards the SE and to the central part of the bay, the 
sediment transport is predominantly in the direction NE-N with a W-component near the 
mouth of the Punta Banda coastal lagoon (Pérez-Higuera & Chee-Barragán, 1984). The 
sediment dispersion pattern presents several transport directions within the Todos Santos Bay 
(Sanchez et al., 2009). In the North of the bay the transport direction is SE (following the 
isobath contour of 20 m) and towards the NE (near the Todos Santos Island). In the South of 
the bay, transport direction is NE. In the central region of the bay there is a westerly transport 
direction. In the Todos Santos canyon a NE trajectory was determined. In the external region 
of the bay, in front of the Todos Santos Islands and the Peninsula of Punta Banda, the inferred 
transport is to the W. The central zone of the bay seems to be a convergence zone which in 
practical terms becomes a depocenter, a site of sediment accumulation. 
Sediment samples were collected using a van-Veen grab during cruises OGEO-0893 of the 
Mexican Navy that consisted of a sampling grid of 51 stations (Fig. 1). The first 5 cm of surface 
sediments of each grab sample were colleted. Later in the lab the samples were treated to 
remove organic matter and salts (Mook & Hoskin, 1982). The granulometric analysis was 
performed by the technique of Ingram (1971) for the sand fraction and Galehouse (1971) for the 
fine fraction (silt and clay). Sediment textural parameters (mean grain size, sorting and 
asymmetry) were calculated by the method proposed by McManus (1988). 
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1.2 Sediment transport model 
Sediment transport models have allowed coastal oceanographers to infer the residual 
sediment transport based on spatial trends of sediment (e.g., McLaren & Bowles, 1985; Gao 
& Collins, 1992; LeRoux, 1994; Poizot & Méar, 2008). In this study, the model proposed by 
LeRoux (1994), based on principles of analytic geometry and vector analysis of textural data, 
was used. With this method, the vector’s magnitude and direction (of transport) were 
obtained by comparison of the textural characteristics of five neighboring sampling stations 
(one central and four satellites). General considerations of the model are: (1) textural trends 
result from the hydrodynamic conditions of the environment, (2) it is applicable in coastal 
zone and shelf where sediment transport is unidirectional, (3) the gradient between textural 
parameters is constant in the area where we compared the five sampling stations, (4) 
textural parameters in the model have the same weight and importance, and (5) the distance 
between the five stations (inter- seasonal) is not critical, especially if there is a clear textural 
gradient between stations. 

2. Results and discussion  
2.1 Grain-size trends 
Sediment characteristics in the bay have been extensively studied since the 1950s (e.g., 
Walton 1955; Emery et al. 1957) who emphasized the importance of topographic details and 
hydrography in controlling grain size. Grain-size decreases from the coastal regions (0.0 ) 
into the canyon (7.0 ). Also, there was a slight decrease in this parameter in the deepest 
region of the study area (>8.0 Fig. 2). The spatial distribution of grain-size denotes the 
monotonous tendency to decrease (larger phi values) with the depth of seabed. The silt 
fraction is dominant in two areas: (1) medium silt in the deepest region in the inner-bay 
(head of the canyon) and (2) fine silt to clay outside the bay (continental slope). The shallow 
inner-shelf is characterized by fine to very fine sand with some small areas consisting of 
medium to coarse sand (Fig. 2). The grain-size distribution is very similar to that reported by 
Smith et al. (2008), where the grain-size is dominated by silt. The spatial trend of grain size 
indicates a zone of deposition of fine material in the central area of the bay (a depocenter), 
consistent with the convergent surface current system, longshore transport and sediment 
transport in the bay (Sanchez et al., 2009). Although grain size was used as a good indicator 
of sedimentary dynamics, in most cases is not fully robust due to other sediment sources. 
Hence, it is necessary consider additional parameters such as sorting and asymmetry of the 
same sample (e.g., McLaren and Bowles, 1985). The sorting parameter was considered by 
Sunamura and Horikawa (1971) to be a good estimate of the dispersion of sediments in 
marine environments, where the contribution of other sources of sedimentary material was 
insignificant (e.g., from cliffs, streams, etc). Sunamura and Horikawa (1971) indicated that 
sediments will move in the direction where the average grain size decreases and the sorting 
of the sedimentary material increases. The surface sediments were well-sorted in shallow 
stations, where the average grain-size is larger with respect to the deeper stations. In the 
deepest part of the bay, the sediments were poorly-sorted and grain-size decreases toward 
the region of the canyon (Fig. 3). Negative skewness values (sediments with an “extra load” 
of coarse grains) are found in shallow areas, increasing in the central part of the bay; the 
trend reverses to negative values towards the canyon (Fig. 4). 
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In their model, McLaren and Bowles (1985) also included the parameter of asymmetry in 
order to yield a more robust estimate of sediment transport paths. Thus, while the 
combination of sediment textural parameters define the existence of several sediment 
transport paths, the sorting improves or strengthens the interpretation of sediment transport 
direction (e.g., McLaren and Bowles, 1985; Gao and Collins, 1992; LeRoux, 1994; Carriquiry 
and Sánchez, 1999; Carriquiry et al., 2001; Poizot and Méar, 2008; Sánchez et al., 2008, 2009, 
2010). 
Sanchez et al. (2008, 2010) applied a principal components analysis (PCA) to the sediment 
textural parameters in both studies, the spatial trends of grain size and sorting explained at 
least 75% of the variance and 20% of the variance was explained for asymmetry. The 
remaining 5% of the variance can be related to other factors such as sampling depth, the 
distance between stations, among others, affecting the distribution of sediment textural 
parameters (e.g., Poizot et al., 2008). In the case of the surface sediments of the bay, the grain 
size and sorting explain 50% of the variance and asymmetry, 34% of the variance. These 
contrast with the results obtained for grain size and asymmetry that describe 95% of the 
variability of spatial trends of textural parameters in the sediments in the Yellow Sea, China 
(Cheng et al., 2004). The difficulty of establishing a spatial trend in very fine grained 
estuarine sediments occurs because flocculation can result in the preferential deposition of 
fine particles in the environment. Thus, the difference of each factor in the PCA, for each 
comparison site can be result from processes of flocculation derived from sedimentary 
material, which allowed the settlement of poorly sorted material in the Yellow Sea, China 
and Upper Gulf of California, Mexico and Todos Santos Bay, Baja California, Mexico. While, 
the low discharge of streams in the Bahia Magdalena, Baja California and Hondo River in 
the Bahia of Chetumal, Quintana Roo, Mexico, caused the well-sorted sediment deposition. 

2.2 Sediment transport models 
The spatial trend analysis method used to infer the net transport of sediments has been 
widely applied in various settings of marine and continental environments. In these studies, 
the net transport and dispersion of sedimentary material have been effectively validated by 
comparing the resulting transport vectors (defined from the transport models) with the 
observed ocean currents (in situ )(e.g., McLaren and Bowles, 1985; Gao and Collins, 1992; 
LeRoux, 1994; Carriquiry and Sánchez, 1999; Carriquiry et al., 2001; Poizot et al., 2008; 
Sánchez et al., 2008, 2009, 2010). Consequently, these results have provided confidence in 
these models, becoming an excellent tool for inferring the transport direction of sediment 
particles in places where ocean current studies are limited.  
The model of Sunamura and Horikawa (1971) is the most basic and unidirectional, where 
was identifying sediment source and the final destination of the particles, based on 
comparison of grain-size and sorting. The asymmetry is not used as an additional 
comparison criterion; making is less sensitive to identify an exchange of material and 
sediment transport. In fact, the principal component analysis indicated that the asymmetry 
explain 34% of the variance of the spatial trend. Therefore, the asymmetry is a criterion that 
must be considered to define transport paths more robust (e.g., Cheng et al., 2004; Sanchez 
et al., 2008, 2010). 
The one-dimensional method McLaren-Bowles was developed for studies of longitudinal 
environmental systems, such as rivers, beaches and sand bars (Mc Laren and Bowles, 1985).  
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Fig. 2. Spatial distribution of the grain-size (phi units) of sediments in the Todos Santos Bay, 
Baja California, Mexico. The segmented lines denote the bathymetry (m) of the bay. 
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Fig. 3. Spatial distribution of the sorting (phi units) of sediments in the Todos Santos Bay, 
Baja California, Mexico. The segmented lines denote the bathymetry (m) of the bay. 
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Fig. 3. Spatial distribution of the sorting (phi units) of sediments in the Todos Santos Bay, 
Baja California, Mexico. The segmented lines denote the bathymetry (m) of the bay. 
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Fig. 4. Spatial distribution of the skewness (phi units) of sediments in the Todos Santos 
Bay, Baja California, Mexico. The segmented lines denote the bathymetry (m) of the bay. 

This model analyzes the grain-size evolution along sampling paths (samples in a linear 
sequence). To study a more complex area and obtain transport paths in two dimensions 
requires a 9x9 grid containing 81 samples (Mc Laren and Little, 1987). Masselink (1992) 
concluded that the unidimensional model is limited and Lanckneus et al. (1992) showed that 
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when sediments become finer and better sorted, the corresponding skewness becomes more 
positive, which is in contradiction with the sediment transfer function of McLaren and 
Bowles (1985). The McLaren and Bowles model was applied to 17 locations and were valid 
in 7 of them; the other cases were partially correct or unacceptable (Poizot et al., 2008). In 
fact, the results of this study seem to confirm that the one-dimensional model has limitations 
in complex environments such as the TSB (Sanchez et al., 2009). 
Gao and Collins (1992) developed a bidimensional model where vectors are determined by 
comparing the sedimentary textural parameters in a sampling grid. The distance used for 
"neighboring" stations is determined on the basis of a characteristic distance that represents 
the spatial scale of sampling. However, the resultant vector can be affected by the 
magnitude of such characteristic distance; in other words, if the distance is too great, it may 
yield a change in the direction of the vectors with one direction that is not representative of 
sediment transport. For the Todos Santos Bay we applied various distances and sampling 
densities (± 50%) and the observed effect on the model ouput did not show any significant 
differences in the model outputs. 
In the Le Roux model, sampling sites are rarely located on a regular grid pattern. When 
the sampling scheme is not regular and there are many discontinuities, edge effects are 
very noticeable and can become dominant in some parts of the studied areas (Poizot et al., 
2006). If an irregular sampling scheme is used, a regular grid can be created by 
interpolation of the dataset. This procedure was used by Ríos et al. (2003), Friend et al. 
(2006), Lucio et al. (2006) and Poizot et al. (2006). However, Le Roux and Rojas (2007) 
argue that interpolation alters the original data distribution and diminishes the reliability 
of the method. Despite the use of a regular grid, edge effects can persist within the 
intended mapping area. In the present case, edge effects can affect both the averaging 
procedure and the definition of the trend vectors. For a site at the centre of a grid, trend 
vectors are calculated with more sites, lying within a defined characteristic distance, than 
sites on the edges of the grid (Gao and Collins, 1994a,b). This effect is increased at the 
corners of the grid. Such effects are likely to introduce some distortions, so sediment trend 
vectors along the edges of the sampling grid should be applied with caution in the final 
interpretation. 
In this study, the edge effect was estimated by increasing the number of stations around 
the sampling grid located within a spatial distance-unit (minimum distance between 
stations). In the model of Sunamura and Horikawa (1971) the edge effect was observed in 
the residuals of the marginal stations that indicated a transport direction that differed by 
45° from expected. Subsequent calibration of the model by using a one-unit distance, we 
observed an improvement in the residuals showing only a deviation of 15 degrees from 
expected. In the model of McLaren and Bowles (1985) no edge-effect problems arise due 
to its unidirectional character of the model (stations along a linear sequence of stations). 
The models of Gao and Collins (1992) and LeRoux (1994a, b) despite having an edge 
effect, there appears to be insignificant in our study since the delineated net transport 
paths match the expected transport direction, and the differences observed with the 
model before and after applying the calibration series is very small (<5 °) with respect to 
the calibration standards. The observed edge effect declined when using a space-distance 
no greater than the spatial unit of the calibration series, and also yields a net transport 
direction closer to the expected path. 
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to its unidirectional character of the model (stations along a linear sequence of stations). 
The models of Gao and Collins (1992) and LeRoux (1994a, b) despite having an edge 
effect, there appears to be insignificant in our study since the delineated net transport 
paths match the expected transport direction, and the differences observed with the 
model before and after applying the calibration series is very small (<5 °) with respect to 
the calibration standards. The observed edge effect declined when using a space-distance 
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2.3 Dispersion pattern 
The dispersion pattern for the TSB is consistent with the general pattern of water circulation 
(Argote-Espinoza et al., 1975, Alvarez-Sánchez et al., 1988) and the observed longshore 
currents (Perez-Higuera and Chee -Barragán, 1984) proposed for the site. In shallow areas, 
the sedimentary material can be transferred and reworked by the longshore current to later 
be driven out of the surf zone following a transport path perpendicular to the coast (eg, 
Cruz-Colin, 1994). These observations allow us to identify the existence of materials 
exchange between those stations near the beach. Carriquiry (1985) found a decrease in the 
amount of heavy minerals from the north entrance of the bay towards the central bay, 
coincident with transport direction proposed in this work, assuming that the heavy mineral 
concentrations are higher in the source area of the material and decreasing in the direction 
of transport (e.g., Carriquiry and Sánchez, 1999). The transport observed in the central 
region of the bay to SE direction (Fig. 5) may indicate the transfer of materials to the bay’s 
interior (Cruz-Colin, 1994) resulting from the convergence of longshore currents in the area 
(Pérez-Higuera and Chee-Barragán, 1984). 
In the northern region of the bay near the Punta San Miguel there is a transport to the NE. 
The component one (daytime) and two (semidiurnal) of the tidal-ellipse indicate the 
predominant orientation of the tidal wave motion, which coincides with the sediment 
transport direction obtained in this study (Figure 5). 
Hydrodynamic effects of tidal processes, such as residual currents, may be the cause of 
materials exchange and transport in this area. Towards the center of the bay, the sediment 
transport direction converges predominantly in a direction towards the southeast (Fig. 5). 
This same pattern of sediment transport was observed using the model Sunamura and 
Horikawa (1971), and Gao and Collins (1992); reported by Sanchez et al. (2009). The 
dispersion of sediments to the central region of the bay coincides with the predominant 
orientation of the tidal components (components one and two) which converge towards the 
central part of the bay. In fact, by using the Regional Ocean Modeling System Model 
(ROMSM), Mateos et al. (2009) observed the persistence of a convergent circulation with a 
southeast direction, in front of the port of Ensenada, with a clear path towards the Todos 
Santos submarine canyon (Fig. 5). In the deeper region of the study area, the direction of the 
sediment transport occurs in two patterns. In the area of the Punta Banda peninsula, the 
sediment is transported out of the bay with a westward component whereas in the northern 
entrance of the bay, nearby the Todos Santos islands, the sediment is transported into the 
bay with a direction east-northeast (Fig. 5). Cruz-Colin (1997) calculated the velocity of the 
approaching tidal waves, at different depths within the bay, finding an average velocity of 
0.20 m s-1. This author also observed that the speed directly increased as a function of 
depth, and calculated a velocity of  0.32 m s-1 at a depth of 476 m. These observations 
indicate that hydrodynamics at this depth is capable of resuspending (Shepard and Keller, 
1978) and transporting (Komar, 1977) sediments of grain size between 3 to 5 . These 
calculations have been corroborated by a series of current measurements which reach 0.30 m 
s-1 at a depth of 308 m in the canyon (Garcia et al., 1994). In addition to identifying a net 
direction of flow to the northwest, which agrees with that obtained in this work, Mateos et 
al. (2009) suggests two modes of circulation for a deep section between Punta Banda and 
Todos Santos Islands by implementing the ROMSM model (their Figure 2). This deep 
section can be considered as an exterior and interior threshold system. The external system 
is characterized by an intense circulation flow out of the bay in the upper 30 m and 
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diminishes down to 1 cm s-1 at 250 m depth, covering 2 / 3 of the cross depth-section. The 
flow into the bay adjacent to the islands occurs below 50 m depth with a speed of 1 cm s-1 
and increases up to 3 cm s-1 to 150 m deep. In fact, Gavidia-Medina (1988) calculated the 
tidal residual currents for TSB, identifying an anticyclonic eddy in the canyon area, finding 
greater magnitudes inward than outwards. Therefore, residual tidal currents can become 
important enough in the net transport of sedimentary material along the canyon towards 
the interior of the bay.  
 
 

 
Fig. 5. Dispersion pattern of sediments in the Todos Santos Bay, Baja California, Mexico 
inferred from transport vectors. The segmented lines denote the bathymetry (m) of the bay. 
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(ROMSM), Mateos et al. (2009) observed the persistence of a convergent circulation with a 
southeast direction, in front of the port of Ensenada, with a clear path towards the Todos 
Santos submarine canyon (Fig. 5). In the deeper region of the study area, the direction of the 
sediment transport occurs in two patterns. In the area of the Punta Banda peninsula, the 
sediment is transported out of the bay with a westward component whereas in the northern 
entrance of the bay, nearby the Todos Santos islands, the sediment is transported into the 
bay with a direction east-northeast (Fig. 5). Cruz-Colin (1997) calculated the velocity of the 
approaching tidal waves, at different depths within the bay, finding an average velocity of 
0.20 m s-1. This author also observed that the speed directly increased as a function of 
depth, and calculated a velocity of  0.32 m s-1 at a depth of 476 m. These observations 
indicate that hydrodynamics at this depth is capable of resuspending (Shepard and Keller, 
1978) and transporting (Komar, 1977) sediments of grain size between 3 to 5 . These 
calculations have been corroborated by a series of current measurements which reach 0.30 m 
s-1 at a depth of 308 m in the canyon (Garcia et al., 1994). In addition to identifying a net 
direction of flow to the northwest, which agrees with that obtained in this work, Mateos et 
al. (2009) suggests two modes of circulation for a deep section between Punta Banda and 
Todos Santos Islands by implementing the ROMSM model (their Figure 2). This deep 
section can be considered as an exterior and interior threshold system. The external system 
is characterized by an intense circulation flow out of the bay in the upper 30 m and 
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diminishes down to 1 cm s-1 at 250 m depth, covering 2 / 3 of the cross depth-section. The 
flow into the bay adjacent to the islands occurs below 50 m depth with a speed of 1 cm s-1 
and increases up to 3 cm s-1 to 150 m deep. In fact, Gavidia-Medina (1988) calculated the 
tidal residual currents for TSB, identifying an anticyclonic eddy in the canyon area, finding 
greater magnitudes inward than outwards. Therefore, residual tidal currents can become 
important enough in the net transport of sedimentary material along the canyon towards 
the interior of the bay.  
 
 

 
Fig. 5. Dispersion pattern of sediments in the Todos Santos Bay, Baja California, Mexico 
inferred from transport vectors. The segmented lines denote the bathymetry (m) of the bay. 
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Submarine canyons can actively function as a structural traps of sedimentary material, 
especially when there is a net flow downward through the canyon; those with coarse 
materials (coarse sands) in the deep regions are considered as dead or inactive (Shepard and 
Marshall, 1973). In the latter case, current speeds of 0.44 m s-1 have been observed, capable 
of transporting sediments upslope (Shepard and Marshall, 1973, Shepard and Keller, 1978). 
The possibility of sediment transport upslope the submarine canyons may seem intuitively 
difficult, however, depending on the hydrodynamics prevailing at the canyons’ mouth it is 
possible to promote a net upcanyon transport of sedimentary material. The existence of 
flows with high enough speed (0.30 m s-1), capable of resuspending and transporting 
sediment (of 3-4 grain size) suggests that somehow, different processes such as the 
California Countercurrent, internal waves propagating towards the coast or residual tidal 
currents,  independently or in combination, can promote the movement of particles in the 
direction proposed by this study (i.e., upslope the canyon). 
The dispersal pattern of sediments proposed for TSB seems to promote the development of a 
site of convergence in the central region (e.g., a depocenter), rendering the particles to 
environmental stagnation (eg, pollutants) in this convergence zone or depocenter. This zone 
not only collects the sediments that naturally converge here, but also retains the exogenous 
materials generated from the dredging of the port that are dumped in the vicinity of the 
stations 9, 46, 47, 49, 51, 52 and 54.  In a study on metals distribution in sediments within 
Bahía de Todos Santos, Romero-Vargas-Marquez (1995) reported the highest concentrations 
of several metals, including Cd, Cu, Zn, and Ni in the dredge discharge area and inside the 
port. Furthermore, in a study in which sediment samples were collected along the coast of 
Baja California from the México-USA border to Todos Santos Bay, Sandoval-Salazar (1999) 
reported that the sediments most enriched in metals (e.g., Cd, Ag, Cu, Pb, and Zn) were 
found around the Todos Santos Islands. Analysis of the 16 polyaromatic hydrocarbons 
(PAHs) listed as priority pollutants by EPA, was carried out on surface sediments at Bahía 
de Todos Santos, Baja California, Mexico. The PAHs composition of car exhaust, grass and 
shrubs combustion, asphalt and tire dust, were all compared to the relative abundance of 
PAHs signature found on marine sediments of the bay. These studies found that surface 
distribution of PAHs in TSB  coincided with the reported water circulation in the bay. The 
lower concentrations were found in stations near the coast. Since this zone corresponds to 
the sedimentary environment with the highest energy relative to the rest of sampling sites, it 
is unlikely that particles accumulated in this part of the bay, and hence unlikely to find 
hydrocarbons associated with this material. The higher concentrations found around the 
Todos Santos island clearly suggest that this is a natural deposit area for particulate material 
such as this (rich in associated contaminants). This area is probably a good place for 
preservation of PAH's and other synthetic organic molecules, specially those that are 
difficult to decompose by bacterial attack (Villegas-Jimenez et al., 1997). 

3. Conclusion 
The principal component analysis applied to textural parameters indicate that the sediment 
grain size and sorting significantly contribute to the spatial trends that define the dispersion 
pattern of sediments in coastal environments. By considering all these parameters in the 
analysis has the advantage of generating a more robust definition of net sediment transport. 
The model of sediment transport applied to textural trends of sediments in the Todos Santos 
Bay indicates that the two-dimensional model of LeRoux defines sediment transport paths 
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that agree with the hydrodynamic characteristics of the bay (surface, subsurface/bottom 
currents). This model is also consistent with the one-dimensional model of Sunamura-
Horikawa and with the bi-dimensional model of Gao-Collins. All these models of sediment 
transport in BTS broadly define a transport from the coastal areas and from the Todos 
Santos Islands converging into the center of the bay, indicating the existence of a depocenter 
that naturally accumulates sediments. Ths depocenter zone is now being used to dump 
contaminants dredged from the port of Ensenada, creating an environmental health hazard 
that could be avoided if the dumping site were located outside the bay at greater depths. 
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that agree with the hydrodynamic characteristics of the bay (surface, subsurface/bottom 
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1. Introduction 
In the framework of sediment exchange between the continents and ocean basins, the study 
of continental margins is of particular interest. Indeed, the deposits sequences represent the 
sedimentary record of the processes that have taken place in the continent and the ocean 
(Seibold and Berger, 1982; Agi, 1987). In this context, the continental shelves represent the 
most sensitive marine areas and of high economic interest, where the deposits are forming a 
mosaic of relict and modern sediments (Shepard, 1932, Emery, 1968). The littoral zones play 
an important role in the morphodynamic evolution of the adjacent marine environments, 
through eustatic changes and the transport of sediments from different input sources (Zazo 
et al, 1994, 1996, Hernandez-Molina et al, 1996, Gutiérrez-Mas et al, 1998; Achab & 
Gutierrez-Mas, 1999a). To describe sediment transport dynamics and to understand many 
land-shelf-ocean interaction processes, the quantification of suspended particulate matter 
(SPM) and the investigation of its dynamics are of major importance. During the past 
decades, studies on sediment dynamics have focused on the actual processes that control the 
sediment transport on continental shelves and the final fate of most particulate matter 
derived from the continents. (Wegner, 2003).  
The study area was the object of numerous multidisciplinary works realized with the 
objective of determining the recent sedimentary facies distribution and their sources areas, 
as well as the recognition of the geological formation located in river basin (Achab et al, 
1999b; Achab, 2000; Gutierrez Mas et al, 2004; Achab et al, 2005b). Several studies focused on 
sedimentary dynamics associated with water mass movements have been realized by 
several authors (Madelian, 1970; Kenyon and Belderson, 1973; Melières, 1974; Palanques et 
al, 1987; Grousset et al., 1988; Maldonado & Nelson, 1999a; Nelson et al, 1999; Lopez-
Galindo et al, 1999; Lobo et al, 2000). Others studies have been focused on the dynamics of 
fine sediments and clay minerals in the Cadiz bay and the adjacent marine deeper zones 
(Gutierrez Mas et 1996b, 1997; Achab et al, 1998, 2000b; Achab et al, 2008). Also, they have 
been approached studies about the dispersal of the suspended matter in the bay of Cadiz 
and its effects on the inner continental shelf as well as their influence on the recent marine 
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sedimentation en general (Palanques et al, 1987, Gutierrez Mas et al, 1999; Achab et al, 
2000a; Gutierrez Mas et al, 2006). In the bay of Cadiz, the study of the dynamics of 
sedimentary exchange between the coastal zones and the continental shelf is complex, and 
presents difficulties due to the diversity of sedimentary processes and environments, as well 
as to hydrodynamic factors and the physiography of the coast and sea bottoms. The main 
objective was to elaborate a global hydrodynamic model of exchange and transport of 
sediments in the Cadiz bay and the adjacent continental shelf. This model take in 
consideration the sedimentological and mineralogical data complemented by satellite 
images and suspended matter analyses as well as data obtained from side scan sonar 
records and other available information.  

2. The study area 
The study area is located on the margin of the Gulf of Cadiz between the mouth of the 
Guadalquivir River and the western entrance to the Strait of Gibraltar (Fig.1). 
 

 
Fig. 1. Geographic situation of the study zone with dept (in m), and location of the samples 

2.1 Geological setting 
Geologically, the study zone is included in the Tertiary Guadalquivir basin, which 
represents the foreland basin of the Betic Mountain Ranges. The Bay of Cadiz was generated 
as a tectonic depression during a distensive tectonic phase in the Late Miocene-Pliocene 
(Benkhelil, 1976). The depression was occupied by a deltaic system that gives rise to a 
characteristic stratigraphic sequence (Viguier, 1974; Zazo, 1980). Different geological units 
and formations constitute the sedimentary strata outcropping in the surrounding area of 
Cadiz bay (Fig.2).  
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Fig. 2. Schematic geological setting showing supply sources and marine sediments 
distribution on the study zone 

The Post-orogenic materials (autochtonous units) are mainly from the Neogene 
Guadalquivir depression, and correspond to Plioquaternary and Quaternary sands, clays, 
marls, sandstones and some limestone and conglomerate levels (Fig.3B). The pre-orogenic 
materials (Allochtonous units) outcropping in the study area correspond to different units of 
the Betic Mountain Range, being constituted by calcarenites and marls of Upper Miocene, 
red marls and gypsum of Subbetic Trias, and the Aljibe sandstones of Oligocene-Lower 
Miocene (Fig.2). Upon all those materials, appear Quaternary deposits constituted by 
muddy marshes, beach sands and continental deposits (Mabesoone, 1966; Viguier, 1974; 
Zazo et al., 1983; Gutiérrez Mas et al., 1990; Moral Cardona et al., 1996; Dabrio et al., 2000; 
Achab et al., 2005a). 

2.2 Physiographic aspects 
In this sector of the continental margin of the Gulf, the shelf and the coastline physiography 
are oriented NNW to SSE, with shorted East-West sections, having a stepped aspect 
resulting from both old and recent tectonic fractures (Baldy et al, 1977; Sanz de Galdeano, 
1990). These, are manifested by several systems of recent fault and diaclase, affecting so 
much to continental domain as marine bottoms (Fig.3A) (Gracia et al, 1999; Gutierrez-Mas et 
al, 2004). The tectonic activity had a considerable influence on the distribution, development 
and nature of the recent marine deposits in the Gulf of Cadiz. Many indicators in areas near 
the Bay of Cadiz, like faults affecting Quaternary sediments, morphostructural lineaments 
and other geomorphological features, confirm this neotectonic activity (Benkhelil, 1976; 
Zazo et al, 1999). An Early Quaternary compressive tectonic episode has been deduced from 
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reverse faults observed in marine sediments of the continental margin (Maldonado & 
Nelson, 1999; Maldonado et al, 1999b). 
 

 
Fig. 3. A: Prevailing joint directions affecting Plio-Quaternary and Pleistocene units 
outcropping in  the coastal zone; B: Cross section showing the main geological formations of 
the Bay of Cadiz 

2.3 Hydrodynamics setting 
Different water mass movements and currents control the shelf hydrodynamic regime 
(Fig.4). The most important being North Atlantic Surface Water (NASW) and littoral 
currents moving towards the southeast, and are responsible for the dispersal of fine 
sediments from the Guadalquivir and Guadiana Rivers (Gutierrez-Mas et al, 2006; Achab et 
al, 2008); and the Mediterranean Outflow Water (MOW) moving west to deeper water 
(Maldonado & Stanley, 1981;Baringer & Price, 1999). The tidal regimes in the Bay of Cadiz is 
mesotidal and of a semidiurnal character, with a mean tidal range of 2.39 m, mean spring 
tidal range of 3.71 m and neep tide of 0.65m (Benavente et al., 2000). The tidal currents are 
considered to be responsible of fine sediment transport (Achab et al., 1998, 2008). Wind and 
wave action are also essential factor in the sedimentary dynamics. Western winds are the 
most frequent blowing with 13.6% of average frequency. Eastern winds are also important 
with a frequency of 12.3% (Ramos, 1991). Waves present seasonal character and the storm 
average frequency is of 20 days/year. The strongest storms occur in the fall-winter period 
and there exists an accused calm during the summer. The significant wave height is 0.6-1m; 
during storm weather, the maximum wave height can reach 4m (Ramos, 1991). The Sea 
wave (6.96%) presents a relative predominance of east component, while the Swell wave 
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(10.26%) dominates the west component (MOPT, 1992). The mean littoral-drift currents are 
controlled essentially by northwestern waves, generating currents toward the southeast, as a 
consequence of the coastal orientation, facing westerly and SW winter storms. Easterly 
winds are also important, generating littoral-drift towards the North and NW. 
 

 
Fig. 4. General circulation patterns of water masses in the Gulf of Cadiz. Modified from 
Nelson et al (1999). 

2.4 Depositional environments 
Two main sedimentary environments with different hydrodynamic characteristics can be 
differentiated: the Cadiz Bay and the adjacent continental shelf. The Bay of Cadiz is about 
28.5 km long and 13.5 km wide, it can be defined as a mixed morphodynamic system 
constituted by a wide bay known as the outer bay, with surface of about 118km2. This zone 
is well connected to the continental shelf, and is very affected by the waves, currents and 
storms, especially of a westerly nature who dominate the sedimentary dynamics. The inner 
bay (Surface ≈ 40 km2) or Lagoon system located to the South; protected from waves and 
storms of the West and Southwest. The salt marshes and tidal flat whose surface can reach 
227km2, occupy the most internal and sheltered areas and isolated from the open sea by 
sandy beach ridges and littoral spits. Its development is a consequence of the sedimentary 
infilling when the sea level was a few meters above the present, and also by growth of inside 
tidal deltas. After of the last eustatic fall (5.000-6.000 years B.P), the partial emerging of the 
bottoms has given cause for a wide marshes zone, occupied by halophyte vegetation and 
drained by a complex system of tidal creeks and channels; that constituted the 
hydrodynamics and sedimentological transmission from the inner bay zones and the marine 
environments (Achab et al., 1998; Dabrio et al, 2000; Achab et al,  2008). The continental shelf 
has a gentle slope and a slight inclination toward the west, with an average width of 40 km, 
although there are important variations in the area close to the Straits of Gibraltar, where it 
narrows to 20-30km. The physiography of the sea-bottom shows a close concordance with 
the shoreline, the isobaths generally running parallel to the coast. The slope break occurs at 
150-200 m water depth and shows significant variation north to south in cross section 
(Gutierrez-Mas et al, 1996a; Lopez-Galindo et al, 1999).  
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bottoms has given cause for a wide marshes zone, occupied by halophyte vegetation and 
drained by a complex system of tidal creeks and channels; that constituted the 
hydrodynamics and sedimentological transmission from the inner bay zones and the marine 
environments (Achab et al., 1998; Dabrio et al, 2000; Achab et al,  2008). The continental shelf 
has a gentle slope and a slight inclination toward the west, with an average width of 40 km, 
although there are important variations in the area close to the Straits of Gibraltar, where it 
narrows to 20-30km. The physiography of the sea-bottom shows a close concordance with 
the shoreline, the isobaths generally running parallel to the coast. The slope break occurs at 
150-200 m water depth and shows significant variation north to south in cross section 
(Gutierrez-Mas et al, 1996a; Lopez-Galindo et al, 1999).  
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3. Materials and methods  
The study has been carried out on 300 samples of surface sediments distributed across 
different sectors of the bay and the adjacent continental shelf (Fig.1). Bottom sampling was 
carried out using gravity cores and Van Veen dredging. The sampling stations were 
positioned with a differential GPS system. The textural and mineralogical analyses were 
carried out to establish facies distribution and mineralogical composition. The grain size 
analysis has been made in several phases: i) Humid separation of coarse and fine fractions 
using a sieve of 0.063 mm, ii) The coarser material was dry-sieved during 15 minutes, iii) 
The fine fraction sizes analysis was made by use of a laser diffraction analyser (AMD). The 
characteristic statistic indexes and parameters were calculated using standard method (Folk 
& ward, 1957; Folk, 1980). The grain size distribution of sediments was used to describe the 
sedimentary facies and to correlate their physical proprieties with the marine dynamics. The 
composition of the sand fraction was established by optical microscopy counting 500 grains 
in each sample. The mineralogical analysis of samples was performed with a Philips PW-
1710 X-ray diffractometer, equipped with Cu-Kα radiation, automatic slit and graphite 
monochromator, using the crystalline powder technique for the bulk mineralogy and 
oriented aggregates of the < 2 µm for the clay mineralogy. Quantification of different 
mineralogical phases was calculated by the classic method of area measurement of peaks, 
considering the different reflection capacities of the minerals (Pevear & Mumpton, 1989; 
Ortega –Huertas et al, 1991). The factor analysis (Principal Components Analysis) was used 
to establish the mineral assemblages, as well as the relation between different minerals, 
grains size fraction and their associations (Reyment & jöreskog, 1993). It was also used to 
establish possible sediment transport paths from the bay toward the continental shelf. The 
method by Imbrie (1964) was used for this analysis, which is based on the samples similarity 
matrix. The associations obtained by this analysis are based on those variables showing the 
highest scores in each factor; the factor scores represent the weight or influence of each 
variable and components within the corresponding factor (Mezzadri and Saccani., 1988). 
The study of concentration of suspended particulate matter (SPM) was based on the analysis 
of 30 water samples taken in zones where the concentration of suspended matter was 
highest, such as the tidal channel, river mouths and the inner zones of the bay. The climatic 
and hydrodynamic conditions prevailing the sampling time were wind from the north and 
northeast, average speed of 55km/hr and mean wave height of 0.6 and maximum of 1.5m. 
The extraction of water samples was executed to specific depths with oceanographic bottles, 
simultaneously with the passage of the Landsat satellite over the study zone, in order to 
obtain a synoptic picture of the turbid plumes, by comparing sample data with the satellite 
images. The separation of SPM has been achieved following the method of Green-Berrg et al 
(1992), which consists to the filtration of a volume of 5 liters of water through pre-weighed 
filters by MILLIPORE (0.45 microns). Filters were washed with distilled water, dried at 
about 60Â° and weighed. The use of satellite images in study of sediment dynamics is based 
on the utilization of inorganic suspended particulate matter as a natural tracer. Satellite 
images of the Bay of Cadiz have been recorded by the satellite Landsat TM, using bands 2 
and 5, and a spatial resolution of 30x30 m. These images has been analysed to obtain data 
about extent and direction of turbidity plumes and fine sediments transport in several 
hydrodynamic situation in Cadiz bay and inner shelf waters. The process of the images has 
been carried out according to the methodology described by Ojeda et al (1995).  In order to 
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establish the distribution pattern of bottom currents and the flow regime, different bedforms 
fields have been identified based on the analysis of side scan sonar records, obtained in 
different oceanographic campaigns, using sonar model Klein 500Khz. The sweeping width 
is of 100m, resolution > 7.5 cm and overlapping of 30% (Parrado Roman et al, 2000).    

4. Results and discussion 
4.1 Grain size analysis 
4.1.1 Grain-sizes classes 
Taking into account the variety of grain size distributions in the modern sediments of Cadiz 
bay and the continental shelf bottoms, we can differentiate various types of sediment, 
corresponding to different grain size classes, which reflect the energy level of each 
depositional environment and the processes of sediment transport. Grain size analysis show 
that samples are mainly composed of sand and mud, and subordinate amounts of gravel. 
The grain size distribution histograms and cumulative frecuency diagrams reveal the 
existance of different sediment types, highlighting fundamentally six classes, as most 
representative of all Cadiz bay sediments (Fig.5). The class A, is the most frequent with 33% 
of the total, and related to sandy facies with a very fine sand mode (3.49 Phi; 94 µm) which 
represent more than 69% of the total sample. The grains size distributions are mesokurtic 
and coarse skewed. Sands are moderately well sorted with 93% of the grains between 3 and 
4 Phi (125 and 63 µm). These sands are mostly located on the outer bay and inner 
continental shelf, especially in littoral zones, at depths lower than 25m. The class B (28% of 
the total), characterised by poorly sorted sediments and have a bimodal grain-size 
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Fig. 5. Histogram distribution of  grain size  and cumulative frequency curves characteristic 
of the study zone 

distribution, with more than 95% of the samples are finer than 4 phi (63 µm). These types of 
samples cover a large part of the middle continental shelf in the northern area and inner bay 
of Cadiz. The class C is quite frequent (25%), beinig associated with muddy sands facies, 
characterised by a very fine sand mode (59%), symmetrical and very leptokurtic 
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3. Materials and methods  
The study has been carried out on 300 samples of surface sediments distributed across 
different sectors of the bay and the adjacent continental shelf (Fig.1). Bottom sampling was 
carried out using gravity cores and Van Veen dredging. The sampling stations were 
positioned with a differential GPS system. The textural and mineralogical analyses were 
carried out to establish facies distribution and mineralogical composition. The grain size 
analysis has been made in several phases: i) Humid separation of coarse and fine fractions 
using a sieve of 0.063 mm, ii) The coarser material was dry-sieved during 15 minutes, iii) 
The fine fraction sizes analysis was made by use of a laser diffraction analyser (AMD). The 
characteristic statistic indexes and parameters were calculated using standard method (Folk 
& ward, 1957; Folk, 1980). The grain size distribution of sediments was used to describe the 
sedimentary facies and to correlate their physical proprieties with the marine dynamics. The 
composition of the sand fraction was established by optical microscopy counting 500 grains 
in each sample. The mineralogical analysis of samples was performed with a Philips PW-
1710 X-ray diffractometer, equipped with Cu-Kα radiation, automatic slit and graphite 
monochromator, using the crystalline powder technique for the bulk mineralogy and 
oriented aggregates of the < 2 µm for the clay mineralogy. Quantification of different 
mineralogical phases was calculated by the classic method of area measurement of peaks, 
considering the different reflection capacities of the minerals (Pevear & Mumpton, 1989; 
Ortega –Huertas et al, 1991). The factor analysis (Principal Components Analysis) was used 
to establish the mineral assemblages, as well as the relation between different minerals, 
grains size fraction and their associations (Reyment & jöreskog, 1993). It was also used to 
establish possible sediment transport paths from the bay toward the continental shelf. The 
method by Imbrie (1964) was used for this analysis, which is based on the samples similarity 
matrix. The associations obtained by this analysis are based on those variables showing the 
highest scores in each factor; the factor scores represent the weight or influence of each 
variable and components within the corresponding factor (Mezzadri and Saccani., 1988). 
The study of concentration of suspended particulate matter (SPM) was based on the analysis 
of 30 water samples taken in zones where the concentration of suspended matter was 
highest, such as the tidal channel, river mouths and the inner zones of the bay. The climatic 
and hydrodynamic conditions prevailing the sampling time were wind from the north and 
northeast, average speed of 55km/hr and mean wave height of 0.6 and maximum of 1.5m. 
The extraction of water samples was executed to specific depths with oceanographic bottles, 
simultaneously with the passage of the Landsat satellite over the study zone, in order to 
obtain a synoptic picture of the turbid plumes, by comparing sample data with the satellite 
images. The separation of SPM has been achieved following the method of Green-Berrg et al 
(1992), which consists to the filtration of a volume of 5 liters of water through pre-weighed 
filters by MILLIPORE (0.45 microns). Filters were washed with distilled water, dried at 
about 60Â° and weighed. The use of satellite images in study of sediment dynamics is based 
on the utilization of inorganic suspended particulate matter as a natural tracer. Satellite 
images of the Bay of Cadiz have been recorded by the satellite Landsat TM, using bands 2 
and 5, and a spatial resolution of 30x30 m. These images has been analysed to obtain data 
about extent and direction of turbidity plumes and fine sediments transport in several 
hydrodynamic situation in Cadiz bay and inner shelf waters. The process of the images has 
been carried out according to the methodology described by Ojeda et al (1995).  In order to 
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establish the distribution pattern of bottom currents and the flow regime, different bedforms 
fields have been identified based on the analysis of side scan sonar records, obtained in 
different oceanographic campaigns, using sonar model Klein 500Khz. The sweeping width 
is of 100m, resolution > 7.5 cm and overlapping of 30% (Parrado Roman et al, 2000).    

4. Results and discussion 
4.1 Grain size analysis 
4.1.1 Grain-sizes classes 
Taking into account the variety of grain size distributions in the modern sediments of Cadiz 
bay and the continental shelf bottoms, we can differentiate various types of sediment, 
corresponding to different grain size classes, which reflect the energy level of each 
depositional environment and the processes of sediment transport. Grain size analysis show 
that samples are mainly composed of sand and mud, and subordinate amounts of gravel. 
The grain size distribution histograms and cumulative frecuency diagrams reveal the 
existance of different sediment types, highlighting fundamentally six classes, as most 
representative of all Cadiz bay sediments (Fig.5). The class A, is the most frequent with 33% 
of the total, and related to sandy facies with a very fine sand mode (3.49 Phi; 94 µm) which 
represent more than 69% of the total sample. The grains size distributions are mesokurtic 
and coarse skewed. Sands are moderately well sorted with 93% of the grains between 3 and 
4 Phi (125 and 63 µm). These sands are mostly located on the outer bay and inner 
continental shelf, especially in littoral zones, at depths lower than 25m. The class B (28% of 
the total), characterised by poorly sorted sediments and have a bimodal grain-size 
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Fig. 5. Histogram distribution of  grain size  and cumulative frequency curves characteristic 
of the study zone 

distribution, with more than 95% of the samples are finer than 4 phi (63 µm). These types of 
samples cover a large part of the middle continental shelf in the northern area and inner bay 
of Cadiz. The class C is quite frequent (25%), beinig associated with muddy sands facies, 
characterised by a very fine sand mode (59%), symmetrical and very leptokurtic 
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distributions and moderately sorted sediments. Muddy sands distributions contain about 
88% of material larger than 4phi and have mud content less than (12%). They are largely 
located to the south of the continental shelf and in the central and eastern parts of the outer 
bay. The class D (8%) presents modes of coarser silt (25%), composed of 78.4 % fraction 
between 5 and 9 phi (31 and 2 µm ) and have sand content less than 13%. The samples are 
very poorly sorted and show mesokurtic and fine skewed distributions. These type of 
samples correspond to sandy muds facies, located in the occidental part of the outer bay and 
to the north of the continental shelf at depths between 25 and 40m. The class E (4%), 
characterised by pseudo-bimodal distributions, the main mode corresponds to medium 
sand (39.8%) and the secondary to very fine gravel (11%). The grains size distributions are 
coarse skewed and leptokurtic with poorly sorted sediments. This class was found to be 
related with energetic coastal environments of the bay of Cadiz, especially near rocky 
shoals. The class F is very scarce (1%) presents variable modes and very poorly sorted 
distribution. The samples have gravel content more than 22% and contain about 28% of 
material finer than 4phi. They correspond to sediments located in isolated pockets off the 
bay of Cadiz.     

4.1.2 Grain-size parameters 
The analysis of different grain size parameters shows the prevalence of unimodale 
distribution, however bimodal and polymodal distributions are also present. The average 
value of the main mode is 3 phi, corresponds to the boundary between fine and very fine 
sand, and represents the most common and more stable size fraction for the existing 
energitic conditions and for the dominant transport processe. The mode values increase in 
coastal areas and near rocky shoals and decreases towards the central zone of the outer bay 
and in the inner bay. The mean has an average value of 3.5 phi (very fine sand). The low 
values of means are located in the center of the outer bay, while the highest appear mainly 
in coastal areas. The average value of the sorting (1.76 phi) indicate poorly sorted sediments. 
The distribution of this parameter allows us to distinguish two sectors, an eastern one, 
characterized by well-sorted sediments, and a western sector where the sorting is generally 
poorer. The high degre of heterogeneity of grain size distributions is due to the variety of 
energy of the depositional environments and to the mode of transport affecting the 
sediments. The average value of skewness is about 0.17, corresponding to grain size 
distributions of positive skewness (fine skewed), which are predominant in the sediments 
with symmetrical distributions. The kurtosis (1.56) present heterogeneous and leptokurtic 
distributions, these prevail together with the mesokurtic distribution. The grain size of 
marine sediment varies by physiographic zones, it decrease progressively with depth, from 
coarser-medium sand of shallower area, characterised by well-sorted, negatively skewed 
and very leptokurtic distribution, to finer sand and mud of deeper zones, where the 
sediments trend to be poorly sorted and positively skewed. The general trend and the 
variability of different grain-size parameters of surface sediments of the bay of Cadiz and 
the continental shelf, reflect the control that physiographic and hydrodynamic factors exert 
on different types of sediment.  

4.1.3 Grain size fractions 
The grain size of sediments depends of numerous factors, especially the mineralogical 
composition of grains, erosive and depositional history of these. The combination of these 
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factors gives place to different grain size distributions; whose interpretation was found to be 
related with sedimentological analysis. Their distribution in the marine environment is 
primarily a function of the interaction between the strength of waves and currents and the 
size of individual sediment grains (Nombella et al., 1987, Gao and Collins, 1994 and 
Olabarria et al, 1996). The distribution of different grain size fractions shows the 
predominance of the coarser fractions in the outer bay, more exposed to wave action and 
currents. The finer fractions such as silt and clay appear in more sheltered zones of the bay 
and in the continental shelf. (Fig.6A). The gravels are underrepresented in the sediments 
(less than 5%). These coarser fractions are mainly composed of bioclasts and rock fragments, 
derived from erosion of rocky shoals and coastal cliffs. The sand is the dominant fraction of 
the outer bay sediments, with an average of 75%. In some areas, this fraction changes 
laterally to muddy sand; due to the recent action of transport processes taking place in this 
area of the Cadiz bay. Its origin and distribution is related to several factors: i) the proximity 
to coastal areas affected by swell and with the presence of numerous sandy beaches that 
transport sediments to deeper areas of the bay, especially in storm period. ii) The presence 
of some significance river mouths (Guadalete River among others), as well as abundant 
valleys and ravines, which act in times of flood and important runoff. iii) The Existence of 
sandy sediments of relict or palimpsest character, largely reworked by actual processes, 
which were deposited when sea level was several meters below the present, or because to 
the action of special dynamic event that eroded beaches and transported sand to the deeper 
areas. The silt appears in low proportions (10%), giving the highest values in some sectors of 
the outer bay and the continental shelf. It distribution is of great importance to understand 
the modern sediment dynamics in the Bay of Cadiz, especially the sediment exchange 
between the inner and outer bay. These fine materials are deposited on sandy materials of 
the outer bay, indicating the path followed by water flows that control the sediment 
 

 
Fig. 6. Recent Holocene marine sediments distribution in the sytudy zone. A: Bay of Cadiz; 
B: Continental shelf 
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distributions and moderately sorted sediments. Muddy sands distributions contain about 
88% of material larger than 4phi and have mud content less than (12%). They are largely 
located to the south of the continental shelf and in the central and eastern parts of the outer 
bay. The class D (8%) presents modes of coarser silt (25%), composed of 78.4 % fraction 
between 5 and 9 phi (31 and 2 µm ) and have sand content less than 13%. The samples are 
very poorly sorted and show mesokurtic and fine skewed distributions. These type of 
samples correspond to sandy muds facies, located in the occidental part of the outer bay and 
to the north of the continental shelf at depths between 25 and 40m. The class E (4%), 
characterised by pseudo-bimodal distributions, the main mode corresponds to medium 
sand (39.8%) and the secondary to very fine gravel (11%). The grains size distributions are 
coarse skewed and leptokurtic with poorly sorted sediments. This class was found to be 
related with energetic coastal environments of the bay of Cadiz, especially near rocky 
shoals. The class F is very scarce (1%) presents variable modes and very poorly sorted 
distribution. The samples have gravel content more than 22% and contain about 28% of 
material finer than 4phi. They correspond to sediments located in isolated pockets off the 
bay of Cadiz.     

4.1.2 Grain-size parameters 
The analysis of different grain size parameters shows the prevalence of unimodale 
distribution, however bimodal and polymodal distributions are also present. The average 
value of the main mode is 3 phi, corresponds to the boundary between fine and very fine 
sand, and represents the most common and more stable size fraction for the existing 
energitic conditions and for the dominant transport processe. The mode values increase in 
coastal areas and near rocky shoals and decreases towards the central zone of the outer bay 
and in the inner bay. The mean has an average value of 3.5 phi (very fine sand). The low 
values of means are located in the center of the outer bay, while the highest appear mainly 
in coastal areas. The average value of the sorting (1.76 phi) indicate poorly sorted sediments. 
The distribution of this parameter allows us to distinguish two sectors, an eastern one, 
characterized by well-sorted sediments, and a western sector where the sorting is generally 
poorer. The high degre of heterogeneity of grain size distributions is due to the variety of 
energy of the depositional environments and to the mode of transport affecting the 
sediments. The average value of skewness is about 0.17, corresponding to grain size 
distributions of positive skewness (fine skewed), which are predominant in the sediments 
with symmetrical distributions. The kurtosis (1.56) present heterogeneous and leptokurtic 
distributions, these prevail together with the mesokurtic distribution. The grain size of 
marine sediment varies by physiographic zones, it decrease progressively with depth, from 
coarser-medium sand of shallower area, characterised by well-sorted, negatively skewed 
and very leptokurtic distribution, to finer sand and mud of deeper zones, where the 
sediments trend to be poorly sorted and positively skewed. The general trend and the 
variability of different grain-size parameters of surface sediments of the bay of Cadiz and 
the continental shelf, reflect the control that physiographic and hydrodynamic factors exert 
on different types of sediment.  

4.1.3 Grain size fractions 
The grain size of sediments depends of numerous factors, especially the mineralogical 
composition of grains, erosive and depositional history of these. The combination of these 
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factors gives place to different grain size distributions; whose interpretation was found to be 
related with sedimentological analysis. Their distribution in the marine environment is 
primarily a function of the interaction between the strength of waves and currents and the 
size of individual sediment grains (Nombella et al., 1987, Gao and Collins, 1994 and 
Olabarria et al, 1996). The distribution of different grain size fractions shows the 
predominance of the coarser fractions in the outer bay, more exposed to wave action and 
currents. The finer fractions such as silt and clay appear in more sheltered zones of the bay 
and in the continental shelf. (Fig.6A). The gravels are underrepresented in the sediments 
(less than 5%). These coarser fractions are mainly composed of bioclasts and rock fragments, 
derived from erosion of rocky shoals and coastal cliffs. The sand is the dominant fraction of 
the outer bay sediments, with an average of 75%. In some areas, this fraction changes 
laterally to muddy sand; due to the recent action of transport processes taking place in this 
area of the Cadiz bay. Its origin and distribution is related to several factors: i) the proximity 
to coastal areas affected by swell and with the presence of numerous sandy beaches that 
transport sediments to deeper areas of the bay, especially in storm period. ii) The presence 
of some significance river mouths (Guadalete River among others), as well as abundant 
valleys and ravines, which act in times of flood and important runoff. iii) The Existence of 
sandy sediments of relict or palimpsest character, largely reworked by actual processes, 
which were deposited when sea level was several meters below the present, or because to 
the action of special dynamic event that eroded beaches and transported sand to the deeper 
areas. The silt appears in low proportions (10%), giving the highest values in some sectors of 
the outer bay and the continental shelf. It distribution is of great importance to understand 
the modern sediment dynamics in the Bay of Cadiz, especially the sediment exchange 
between the inner and outer bay. These fine materials are deposited on sandy materials of 
the outer bay, indicating the path followed by water flows that control the sediment 
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 dynamics between the outer bay and the inner shelf. The clays are an important 
sedimentary fraction, especially in low-energy sedimentary environments where 
concentrations reach 90% such as inner bay and the tidal channels that drain the salt 
marshes, as well as to the northwest sectors of the study area. In the outer bay, the contents 
are very low (<5%). The abundance of clay fraction in the inner bay and the salt marshes is 
related to the existence of sedimentary environment of very low hydrodynamic energy. In 
these areas, predominate the flow and ebb tidal flow, whose action gives rise to a wide 
intertidal zone dominated by clayey mud deposits. The complex network of tidal channels, 
the inputs of fine material from the salt marshes, and the abundance of algae (seagrass type) 
determine the progressive deposition of fine materials in the inner bay bottoms. 

4.2 Facies distribution pattern  
Recent Holocene marine sediments in Cadiz bay and the adjacent continental shelf have a 
siliciclastic character (Gutierrez-Mas et al, 1996a; Achab et al, 1999b). Considering the 
relationships between grain size sediment and different sedimentary environment, the 
study area can be divided into several specific sectors (Fig.6B):  The sandy facies 
predominate in the outer bay of Cadiz, especially in the littoral zone. Quartzose sands with 
less amount of gravel and with high content of bioclastic remains, associated to energetic 
environments, also cover the southern zone of the continental shelf. These transgressive 
sands of relict character were developed during the Holocene transgression (Rodero et al., 
1999). Muddy-sand sediments occupy a central part of the continental shelf; this palimpsest 
facies is characterized by the mixture of fine materials coming from the Guadalquivir 
prodelta with relict sands facies. In the outer bay, those sediment facies extend into the 20-30 
m deep inner shelf, being configured in two bands, one by the north margin of the bay and 
another one more to the South, bordering the city of Cadiz. They derive from resuspension 
of fine-grained materials in the marshlands of the bay and from fine materials supplied by 
the Guadalete River during periods of rainfall and floods. The presence of mud and sandy 
mud facies covering sandy bottoms indicates actual processes of deposit and transport of 
fine sediments from the inner bay toward the external zone reaching the inner continental 
shelf.  Mud and sandy mud facies are the dominant fractions in the inner bay, agrees with 
sedimentary processes of low-energy characterizing the sheltered zone (Achab et al., 2005b). 
Their hydrodynamic regime is almost exclusively dominated by tidal currents and wind 
drifts, especially of the East sector. Muddy facies are also present in the continental shelf as a 
prodeltaic muddy zone situated to the north and deposited in low energy environment. 
These fine grained sediments are related to supplies coming from the Guadalquivir River. 
The salt marsh, tidal creeks and emerged alluvial plain are characterized by the presence of 
argillaceous-sandy nature sediments in their borders, whereas sandy sediments are present 
in beaches. The sedimentation is basically controlled by the action of flows and ebb tides. 
These are responsible for the transport of sediments, and the erosion of tidal creeks and salt 
marsh border, due to the action of small surge that beats riversides, as well as to the effect of 
collapses and superficial erosion of argillaceous grounds (Achab et al., 2000b). The pattern 
of particles size distribution is controlled by the action of hydrodynamic agents, the recent 
eustatic (sea level) changes during the terminal Holocene as well as the coastal and bottoms 
physiography (Alvarez et al, 1999; Achab & Gutierrez-Mas 1999a) 
The mineralogical analysis (Fig.7) shows that quartz is the most abundant terrigenous 
mineral; its content is variable, based on the distribution of different grain sized facies, 
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representing an average content of 55%, with maxima of up to 80% in sandy area, while in 
muddy sands the content is less than 25%. Feldspars are sparse; the content ranges from 5 to 
10%, indicating a high degree of compositional maturity of the sediment. Locally they can 
reach values of 20% in sandy deposits. The calcite, displays average contents of 20 %, being 
also the second mineral more abundant in sediments after the quartz. Others mineral are the 
dolomite with very low contents (6%) and the aragonite (<5%), their origin is fundamentally 
biogenic. Phyllosilicates prevail in the muddy zone and its distribution is very conditioned 
by grain size. They are mainly constituted by illite (60%), smectite (13%), interstratified illite-
smectite (10%), kaolinite (8%) and chlorite (7%).  
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Fig. 7. Bulk and clay mineralogy of surface sediments in the study zone 

The microscopic analysis show that the quartz trends to accumulate in very fine and 
medium grain sizes of the sand fraction (Fig.8), heavy minerals have been also observed 
specially in the finest fraction (very fine and fine sand). Bioclastic components and rock 
fragments mainly compose the coarsest sub-fractions. Especially calcareous shell fragments 
and continental plant remains (pieces of small trunks, small branches, etc.). The rock 
fragments corresponds to small cobble rocks grains of very diverse nature and lithology. 
Mainly fragments of “Ostionera rock” of plio-quaternary age coming from the erosion of 
rocky bottoms and coastal cliffs. They are also present small rolled cobbles of quartzite and 
sandstone fragments. Other calcareous biota include numerous benthic and planktonic 
foraminifers, echinoderms, bryozoans, sponge spicules and ostracods.   
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 dynamics between the outer bay and the inner shelf. The clays are an important 
sedimentary fraction, especially in low-energy sedimentary environments where 
concentrations reach 90% such as inner bay and the tidal channels that drain the salt 
marshes, as well as to the northwest sectors of the study area. In the outer bay, the contents 
are very low (<5%). The abundance of clay fraction in the inner bay and the salt marshes is 
related to the existence of sedimentary environment of very low hydrodynamic energy. In 
these areas, predominate the flow and ebb tidal flow, whose action gives rise to a wide 
intertidal zone dominated by clayey mud deposits. The complex network of tidal channels, 
the inputs of fine material from the salt marshes, and the abundance of algae (seagrass type) 
determine the progressive deposition of fine materials in the inner bay bottoms. 
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the Guadalete River during periods of rainfall and floods. The presence of mud and sandy 
mud facies covering sandy bottoms indicates actual processes of deposit and transport of 
fine sediments from the inner bay toward the external zone reaching the inner continental 
shelf.  Mud and sandy mud facies are the dominant fractions in the inner bay, agrees with 
sedimentary processes of low-energy characterizing the sheltered zone (Achab et al., 2005b). 
Their hydrodynamic regime is almost exclusively dominated by tidal currents and wind 
drifts, especially of the East sector. Muddy facies are also present in the continental shelf as a 
prodeltaic muddy zone situated to the north and deposited in low energy environment. 
These fine grained sediments are related to supplies coming from the Guadalquivir River. 
The salt marsh, tidal creeks and emerged alluvial plain are characterized by the presence of 
argillaceous-sandy nature sediments in their borders, whereas sandy sediments are present 
in beaches. The sedimentation is basically controlled by the action of flows and ebb tides. 
These are responsible for the transport of sediments, and the erosion of tidal creeks and salt 
marsh border, due to the action of small surge that beats riversides, as well as to the effect of 
collapses and superficial erosion of argillaceous grounds (Achab et al., 2000b). The pattern 
of particles size distribution is controlled by the action of hydrodynamic agents, the recent 
eustatic (sea level) changes during the terminal Holocene as well as the coastal and bottoms 
physiography (Alvarez et al, 1999; Achab & Gutierrez-Mas 1999a) 
The mineralogical analysis (Fig.7) shows that quartz is the most abundant terrigenous 
mineral; its content is variable, based on the distribution of different grain sized facies, 
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representing an average content of 55%, with maxima of up to 80% in sandy area, while in 
muddy sands the content is less than 25%. Feldspars are sparse; the content ranges from 5 to 
10%, indicating a high degree of compositional maturity of the sediment. Locally they can 
reach values of 20% in sandy deposits. The calcite, displays average contents of 20 %, being 
also the second mineral more abundant in sediments after the quartz. Others mineral are the 
dolomite with very low contents (6%) and the aragonite (<5%), their origin is fundamentally 
biogenic. Phyllosilicates prevail in the muddy zone and its distribution is very conditioned 
by grain size. They are mainly constituted by illite (60%), smectite (13%), interstratified illite-
smectite (10%), kaolinite (8%) and chlorite (7%).  
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The microscopic analysis show that the quartz trends to accumulate in very fine and 
medium grain sizes of the sand fraction (Fig.8), heavy minerals have been also observed 
specially in the finest fraction (very fine and fine sand). Bioclastic components and rock 
fragments mainly compose the coarsest sub-fractions. Especially calcareous shell fragments 
and continental plant remains (pieces of small trunks, small branches, etc.). The rock 
fragments corresponds to small cobble rocks grains of very diverse nature and lithology. 
Mainly fragments of “Ostionera rock” of plio-quaternary age coming from the erosion of 
rocky bottoms and coastal cliffs. They are also present small rolled cobbles of quartzite and 
sandstone fragments. Other calcareous biota include numerous benthic and planktonic 
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4.3 Sediment transport patterns 
Sediment transport on marine environments and shelves is mostly a function of wave-
current interactions; it depends on surface-wave conditions, bottom-boundary-Layer 
currents, and bed characteristics, including grain size, density, and surface roughness (Van 
Rijn, 1984, 1993; Cacchione & Drake, 1990; Wiberg, 1996 and Soulsby, 1997). On the other 
hand, the distribution of terrigenous sediments in the marine environment can reflect the 
direction of water mass movement (Mead, 1972; Poulos et al, 1996). Therefore, it is very 
important to establish a correlation between the transport of sediments and the 
hydrodynamic system, to understand the processes of dispersion of fine sediments from 
different supply sources (Gutiérrez Mas et al, 1999; Achab et al, 2000b).Taking into account 
the different types of data and results obtained in this work, together with knowledge of the 
sedimentary environments and characteristics of the local hydrodynamic system, a global 
model of exchange and transport of sediments in the Cadiz bay and the adjoining 
continental shelf can be elaborated.  This model take in consideration the sedimentological 
and mineralogical data complemented by satellite image and suspended matter analysis, as 
well as data obtained from recording of side scan sonar.     

4.3.1 Transport mode  
The distribution of different granulometric facies allows differentiate the fundamental 
modes of particles transports (Visher, 1969; DeGiovanni, 1970, Komar, 1977). In our case, the 
limits to distinguish particle transport modes correspond to a storm situation (high energy), 
in which very fine sand fraction can be transported in suspension (Parrado Roman & Achab 
1999). The different types of sediment grains are moved in three possible modes according 
to its size, forms, density and the hydrodynamic conditions. Bed-load transport (rolling or 
sliding motion) dominates the higher-energy environments such as coastal zone mainly 
composed of coarse fractions and shallow areas associated with rocky shoals. The areas 
affected by this type of transport and its significance increases substantially during storm 
periods. The suspended transport predominates in the inner part of the Bay (including tidal 
channels and marshland areas) and to the north of the continental shelf characterized by 
mud-clay bottoms deposited in low energy conditions. In general, suspension transport is 
the dominant transport mode on many marine environments including continental shelves 
(Cacchione & Drake, 1990). The intermediate transport (saltation-suspension) predominates 
in the outer bay especially the western sector and the central part of the continental shelf. 
Areas affected by this type of transport coincide with sandy-mud and mud facies bottoms, 
and may indicate the transport paths of fine sediments and suspended matter in the study 
area.  

4.3.2 Clay minerals and assemblages  
Due to their fine grain size, the clays can be transported large distance by rivers, wind and 
currents, indicating the dominant trajectories of fine sediments and the suspended matter 
(Maldonado & Stanley, 1981; Gutierrez-Mas et al, 1998; Achab et al, 1998). To establish the 
transport pathways of suspended sediments, local variation present in the seabed marine 
sediment was considered. Mineralogical assemblages determined in the clay fraction have 
been analyzed. Their origin is clearly detrital or inherited, and may reflect the combined 
effects of the influence of the source areas, the type of weathering on the adjacent continents, 
and the process of transport and sedimentation (Millot, 1970; Sawheney & Frink, 1978; 
Stanley & Liyanage, 1986; Weaver,1989; Chamley, 1989; Naidu et al, 1995). In the present 
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study, clay minerals have been used as tracers, since their small size makes them the only 
particles susceptible of being transported away from the bay, out towards the continental 
shelf (Gutierrez-Mas et al, 2006; Achab et al, 2008). Other studies indicate that the clay 
mineral assemblages deposited in front of the rivers mouth and toward deep marine areas 
can be used as dynamic tracers to deduce transport path and the sources areas of clay 
minerals (Neiheisel & Weaver, 1967; Bhukhari & Nayak, 1996;  Parhan, 1996). Factor analysis 
was used to establish the relationships between different clay minerals, their associations 
and the possible sedimentary and dynamic connections among different studied 
environments (Reyment & Jöreskog, 1993). The Q-mode factor analysis results provide three 
factors explaining the 100% of the total variance. (table.1). Factor 1 alone explains 96 % of the 
variance, and it represents the main clay mineral association in the modern marine sediment 
of the cadiz bay and the adjacent continental shelf. Factor 1 associates illite >> smectite > 
chlorite > kaolinite > interstratified illite-smectite.  
 

Minerals Factor 1 (96%) Factor 2 (3%) Factor 3 (1%) 
Illite 2.15 1.32 0.45 

Smectite 0.32 1.7 0.7 
Illite-smectite 0.28 0.21 2.03 

Chlorite 0.3 0.36 -0.11 
Kaolinite 0.29 0.21 0.35 

Table 1. Factor scores of the clay minerals in the Cadiz bay and the adjacent  continental 
shelf, Q-mode factor analysis. 

The factor loadings distribution shows a range of very pronounced alignment values, as 
bands perpendicular to the coast (Fig. 9). This association has great significance in the inner 
continental shelf sediments, which represent the transition zone toward offshore of deposit 
processes taking place in the proper bay. In this zone two bands are observed: one oriented 
towards the West and NW and the other one toward the SE and the South. These bands 
might correspond to sea floor marks generated by flows between the bay and the 
continental shelf; agreement with the tidal flow pattern established by Alvarez et al (1999) in 
the Cadiz bay.  
The data from clay minerals contents and assemblages have been used to establish the 
model of transport paths in different area of the study zone. Two flows paths have been 
differentiated: i) The inflows coming from external marine areas located to the north, in 
particular the Guadalquivir river mouth and other sources. These flows can transport 
suspended matter and fine sediments to the Cadiz bay bottoms by the action of marine 
currents, specially the littoral and the Atlantic Surface water currents of SE direction. 
Different input flow paths have been established (Fig. 10). The first one (B1) derived from 
the Atlantic flow, affected by wind and wave of NO, West and SW, and promoted by the 
coastal configuration of NNW-SSE direction. This flow can reach the Cadiz bay by his 
northern margin and to mix with the ebb-tidal current, depositing part of its loads in inner 
zones of the bay. Other flow (B2) oriented E-W, located between the main entrance of the 
bay and inner shelf and affect bottoms of the transition zone characterized by the exchange 
between outflows and the inflows to the bay. This is directed towards the SE at depths 
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4.3 Sediment transport patterns 
Sediment transport on marine environments and shelves is mostly a function of wave-
current interactions; it depends on surface-wave conditions, bottom-boundary-Layer 
currents, and bed characteristics, including grain size, density, and surface roughness (Van 
Rijn, 1984, 1993; Cacchione & Drake, 1990; Wiberg, 1996 and Soulsby, 1997). On the other 
hand, the distribution of terrigenous sediments in the marine environment can reflect the 
direction of water mass movement (Mead, 1972; Poulos et al, 1996). Therefore, it is very 
important to establish a correlation between the transport of sediments and the 
hydrodynamic system, to understand the processes of dispersion of fine sediments from 
different supply sources (Gutiérrez Mas et al, 1999; Achab et al, 2000b).Taking into account 
the different types of data and results obtained in this work, together with knowledge of the 
sedimentary environments and characteristics of the local hydrodynamic system, a global 
model of exchange and transport of sediments in the Cadiz bay and the adjoining 
continental shelf can be elaborated.  This model take in consideration the sedimentological 
and mineralogical data complemented by satellite image and suspended matter analysis, as 
well as data obtained from recording of side scan sonar.     

4.3.1 Transport mode  
The distribution of different granulometric facies allows differentiate the fundamental 
modes of particles transports (Visher, 1969; DeGiovanni, 1970, Komar, 1977). In our case, the 
limits to distinguish particle transport modes correspond to a storm situation (high energy), 
in which very fine sand fraction can be transported in suspension (Parrado Roman & Achab 
1999). The different types of sediment grains are moved in three possible modes according 
to its size, forms, density and the hydrodynamic conditions. Bed-load transport (rolling or 
sliding motion) dominates the higher-energy environments such as coastal zone mainly 
composed of coarse fractions and shallow areas associated with rocky shoals. The areas 
affected by this type of transport and its significance increases substantially during storm 
periods. The suspended transport predominates in the inner part of the Bay (including tidal 
channels and marshland areas) and to the north of the continental shelf characterized by 
mud-clay bottoms deposited in low energy conditions. In general, suspension transport is 
the dominant transport mode on many marine environments including continental shelves 
(Cacchione & Drake, 1990). The intermediate transport (saltation-suspension) predominates 
in the outer bay especially the western sector and the central part of the continental shelf. 
Areas affected by this type of transport coincide with sandy-mud and mud facies bottoms, 
and may indicate the transport paths of fine sediments and suspended matter in the study 
area.  

4.3.2 Clay minerals and assemblages  
Due to their fine grain size, the clays can be transported large distance by rivers, wind and 
currents, indicating the dominant trajectories of fine sediments and the suspended matter 
(Maldonado & Stanley, 1981; Gutierrez-Mas et al, 1998; Achab et al, 1998). To establish the 
transport pathways of suspended sediments, local variation present in the seabed marine 
sediment was considered. Mineralogical assemblages determined in the clay fraction have 
been analyzed. Their origin is clearly detrital or inherited, and may reflect the combined 
effects of the influence of the source areas, the type of weathering on the adjacent continents, 
and the process of transport and sedimentation (Millot, 1970; Sawheney & Frink, 1978; 
Stanley & Liyanage, 1986; Weaver,1989; Chamley, 1989; Naidu et al, 1995). In the present 
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study, clay minerals have been used as tracers, since their small size makes them the only 
particles susceptible of being transported away from the bay, out towards the continental 
shelf (Gutierrez-Mas et al, 2006; Achab et al, 2008). Other studies indicate that the clay 
mineral assemblages deposited in front of the rivers mouth and toward deep marine areas 
can be used as dynamic tracers to deduce transport path and the sources areas of clay 
minerals (Neiheisel & Weaver, 1967; Bhukhari & Nayak, 1996;  Parhan, 1996). Factor analysis 
was used to establish the relationships between different clay minerals, their associations 
and the possible sedimentary and dynamic connections among different studied 
environments (Reyment & Jöreskog, 1993). The Q-mode factor analysis results provide three 
factors explaining the 100% of the total variance. (table.1). Factor 1 alone explains 96 % of the 
variance, and it represents the main clay mineral association in the modern marine sediment 
of the cadiz bay and the adjacent continental shelf. Factor 1 associates illite >> smectite > 
chlorite > kaolinite > interstratified illite-smectite.  
 

Minerals Factor 1 (96%) Factor 2 (3%) Factor 3 (1%) 
Illite 2.15 1.32 0.45 

Smectite 0.32 1.7 0.7 
Illite-smectite 0.28 0.21 2.03 

Chlorite 0.3 0.36 -0.11 
Kaolinite 0.29 0.21 0.35 

Table 1. Factor scores of the clay minerals in the Cadiz bay and the adjacent  continental 
shelf, Q-mode factor analysis. 

The factor loadings distribution shows a range of very pronounced alignment values, as 
bands perpendicular to the coast (Fig. 9). This association has great significance in the inner 
continental shelf sediments, which represent the transition zone toward offshore of deposit 
processes taking place in the proper bay. In this zone two bands are observed: one oriented 
towards the West and NW and the other one toward the SE and the South. These bands 
might correspond to sea floor marks generated by flows between the bay and the 
continental shelf; agreement with the tidal flow pattern established by Alvarez et al (1999) in 
the Cadiz bay.  
The data from clay minerals contents and assemblages have been used to establish the 
model of transport paths in different area of the study zone. Two flows paths have been 
differentiated: i) The inflows coming from external marine areas located to the north, in 
particular the Guadalquivir river mouth and other sources. These flows can transport 
suspended matter and fine sediments to the Cadiz bay bottoms by the action of marine 
currents, specially the littoral and the Atlantic Surface water currents of SE direction. 
Different input flow paths have been established (Fig. 10). The first one (B1) derived from 
the Atlantic flow, affected by wind and wave of NO, West and SW, and promoted by the 
coastal configuration of NNW-SSE direction. This flow can reach the Cadiz bay by his 
northern margin and to mix with the ebb-tidal current, depositing part of its loads in inner 
zones of the bay. Other flow (B2) oriented E-W, located between the main entrance of the 
bay and inner shelf and affect bottoms of the transition zone characterized by the exchange 
between outflows and the inflows to the bay. This is directed towards the SE at depths 
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between 50 and 60m. Parts of these inflows (D) are oriented to the southwest, reaching 
depths of 100m in the outer shelf. The outer and deeper part of the continental shelf  are 
affected by currents generated by the Southwest storms and the action of deepest flows 
presents in the study area. ii) The outflows coming from Cadiz bay and littoral zones; can 
reach the continental shelf by mean of ebb tide currents. The Fig. 10 shows the existence of 
several flows that appear to move from the innermost zones of the bay to the outer one. 
These flows (A1) are configured in three main bands: one oriented towards the NNW 
following the north margin of the bay. Other band oriented towards the West and the third 
one goes towards the SSW bordering the Cadiz city. To the south of the bay, output flows 
(A3) are also observed and coming from the Sanctipetri tidal creek mouth that head towards 
the offshore, are capable to reach depth of 50m (Achab et al, 2000b;  Gutierrez-Mas et al, 
2006; Achab et al, 2008).     
 
 
 
 

 
 
 

Fig. 9. Factor loading distribution of Factor 1 in the study zone from Q-mode factor analysis 
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Fig. 10. Diagram of fin sediments transport paths between Cadiz bay and the continental 
shelf obtained from clay minerals contents and assemblages data. A1: Out flow path coming 
from Cadiz Bay; A2: Output flow coming from possible old tidal creeks mouth; A3: Output 
flow coming from Sanctipetri tidal creek mouth; B1: Output flow coming from Guadalquivir 
river, B2: Inflow path to Cadiz Bay; B3: External flow path to Cadiz Bay; C: Flow path 
coming from zones located to the north of Cadiz bay ; D: Bottoms affected by external flow 
path 

4.3.3 Land-sat images and suspended matter analysis  
The application of remote sensing techniques to the study of suspended matter dynamics 
allows model for marine and coastal water circulation based on the use of "turbidity 
patterns" as natural tracers, relating parameters of water quality to satellite images 
(Balopoulos et al. 1986; Fernández Palacios et al.,1994; Ojeda et al., 1994). The turbidity 
caused by suspended particles is detectable by the reflective bands of Landsat satellite 
(Spitzer and Dirks, 1987; Baban, 1995). Therefore, the analysis of these images can provide 
informations about size and direction of the plumes, deposit area (Lo, 1986) and estimate the 
concentration of particles in water column (Kleman & Hardisky, 1987, Fielder & Laursen, 
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1990). In the study area, due to the existence of several sources of fine sediments 
(Guadalquivir river,  Guadalete river, inner bay, tidal channels, etc.), associated to the action 
of winds, waves and tides regime, is frequently observed turbidity plumes with a high 
content of suspended matter (Achab et al, 2000a). In the case of the Bay of Cadiz, Bernal 
(1986) and Guillemot (1987), based on Landsat images showed that depending to 
hydrodynamic conditions, these plumes follow different directions and can cross the bay 
area. They reach the inner shelf by the action of tidal ebb, depositing part of its SPM. Once in 
the open sea, SPM are moved by currents and interact with the general hydrodynamic 
system affecting coastal areas and the Gulf of Cadiz (Gutiérrez-Mas et al., 2006; Achab et al, 
2008). 
The concentration of SPM under the hydrodynamic conditions at the sampling time shows 
values that vary from one area to another, with an average content of 6.5 mg/l. Lower 
values, between 1.5 mg / l and 5 mg / l are given respectively in the inner shelf and in some 
areas of the inner bay unaffected by the currents. The highest values occur in the outer bay 
near the mouth the Guadalete river (25 mg / l). Other high values are given in front of the 
mouth of the San Pedro River (16 mg / l) and Sanctipetri tidal creek (13 mg / l). The 
concentrations of SPM are also relatively high in the oriental part of the inner bay reaching 
12.87 mg / l. The general transport pattern of the SPM is affected by local processes, which 
take place in littoral zones, in particular in Cadiz bay and the Guadalquivir estuary 
(Gutierrez Mas et al. 1999, Achab et al., 2000a). Part of the Atlantic waters rich in SPM 
coming from the Guadiana and Guadalquivir rivers reaches the bay of Cadiz and can be 
deposited in lagoons and salt marshes. The resuspension of fine-grained material in the 
inner zone of the bay during southeast wind and ebb tidal current generate suspended 
matter outflows towards the outer bay. Considerable quantity of this SPM is injected in the 
Atlantic waters.  
The analyses of satellite images show the existence of water masses of different degrees of 
turbidity. These, appear as turbid plumes oriented from the inner zone towards the outer 
bay extending to the continental shelf. These plumes are moved seawards by action of the 
tidal ebb currents, following the morphology of the coast and the sea bottom (Fig.11). The 
highest turbidity is observed at the mouths of the Sanctipetri tidal creek and the San Pedro 
and Guadalete rivers. In particular, these images show that the turbidity pattern coincides 
generally with the area of the muddiest facies present on the outer bay bottoms and with the 
geographical locations of the sampling stations providing the highest contents of suspended 
solids. From the distribution of SPM concentration and the observation of the satellite 
images, two possible transport paths of turbidity plumes can be deducted: a) one runs 
preferably by the northern margin of the bay of Cadiz and reaches the Rota city. b) Another 
flow oriented towards the west, bordering the city of Cadiz, eventually extending to the 
continental shelf. 

4.3.4 Side scan sonar recording analysis  
The analysis of bed-forms using Side Scan Sonar recording is considered to be a useful 
technique in the study of the submarine physiography and to deduce the direction of 
current and sediment transport (Kenyon, 1970; Belderson et al, 1972, Dalrymple et al, 1978; 
Fleminig, 1980.). In order to establish the distribution pattern of bottom currents and the 
flow regime, different bed- form fields have been identified in the bay of Cadiz based on the 
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analysis of Side Scan Sonar recording (Parado Roman et al, 1996, 2000, Gutierrez-Mas et al, 
2000). The diferent bed-forms present in the Cadiz bay bottoms (Fig.12) result from the 
interaction of different hydrodynamic factors (waves, tides, currents, etc.) with seabed 
sediments. These bed-forms correspond to modern Holocene deposits, coexisting relict 
forms beside present day and reworked forms. The flow regime has been deducted from 
typology of bed-forms and grain size of sediments (Rubin and McCulloh, 1980).  
 

 
Fig. 11. Turbidity plume paths in the bay of Cadiz during ebb tide from Landsat TM images 
analysis 

In the eastern sector of the bay of Cadiz, especially in Valdelagrana beachfront, rip currents 
generated by waves are directed to the West and lead to parallel and oblique sand waves of 
decimeter height. To the south of Santa Catalina tip, the currents are oriented towards the 
SW and SSW and form sand waves and ripples. North of the main channel, there are small 
dunes and sand waves formed mainly by effect of tidal currents of NW direction. About the 
Galera and Diamond shoals, the current is oriented towards the SW and forms large ripples 
under a high and very high energy, with speeds between 60 and 100cm /s. In the western 
sector, fields of bed-forms are essentially controlled by the grain size of bottom sediments. 
In the south part, there are straight and sinuous ripples, some sand waves and low plane 
bed developed on sandy sediments. To the north and NW, large mud patches appear on 
muddy bottoms associated to gravitational slides processes. While on sandy bottoms, there 
are ripples and sand ribbons. These forms indicate an upper-middle energy regime, caused 
by ebb tidal currents toward the SW, with speed between 30 and 100cm / s. Beside the rocky 
shoals located near the cities of Cadiz and Rota, we can see straight and sinuous ripples 
wedged between rocks, which indicate ebb currents to the SW and WSW, with speed 
between 20and 60 cm /s.  
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Sediment Transport in Aquatic Environments 

 

36

 
Fig. 12. Bed-forms distribution in the bay of Cadiz and transport direction of prevailing 
bottom currents (Modified from Gutierrez-Mas et al 2000) 

The sonographic data show that different bed-forms fields present in the Cadiz bay bottoms 
reflect the hydrodynamic regime prevailing in the area and the sedimentary processes. The 
distributions of these bed-forms indicate that the dominant direction of transport of bottom 
sediments is toward the west and southwest, and conditioned by the grain size and current 
velocity. Another factor is the physiography of the seabed, which is particularly evident in 
sectors with greater presence of rock outcrops. 

5. Sedimentary processes and conclusions 
The sedimentary dynamics displays a specific behaviour pattern, related with different 
environments of deposit, and the interaction of these with the hydrodynamic system 
dominant in the area. The analysis of sediments shows the existence of sedimentary facies 
with variable disposition and granulometric nature. These facies occupy differents 
sedimentary environments; sometimes do not correspond with the present oceanographic 
conditions (Achab and Gutiérrez-Mas, 1999a). The distributions of grain sized and 
mineralogical facies reflect the action of hydrodynamic agents, which control recent 
sedimentary dynamics. Cadiz bay bottoms show the presence of muddy-sand and muddy 
facies covering sediments of coarser nature (sand and gravel), indicating actual processes of 
transport of fine sediments from the inner bay to be deposited upon sands of the outer bay. 
This model of transport has been confirmed by means of studies of bed-forms fields carried 
out in the study area. In situation of strong Easterly winds, suspended matter derived from 
resuspension of the inner bay bottoms are subsequently transported by ebb tidal currents, 
with an average speed of 1.02 m / s, which is reduced to 0.77 m / s in the outer bay. This 
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involves the settling of much of the load carried on sandy bottoms. Part of the suspended 
matter tends to leave the bay being deposited in the inner continental shelf (Gutiérrez Mas 
et al, 1999 and Achab et al, 2000b). In the continental shelf, the North Atlantic Surface water 
current transport a large volume of fine sediments from the Guadaiana and Guadalquivir 
rivers toward the SE. Part of this current can transport fine particles in suspension toward 
the bay of Cadiz. Satellite images show that water with suspended particulate matter flows 
out beyond the limits of the bay under condition of easterly winds and ebb tidal current. 
These flows appear as branch oriented northwards along the eastern edge of the bay and 
then turn west, influenced by coastline and bottom morphology. A lot of suspended matter 
no deposited on the outer bay bottoms, can reach the continental shelf.  The influence of the 
hydrodynamic system, the location of terrigenous sources, sea-level changes, and coastal 
morphology are considered to be the main factors controlling the hydrodynamic model of 
exchange and transport of sediments between the Cadiz bay and the adjoining continental 
shelf (Parrado et al., 1996; Gutierrez-Mas et al., 2004; Achab et al., 2005b).  
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1. Introduction  
Rivers play an important role in continental erosion as they are the primary agents of 
transferring erosion products to the ocean. Understanding rivers and their transport 
pathways will improve the perception of many processes of global significance, such as 
biogeochemical cycling of pollutants and nutrients, atmospheric CO2 drawdown, soil 
formation and their erosion, crust evolution- in short the interaction between the 
atmospheric and the lithospheric compartment of the Earth´s system (Allen, 2008). This 
interaction is characterised by the relative proportions of mechanical degradation vs. 
chemical weathering, whose products are, in dissolved or solid form, transported by rivers. 
The sediment load of rivers is thereby controlled by catchment relief, the channel slope and 
its connectivity to the hill slope, but also by climatic factors such as precipitation. The latter, 
together with temperature, exert control over chemical weathering that is dependent on 
physical erosion to a degree that is yet unknown (Anderson et al., 2002; Gaillardet et al., 
1999; Riebe et al., 2001). Both mechanical erosion and chemical weathering, are, however, 
governed by tectonic activity, which drives processes of landscape rejuvenation and 
preconditions the fluvial transport regime (von Blanckenburg et al., 2004). On the shorter 
time scale, humans may act as geomorphic agents by constructing dams and reservoirs, and 
changing land use by deforestation and mining (Hooke, 2000; Syvitski et al., 2005; Wilkinson 
and McElroy, 2007).  
In tropical regions around the globe, large river basins are especially concentrated, and their 
behaviour plays an important role in river sediment transport (Latrubesse et al., 2005). For 
example, the tropics represent 25% of the total continental lands and contain 57% of the 
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world’s fresh water, and associated catchments contribute 50% and 38% to solids and 
dissolved solid input into the oceans, respectively ( Milliman and Meade,1983, Guyot, 1993 
and Latrubesse et al,2005). Large river basins often display mixed river channel forms, as 
they usually constitute a rapidly eroding sediment source area and an associated 
depositional area in the lowlands (Latrubesse et al., 2005). Among the highest erosion rates 
worldwide are found in mountainous areas of the tropics (Pinet & Souriau, 1988; Milliman 
& Syvitzki, 1992; Summerfield & Hulton, 1994), of which the Amazon basin is an excellent 
example. Here, most of the sediment that is transported in the main Amazon channel is 
derived from the Andes, but is also intermittently stored for at least several thousands of 
years in the floodplain (Meade, 2007). This chapter discuss some factors about suspended 
sediment transport determination and its importance into the Amazon Basin hydrological 
scenario. The text is divided in sections. After introduction, section 2 presents the Amazon 
basin and some topics concerning sediments and hydrology. Section 3 presents a brief 
review about the works done about Amazon River suspended sediment discharge into the 
Ocean. Section 4 shows the importance of the suspended sediment discharge values, into the 
Amazonian hydrological scenario, especially at central portion of the basin. Section 5 
presents some information about new techniques contributions to study that scenario. 
Finally, Section 6 summarizes the chapter and concludes it with some comments about the 
use of suspended sediment data to help water resource management.  

2. The Amazon Basin 
The Amazon Basin (Figure 1) is the biggest river basin in the world. It has more than 6 
million km² in area. This area corresponds to almost 5% of the total global continental land. 
This basin flows into the Atlantic Ocean at approximately 6.6 1012 m³ yr-1, and this volume is 
approximately 16% of the world’s fresh water (Molinier et al., 1995 and 1996). The Andean 
mountains take up around 12% of the Amazonian land. Most of the sediment transported by 
the region’s rivers originates from these mountains as a result of  rapid erosion processes 
(Sioli, 1950, 1964; Gibbs, 1967; Meade et al., 1985; Guyot et al., 1994; Filizola, 1999; Wittmann 
et al., 2011). The most important rivers, in terms of contributing sediment to the main river, 
are the Rio Solimoes (draining the Peruvian Andes and forming the main tributary of the 
Amazon in Brazil upstream of the Rio Negro confluence) and the Madeira River that drains 
in part the Andes, and in part the cratonic Brazilian Shields.  
The Rio Amazonas crosses a huge flood plain surrounded by two pre-Cambrian shields (the 
Guiana shield to the north and the Brazilian shield to the south). Compared to the Rio 
Madeira and the main channel, rivers with their headwater sources in the shields and those 
that cross them do not contribute much to the Rio Amazonas in terms of transporting 
suspended sediment. The flood plain landscape is characterised by areas where deposition 
and re-suspension occur (Meade et al. 1985). Additionally, extreme climate events, such as 
El Niño/Southern Oscillation (ENSO), have been identified as important agents for 
landscape construction. As described by Aalto at al. (2003), episodic sediment accumulation 
on the Amazonian flood plains is influenced by ENSO. An important correlation was also 
established between sediment deposition and La Niña occurrences. With a very wet climate, 
the majority of the Amazon Basin receives 2400 mm yr-1, with extremes that can vary from 
100 mm yr-1 to 6000 mm yr-1. The Amazon Rain forest covers more than 70% of the basin 
area, but there are also small areas of tundra (high altitude), desert and savannah. 
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Fig. 1. The Amazon Basin with sites indicated in the text.  

3. Amazon Basin suspended sediment discharge into the ocean, a brief 
review 
Since the 1960s, the Amazon ecosystem had been an important subject for systematic 
science. Initial results, conclusions and also new scientific questions have emerged from 
those studies, which motivated the emergence of new research groups. Interdisciplinary 
themes were proposed, and important scientific publications summarised the advancement 
of this period of knowledge: The Amazon (Sioli, 1984); Key Environments: Amazon (Prance & 
Lovejoy, 1985); Biogeography and Quaternary history in Tropical Americas (Whitmore & Prance, 
1987). The impact of those publications was observed as new environmental policies 
emerged for sustaining the Amazon region.  
Concerning suspended sediment, Sioli (1950, 1957, 1984) classified Amazonian rivers based 
on their physical and chemical characteristics and partly based on the suspended solid 
concentrations. Gibbs (1967) investigated the factors that controlled the amount and 
composition of the suspended load found in the Amazon River. During high and low water 
periods, Gibbs collected a total of 74 samples. He estimated the Rio Amazonas suspended 
load to be approximately ~500 106 t yr-1 or 79 t km-2 yr-1. Gibbs also demonstrated that 82% 
of the total suspended sediment load discharged by the Amazon comes from only 12% of 
the total area of the basin, which comprises the mountainous environment (the Andes).  



 
Sediment Transport in Aquatic Environments 

 

46

world’s fresh water, and associated catchments contribute 50% and 38% to solids and 
dissolved solid input into the oceans, respectively ( Milliman and Meade,1983, Guyot, 1993 
and Latrubesse et al,2005). Large river basins often display mixed river channel forms, as 
they usually constitute a rapidly eroding sediment source area and an associated 
depositional area in the lowlands (Latrubesse et al., 2005). Among the highest erosion rates 
worldwide are found in mountainous areas of the tropics (Pinet & Souriau, 1988; Milliman 
& Syvitzki, 1992; Summerfield & Hulton, 1994), of which the Amazon basin is an excellent 
example. Here, most of the sediment that is transported in the main Amazon channel is 
derived from the Andes, but is also intermittently stored for at least several thousands of 
years in the floodplain (Meade, 2007). This chapter discuss some factors about suspended 
sediment transport determination and its importance into the Amazon Basin hydrological 
scenario. The text is divided in sections. After introduction, section 2 presents the Amazon 
basin and some topics concerning sediments and hydrology. Section 3 presents a brief 
review about the works done about Amazon River suspended sediment discharge into the 
Ocean. Section 4 shows the importance of the suspended sediment discharge values, into the 
Amazonian hydrological scenario, especially at central portion of the basin. Section 5 
presents some information about new techniques contributions to study that scenario. 
Finally, Section 6 summarizes the chapter and concludes it with some comments about the 
use of suspended sediment data to help water resource management.  

2. The Amazon Basin 
The Amazon Basin (Figure 1) is the biggest river basin in the world. It has more than 6 
million km² in area. This area corresponds to almost 5% of the total global continental land. 
This basin flows into the Atlantic Ocean at approximately 6.6 1012 m³ yr-1, and this volume is 
approximately 16% of the world’s fresh water (Molinier et al., 1995 and 1996). The Andean 
mountains take up around 12% of the Amazonian land. Most of the sediment transported by 
the region’s rivers originates from these mountains as a result of  rapid erosion processes 
(Sioli, 1950, 1964; Gibbs, 1967; Meade et al., 1985; Guyot et al., 1994; Filizola, 1999; Wittmann 
et al., 2011). The most important rivers, in terms of contributing sediment to the main river, 
are the Rio Solimoes (draining the Peruvian Andes and forming the main tributary of the 
Amazon in Brazil upstream of the Rio Negro confluence) and the Madeira River that drains 
in part the Andes, and in part the cratonic Brazilian Shields.  
The Rio Amazonas crosses a huge flood plain surrounded by two pre-Cambrian shields (the 
Guiana shield to the north and the Brazilian shield to the south). Compared to the Rio 
Madeira and the main channel, rivers with their headwater sources in the shields and those 
that cross them do not contribute much to the Rio Amazonas in terms of transporting 
suspended sediment. The flood plain landscape is characterised by areas where deposition 
and re-suspension occur (Meade et al. 1985). Additionally, extreme climate events, such as 
El Niño/Southern Oscillation (ENSO), have been identified as important agents for 
landscape construction. As described by Aalto at al. (2003), episodic sediment accumulation 
on the Amazonian flood plains is influenced by ENSO. An important correlation was also 
established between sediment deposition and La Niña occurrences. With a very wet climate, 
the majority of the Amazon Basin receives 2400 mm yr-1, with extremes that can vary from 
100 mm yr-1 to 6000 mm yr-1. The Amazon Rain forest covers more than 70% of the basin 
area, but there are also small areas of tundra (high altitude), desert and savannah. 

The Significance of Suspended Sediment Transport  
Determination on the Amazonian Hydrological Scenario 

 

47 

 
Fig. 1. The Amazon Basin with sites indicated in the text.  

3. Amazon Basin suspended sediment discharge into the ocean, a brief 
review 
Since the 1960s, the Amazon ecosystem had been an important subject for systematic 
science. Initial results, conclusions and also new scientific questions have emerged from 
those studies, which motivated the emergence of new research groups. Interdisciplinary 
themes were proposed, and important scientific publications summarised the advancement 
of this period of knowledge: The Amazon (Sioli, 1984); Key Environments: Amazon (Prance & 
Lovejoy, 1985); Biogeography and Quaternary history in Tropical Americas (Whitmore & Prance, 
1987). The impact of those publications was observed as new environmental policies 
emerged for sustaining the Amazon region.  
Concerning suspended sediment, Sioli (1950, 1957, 1984) classified Amazonian rivers based 
on their physical and chemical characteristics and partly based on the suspended solid 
concentrations. Gibbs (1967) investigated the factors that controlled the amount and 
composition of the suspended load found in the Amazon River. During high and low water 
periods, Gibbs collected a total of 74 samples. He estimated the Rio Amazonas suspended 
load to be approximately ~500 106 t yr-1 or 79 t km-2 yr-1. Gibbs also demonstrated that 82% 
of the total suspended sediment load discharged by the Amazon comes from only 12% of 
the total area of the basin, which comprises the mountainous environment (the Andes).  



 
Sediment Transport in Aquatic Environments 

 

48

For the Óbidos station (~800 km from the Rio Amazonas mouth), Oltman (1968) reported 
concentration variability from 300 to 340 mg l-1 near the stream bed to 50-70 mg l-1 near the 
water surface. He estimated, using a few data points, that the suspended sediment input 
from the Amazon River into the ocean was 1.5 106 t day-1 or ~600 106 t yr-1. Oltman also 
indicated the important influence of the black and white water rivers on the proportion of 
the total water flow contribution at Óbidos.  
After that, Schmidt (1972) determined the annual variability of the suspended sediment 
concentrations. He only reported the suspended sediment concentration (SSC), and no 
estimations were made as to the suspended sediment discharge. Meade et al. (1979), in the 
course of the Alpha Helix Project, estimated a mean total suspended sediment (TSS) 
discharge from Óbidos of approximately 900 106 t yr-1. Using that data, Meade (1985) 
provided the first description of the vertical and lateral variation of suspended sediment in 
the Amazon River. The result were derived from more than 300 samples collected during 
two field cruises conducted during the high water periods of 1976 and 1977. 
The CAMREX Project, during the 1980s, measured water discharge and collected a series of 
suspended sediment samples from the Amazon (Richey et al., 1986). In this project, more 
than 200 new samples were collected during several field cruises, mainly between 1982 and 
1985. The samples were collected at a single cross section as depth-integrated composites. 
As indicated by Meade et al. (1985), a new estimate of 1100 to 1300 106 t yr-1 suspended 
sediment discharge from the Amazon into the ocean was made. The CAMREX Project also 
estimated bank erosion contributions to total suspended sediment discharge (Dunne et al., 
1998). 
After that, Bordas et al. (1988) and Bordas (1991) used almost 200 samples from both the 
Brazilian national dataset (managed by the Brazilian National Water Authority) and from 
several Brazilian companies and obtained results very similar to those reported by Meade et 
al. (1979). Again similar results were obtained by Guyot et al. (1988 and 1996), especially for 
the Madeira Basin (250-300 106 t yr-1). From this river, Martinelli et al. (1989; 1993) and 
Ferreira et al. (1988) estimated a somewhat higher suspended sediment discharge of 
approximately 550 106 t yr-1. 
The Amazon Shelf SEDiment Study (AmasSeds) group, working with a 190 CTD Probe 
profiles  at the continental shelf, indicated a total flux between 550 and 1,000 106 t yr-1 from 
the Amazon River into the ocean (Nittrouer et al., 1986a and 1995).  
In the scope of the HiBAm (Hydrology and Geochemistry of the Amazon Basin) Project 
until 2001 when it was completed and after that until today with the ORE/HYBAM 
(Environmental Research Observatory on Amazon Basin Hydrology, Geochemistry and 
Geodynamics) Program, Guyot et al. (1996), Filizola (1999), Filizola (2003), Filizola and 
Guyot (2004), Guyot et al. (2005) and Filizola & Guyot (2009) calculated the contributions 
from tributaries to the main stream during several cruises (HiBAm and ORE/HYBAM data) 
and using data from the Brazilian National Data set (from Brazilian Agência Nacional de 
Águas). They tested different kinds of sampling, data sources and calculation procedures. 
The results from their multiple approaches, using more than 5000 samples, were quite 
similar. They indicated imprecision concerning some data from the Brazilian National Data 
Set (data at www.ana.gov.br) but also validated it with data from several field cruises made 
between 1995 and 2001 (with the HiBAM Project) and afterwards with the ORE/HYBAM 
Programme. With the ORE/HYBAM data set Laraque et al. (2005) tried to characterise the 
spatial distribution of sediment yields and sediment transfer processes in the Brazilian 
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Amazon basin between 1998 and 2003. These authors established a relationship between the 
surface concentration and the mean suspended sediment concentration for the whole cross 
section at each ORE/HYBAM station. Using the same data set, but beginning from 1995, 
Guyot et al. (2005) highlighted a marked seasonality in the sediment flux, which did not 
correspond to the discharge variation at Óbidos. From those ensemble of works the results 
indicated TSS discharge values between 600 and 900 106 t yr-1. 
The HiBAm Project and ORE/HYBAM Programme are research initiatives involving several 
Amazonian countries (Brazil, Peru, Colombia, Equator, Bolivia and Venezuela) and France. 
Especially ORE/HYBAM is a long-term programme to evaluate the process of matter 
transport in the Amazon Basin. From this project, data points were acquired daily for 
hydrology, every ten days for suspended sediment and monthly for geochemistry and 
physical-chemistry at fifteen gauging stations mainly on the larger rivers of the Amazon 
basin. The aim of this network was to investigate the piedmont areas, the flood plain 
tributaries, the tributaries that originate in the Andes and those that drain into the Brazilian 
and Guiana shields (Cochonneau et al., 2006). The ORE/HYBAM initiative is operated today 
in cooperation with research institutions and national agencies, creating an independent 
data set. The main interests are focused on mass transfer within the Amazon basin and 
towards the Atlantic Ocean, the sensitivity of mass transfer to climatic variability and 
anthropogenic activities, and the key role of the wetlands in mass transfer. The data 
acquired with standardised collection and analysis methods are freely available at 
http://www.ore-hybam.org.  
Martinez et al. (2009) used a combined approach of both the HiBAm and ORE/HYBAM 
data where they also introduced remote sensing data from MODIS spaceborne sensors to 
estimate the suspended sediment discharge at the Óbidos to be near 800 106 t yr-1. They also 
showed an increase in the suspended sediment discharge of the Amazon River between 
1996 and 2007 (see Section 5.1).  
Recently, using a completely different approach from those cited above, namely by using 
cosmogenic nuclide-produced 10Be 1, Wittmann at al. (2011) obtained an estimation of the 
Rio Amazonas total sediment discharge of approximately 610 106 t yr-1 (see Section 5.2). This 
estimation integrates over several thousands of years and thus provides a long-term 
estimate on the total sediment load. 
Finally, Guyot et al. (2011) showed that the whole ORE/HYBAM data set, with more than 
eight years of data, can be used to give a more complete picture of the Amazon Basin between 
the Andean region and the portion near Óbidos. The estimated contribution from the basin to 
the ocean remains within the range of 600 to 900 106 t yr-1 as found by other authors. With 
those data the best estimation of sediment discharge at Óbidos is 862 106 t yr-1. If other 
tributaries contributions, downstream Óbidos (Rivers like Tapajós, Xingu, Paru and Jari), are 
included in the sediment discharge value, the TSS discharge increases to 872 106 t yr-1. 

4. The significance of suspended sediment discharge values to the actual 
Amazonian hydrologic scenario  
Determining the Rio Amazonas suspended sediment discharge into the Ocean is not a 
simple task. The presented results (as showed in Table 1) sometimes differ in their methods  
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Geodynamics) Program, Guyot et al. (1996), Filizola (1999), Filizola (2003), Filizola and 
Guyot (2004), Guyot et al. (2005) and Filizola & Guyot (2009) calculated the contributions 
from tributaries to the main stream during several cruises (HiBAm and ORE/HYBAM data) 
and using data from the Brazilian National Data set (from Brazilian Agência Nacional de 
Águas). They tested different kinds of sampling, data sources and calculation procedures. 
The results from their multiple approaches, using more than 5000 samples, were quite 
similar. They indicated imprecision concerning some data from the Brazilian National Data 
Set (data at www.ana.gov.br) but also validated it with data from several field cruises made 
between 1995 and 2001 (with the HiBAM Project) and afterwards with the ORE/HYBAM 
Programme. With the ORE/HYBAM data set Laraque et al. (2005) tried to characterise the 
spatial distribution of sediment yields and sediment transfer processes in the Brazilian 
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correspond to the discharge variation at Óbidos. From those ensemble of works the results 
indicated TSS discharge values between 600 and 900 106 t yr-1. 
The HiBAm Project and ORE/HYBAM Programme are research initiatives involving several 
Amazonian countries (Brazil, Peru, Colombia, Equator, Bolivia and Venezuela) and France. 
Especially ORE/HYBAM is a long-term programme to evaluate the process of matter 
transport in the Amazon Basin. From this project, data points were acquired daily for 
hydrology, every ten days for suspended sediment and monthly for geochemistry and 
physical-chemistry at fifteen gauging stations mainly on the larger rivers of the Amazon 
basin. The aim of this network was to investigate the piedmont areas, the flood plain 
tributaries, the tributaries that originate in the Andes and those that drain into the Brazilian 
and Guiana shields (Cochonneau et al., 2006). The ORE/HYBAM initiative is operated today 
in cooperation with research institutions and national agencies, creating an independent 
data set. The main interests are focused on mass transfer within the Amazon basin and 
towards the Atlantic Ocean, the sensitivity of mass transfer to climatic variability and 
anthropogenic activities, and the key role of the wetlands in mass transfer. The data 
acquired with standardised collection and analysis methods are freely available at 
http://www.ore-hybam.org.  
Martinez et al. (2009) used a combined approach of both the HiBAm and ORE/HYBAM 
data where they also introduced remote sensing data from MODIS spaceborne sensors to 
estimate the suspended sediment discharge at the Óbidos to be near 800 106 t yr-1. They also 
showed an increase in the suspended sediment discharge of the Amazon River between 
1996 and 2007 (see Section 5.1).  
Recently, using a completely different approach from those cited above, namely by using 
cosmogenic nuclide-produced 10Be 1, Wittmann at al. (2011) obtained an estimation of the 
Rio Amazonas total sediment discharge of approximately 610 106 t yr-1 (see Section 5.2). This 
estimation integrates over several thousands of years and thus provides a long-term 
estimate on the total sediment load. 
Finally, Guyot et al. (2011) showed that the whole ORE/HYBAM data set, with more than 
eight years of data, can be used to give a more complete picture of the Amazon Basin between 
the Andean region and the portion near Óbidos. The estimated contribution from the basin to 
the ocean remains within the range of 600 to 900 106 t yr-1 as found by other authors. With 
those data the best estimation of sediment discharge at Óbidos is 862 106 t yr-1. If other 
tributaries contributions, downstream Óbidos (Rivers like Tapajós, Xingu, Paru and Jari), are 
included in the sediment discharge value, the TSS discharge increases to 872 106 t yr-1. 

4. The significance of suspended sediment discharge values to the actual 
Amazonian hydrologic scenario  
Determining the Rio Amazonas suspended sediment discharge into the Ocean is not a 
simple task. The presented results (as showed in Table 1) sometimes differ in their methods  
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QS (106 t yr-1) Source 
500  (Gibbs, 1967) 
600  (Oltman, 1968) 
900  (Meade et al., 1979) 

1,100 – 1,300  (Meade et al., 1985) 
550 – 1,000  (Nittrouer et al., 1995 and Nittrouer et al., 1986a) 
600 - 700  (Bordas 1988; Filizola,1999)* 
600 - 800  (Filizola 2003), Guyot et al., 2005 and Filizola and Guyot ,2009)* 

800  (Martinez et al., 2009)* 
610  (Wittmann et al., 2011)*  
872  (Guyot et al., 2011) 

Table 1. Shows a summary (by author) of the determined values of suspended sediment 
discharged (QS) by the Amazon River (*)at Óbidos or at its mouth.  

and approaches used, and different periods of measurement different measurement periods 
of measurement could explain some of the variability. Wittmann et al. (2011) give a 
summary of measurement periods for TSS monitoring in their table 2. Further, discrepancies 
could be attributed to variability in hydrological behaviour, sampling methods, sediment 
discharge calculation, and others topics discussed further in this section.  
In the following, we will review the hydrological behaviour of Amazon Basin tributaries, 
which will aid understanding sediment transport. When single gauging stations or regions 
are considered, water discharge appears to behave regular and stable over time, but 
nevertheless, the system as a whole can be quite complex. Some authors (Meade et al., 1991; 
Molinier et al., 1996; Dunne et al., 1998) have described some of these complexities 
(backwater effect, flood effects combinations, river channel morphology, etc.), which must 
be considered during suspended sediment analysis. 

4.1 Water discharge and suspended sediment concentration variability 
Molinier et al. (1996) demonstrated the importance of taking into account that the Rio 
Negro, Rio Madeira and Rio Solimões (see Figure 1) are the most important discharge 
contributors to the total amount of water discharged from the Amazon Basin into the ocean. 
The Madeira basin represents 23% of the total Amazon basin area and 15% of total Amazon 
water discharge into the ocean. The Rio Negro basin represents only 11% of the total 
Amazon basin area but contributes 14% in terms of water discharge. These values are 
correlated to areas receiving most rainfall, which are predominantly located in the 
northwest area of the basin (Espinoza et al. 2008). Despite these water discharge values, the 
Rio Negro does not transport as much suspended solids compared to the Madeira (Filizola 
and Guyot, 2009). This difference is attributed to the different sediment source areas (low-
erosion cratonic Shields vs. high-erosion Andes) and the lowlands traversed by the rivers. 
The high and low water periods of the above cited rivers have special characteristics that 
display interesting behaviours. The Rio Madeira’s high water period takes place between 
March and April with the average maximum occurring in April, and the minimum value 
occurring in the end of September. The Rio Solimões’ high water period occurs between 
May and July with the average maximum occurring in June. Additionally, the Rio 
Amazonas high water period at the Óbidos station takes place between May and June, and 
the average maximum value occurs at the end of May. Thus, the downstream peak at the 
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Rio Amazonas at Óbidos occurs before the upstream peak at the Rio Solimões2 at 
Manacapuru. This behaviour, as reported by Molinier et al. (1996), is, in fact, the result of the 
influence of the Rio Madeira high water period, whose maximum occurs two months (on 
average) in advance of the maximum from the Rio Solimões. This event also causes an 
advance in the Rio Amazonas discharge peak at the Óbidos gauging station. 
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Fig. 2. Average hydrograms of the Rio Amazonas (AMZ) at Óbidos, the Rio Negro (NEG) at 
Manaus, the Rio Solimões (SOL) at Manacapuru and the Rio Madeira at Fazenda Vista 
Alegre for the years 1978 to 2008. The data source is the Brazilian National Water Agency 
dataset (http://www.ana.gov.br). The discharge of the Rio Negro at Manaus was calculated 
by discharge transposition using upstream to downstream stations correlated with HYBAM 
Doppler discharge data (http://www.ore-hybam.org) to eliminate the backwater effect. 

From Figure 2 and Table 2, we can observe that the Rio Solimões dominates the water flow 
to the Rio Amazonas at Óbidos; however, from February to May, the Rio Madeira flow 
controls the variability, and between June and September, the flow of the Rio Negro waters 
have a greater influence. From October until January, the power of the flow of Rio Solimões 
is superimposed over the other two large rivers.  
Some authors, such as Filizola (2003), Guyot et al. (2005), Bourgoin et al. (2007) and Martinez 
et al. (2009), showed graphs with the surface and total suspended sediment concentrations 
at Óbidos as a function of the Amazon River water discharge. The suspended sediment 
 

                                                 
2 Rio Solimões and Rio Amazonas are, in fact, the same river; the difference in names comes from the 
importance of the Rio Negro to local culture and tourism (meeting of the black and white waters 
respectively from the Negro and the Solimões). Thus, before the mouth of the Rio Negro, the main river 
is called Solimões, and the name Amazonas (in Brazil) is used downstream of their confluence. 
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872  (Guyot et al., 2011) 

Table 1. Shows a summary (by author) of the determined values of suspended sediment 
discharged (QS) by the Amazon River (*)at Óbidos or at its mouth.  

and approaches used, and different periods of measurement different measurement periods 
of measurement could explain some of the variability. Wittmann et al. (2011) give a 
summary of measurement periods for TSS monitoring in their table 2. Further, discrepancies 
could be attributed to variability in hydrological behaviour, sampling methods, sediment 
discharge calculation, and others topics discussed further in this section.  
In the following, we will review the hydrological behaviour of Amazon Basin tributaries, 
which will aid understanding sediment transport. When single gauging stations or regions 
are considered, water discharge appears to behave regular and stable over time, but 
nevertheless, the system as a whole can be quite complex. Some authors (Meade et al., 1991; 
Molinier et al., 1996; Dunne et al., 1998) have described some of these complexities 
(backwater effect, flood effects combinations, river channel morphology, etc.), which must 
be considered during suspended sediment analysis. 

4.1 Water discharge and suspended sediment concentration variability 
Molinier et al. (1996) demonstrated the importance of taking into account that the Rio 
Negro, Rio Madeira and Rio Solimões (see Figure 1) are the most important discharge 
contributors to the total amount of water discharged from the Amazon Basin into the ocean. 
The Madeira basin represents 23% of the total Amazon basin area and 15% of total Amazon 
water discharge into the ocean. The Rio Negro basin represents only 11% of the total 
Amazon basin area but contributes 14% in terms of water discharge. These values are 
correlated to areas receiving most rainfall, which are predominantly located in the 
northwest area of the basin (Espinoza et al. 2008). Despite these water discharge values, the 
Rio Negro does not transport as much suspended solids compared to the Madeira (Filizola 
and Guyot, 2009). This difference is attributed to the different sediment source areas (low-
erosion cratonic Shields vs. high-erosion Andes) and the lowlands traversed by the rivers. 
The high and low water periods of the above cited rivers have special characteristics that 
display interesting behaviours. The Rio Madeira’s high water period takes place between 
March and April with the average maximum occurring in April, and the minimum value 
occurring in the end of September. The Rio Solimões’ high water period occurs between 
May and July with the average maximum occurring in June. Additionally, the Rio 
Amazonas high water period at the Óbidos station takes place between May and June, and 
the average maximum value occurs at the end of May. Thus, the downstream peak at the 
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Rio Amazonas at Óbidos occurs before the upstream peak at the Rio Solimões2 at 
Manacapuru. This behaviour, as reported by Molinier et al. (1996), is, in fact, the result of the 
influence of the Rio Madeira high water period, whose maximum occurs two months (on 
average) in advance of the maximum from the Rio Solimões. This event also causes an 
advance in the Rio Amazonas discharge peak at the Óbidos gauging station. 
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Fig. 2. Average hydrograms of the Rio Amazonas (AMZ) at Óbidos, the Rio Negro (NEG) at 
Manaus, the Rio Solimões (SOL) at Manacapuru and the Rio Madeira at Fazenda Vista 
Alegre for the years 1978 to 2008. The data source is the Brazilian National Water Agency 
dataset (http://www.ana.gov.br). The discharge of the Rio Negro at Manaus was calculated 
by discharge transposition using upstream to downstream stations correlated with HYBAM 
Doppler discharge data (http://www.ore-hybam.org) to eliminate the backwater effect. 

From Figure 2 and Table 2, we can observe that the Rio Solimões dominates the water flow 
to the Rio Amazonas at Óbidos; however, from February to May, the Rio Madeira flow 
controls the variability, and between June and September, the flow of the Rio Negro waters 
have a greater influence. From October until January, the power of the flow of Rio Solimões 
is superimposed over the other two large rivers.  
Some authors, such as Filizola (2003), Guyot et al. (2005), Bourgoin et al. (2007) and Martinez 
et al. (2009), showed graphs with the surface and total suspended sediment concentrations 
at Óbidos as a function of the Amazon River water discharge. The suspended sediment 
 

                                                 
2 Rio Solimões and Rio Amazonas are, in fact, the same river; the difference in names comes from the 
importance of the Rio Negro to local culture and tourism (meeting of the black and white waters 
respectively from the Negro and the Solimões). Thus, before the mouth of the Rio Negro, the main river 
is called Solimões, and the name Amazonas (in Brazil) is used downstream of their confluence. 



 
Sediment Transport in Aquatic Environments 

 

52

 High Period Max Low Period Min 

R. Solimões May – Jul mid Jun Oct - Nov mid Oct 

R. Negro Jun - Jul mid Jun Jan - Feb end Jan 

R. Madeira Mar - Apr mid Apr Sept - Oct end Sept 

R. Amazonas May - Jun end May Oct - Nov early Nov 

Table 2. Summary of the hydrological behaviour of the most important rivers within central 
Amazonia showing periods for high and low water discharge. Also shown are the months in 
which the average maximum and minimum values are observed (using data series from 
1978 to 2008).  

concentration measurements used were collected on a 10-day basis since 1995 at Óbidos and 
other important sites within the Amazon Basin by the HiBAm project and by ORE/HYBAM 
after 2003. From this data, Bourgoin et al. (2007) obtained three different equations to 
calculate QS from water discharge relations over three different periods of time, which were 
used to develop different scenarios for the temporal dynamics of water and sediment 
exchanges between the Curuai floodplain (Várzea) and the Rio Amazonas in front of 
Óbidos. The resulting figures shown by those authors clearly show a non-linear behaviour 
between water discharge and suspended sediment concentrations as well as three distinct 
temporal situations that enable distinguishing between the discharge modulation of the Rio 
Amazonas at Óbidos from that of the Rio Madeira and Rio Negro (see Figure 3). These three 
characteristic temporal situations are interpreted as follows. The first one, on the left side of 
the figure, represents a moment in the cycle corresponding to September, October and 
November and correlates well to the low period of all three rivers (Negro, Madeira and 
Solimões). The second situation (the highest clockwise) is the result of samples collected 
between February and April. This period coincides with the highest period of water 
discharge and sediment input from the Rio Madeira. The third area (on the right) 
corresponds to the period from May to July, which correlates to the highest period of water 
discharge from the Rio Negro. The samples collected between December and January 
(shown on the left side of the figure) are concurrent with the rising period of the Rio 
Madeira. The same conclusion can be drawn for the Rio Negro when looking at the right 
side of the figure. It follows that, between March and May, the Rio Negro is rising, with very 
low SSC, and the flow of Madeira is decreasing. Finally, the base of the figure can be 
attributed to the period between August and September when the flow of all three rivers is 
decreasing. Thus, the process described above indicates an SSC multi-control system for the 
Rio Amazonas at Óbidos. This system is highly dependent on the sediment contributions 
from the Rio Madeira during a certain period of time and also on  absent sediment 
contributions from the Rio Negro during another period of time. 
From the above presented data and Figure 3, it clearly follows that at Óbidos, sediment 
discharge is not a linear function of discharge.. If linear functions would be applied to 
estimate suspended sediment discharge from the Rio Amazonas to the Ocean, these would 
be seriously compromised and probably overestimated. This data provides important 
information on water and sediment interaction within the Amazon Basin. The water 
discharge and SSC behaviour demonstrated above shows the key to explaining some of the 
differences in the suspended sediment values presented at Table 1. It can indicate a kind of 
“teleconexion” among the upward areas of Rio Madeira and the Rio Amazonas downward 
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region. With dams reservoirs now under constructions at the Rio Madeira this behaviour 
assumes an important role. If the new Madeira Hydropower Plants reservoirs will reduce 
sediment discharge it can also will cause impacts at the lower Rio Amazonas region.  
Stressed here is the significance of the Rio Madeira sediments to support the large Várzea 
(seasonal humid/flooded plains) areas, situated near of Óbidos, in terms of floodplain 
fertilization that is of great importance to the local farming and grazing economy. 
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Fig. 3. Suspended Sediment Concentration versus the water discharge data for Rio 
Amazonas at Óbidos. The graph also shows the distribution of samples collected between 
1995 and 1998 according to the month the samples were collected. For details see text. Figure 
modified from Guyot et al. (2005) using ORE/HYBAM data (http://www.ore-hybam.org). 

4.2 Suspended sediment concentration variability (in deep and at the water surface)  
Suspended sediment transport and the actual Amazon hydrology scenario can be changed 
by the new infrastructure construction (e.g., hydropower plants, roads and new agriculture 
frontier), climate change impacts and land use policies. Monitoring those factors and its 
variability is an important issue. In the Amazonian Hydrographical Region Book (Brasil, 
2006), the Brazilian National Water Resources Management Plan describes the sustainable 
development of hydropower plant reservoirs and new agriculture frontiers as two of the 
most important goals to be achieved. Both are affected by sediment transported by rivers 
within the Amazon region. With a large sediment source such as the Andes to the west and 
its low general slope (especially from the piedmont to the flood plains) of about 2 cm km-1 
(Molinier et al. 1996), reservoirs will act as trapping areas, which will increase deposition 
processes. These trapping areas can reduce, for example, the amount of sediment deposited 
from Rio Madeira into the main stream (lower Amazon stretch), leading to a diminished 
fertilisation of the flood plain. However, in other areas, the intensive agricultural land use 
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concentration measurements used were collected on a 10-day basis since 1995 at Óbidos and 
other important sites within the Amazon Basin by the HiBAm project and by ORE/HYBAM 
after 2003. From this data, Bourgoin et al. (2007) obtained three different equations to 
calculate QS from water discharge relations over three different periods of time, which were 
used to develop different scenarios for the temporal dynamics of water and sediment 
exchanges between the Curuai floodplain (Várzea) and the Rio Amazonas in front of 
Óbidos. The resulting figures shown by those authors clearly show a non-linear behaviour 
between water discharge and suspended sediment concentrations as well as three distinct 
temporal situations that enable distinguishing between the discharge modulation of the Rio 
Amazonas at Óbidos from that of the Rio Madeira and Rio Negro (see Figure 3). These three 
characteristic temporal situations are interpreted as follows. The first one, on the left side of 
the figure, represents a moment in the cycle corresponding to September, October and 
November and correlates well to the low period of all three rivers (Negro, Madeira and 
Solimões). The second situation (the highest clockwise) is the result of samples collected 
between February and April. This period coincides with the highest period of water 
discharge and sediment input from the Rio Madeira. The third area (on the right) 
corresponds to the period from May to July, which correlates to the highest period of water 
discharge from the Rio Negro. The samples collected between December and January 
(shown on the left side of the figure) are concurrent with the rising period of the Rio 
Madeira. The same conclusion can be drawn for the Rio Negro when looking at the right 
side of the figure. It follows that, between March and May, the Rio Negro is rising, with very 
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information on water and sediment interaction within the Amazon Basin. The water 
discharge and SSC behaviour demonstrated above shows the key to explaining some of the 
differences in the suspended sediment values presented at Table 1. It can indicate a kind of 
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region. With dams reservoirs now under constructions at the Rio Madeira this behaviour 
assumes an important role. If the new Madeira Hydropower Plants reservoirs will reduce 
sediment discharge it can also will cause impacts at the lower Rio Amazonas region.  
Stressed here is the significance of the Rio Madeira sediments to support the large Várzea 
(seasonal humid/flooded plains) areas, situated near of Óbidos, in terms of floodplain 
fertilization that is of great importance to the local farming and grazing economy. 
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Fig. 3. Suspended Sediment Concentration versus the water discharge data for Rio 
Amazonas at Óbidos. The graph also shows the distribution of samples collected between 
1995 and 1998 according to the month the samples were collected. For details see text. Figure 
modified from Guyot et al. (2005) using ORE/HYBAM data (http://www.ore-hybam.org). 

4.2 Suspended sediment concentration variability (in deep and at the water surface)  
Suspended sediment transport and the actual Amazon hydrology scenario can be changed 
by the new infrastructure construction (e.g., hydropower plants, roads and new agriculture 
frontier), climate change impacts and land use policies. Monitoring those factors and its 
variability is an important issue. In the Amazonian Hydrographical Region Book (Brasil, 
2006), the Brazilian National Water Resources Management Plan describes the sustainable 
development of hydropower plant reservoirs and new agriculture frontiers as two of the 
most important goals to be achieved. Both are affected by sediment transported by rivers 
within the Amazon region. With a large sediment source such as the Andes to the west and 
its low general slope (especially from the piedmont to the flood plains) of about 2 cm km-1 
(Molinier et al. 1996), reservoirs will act as trapping areas, which will increase deposition 
processes. These trapping areas can reduce, for example, the amount of sediment deposited 
from Rio Madeira into the main stream (lower Amazon stretch), leading to a diminished 
fertilisation of the flood plain. However, in other areas, the intensive agricultural land use 
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and deforestation can have the opposite effect. These areas are more susceptible to erosion. 
Additionally, erosion occurs as a consequence of rain intensification derived from more 
frequent climatic variations. Thus, monitoring sediment transport in this kind of scenario 
must consider analyses over both space and time. 
Some sampling methods and calculations were evaluated by Filizola and Guyot (2004) for 
the Óbidos station and for other stations in the basin by Filizola and Guyot in 2009, with the 
aim to reconcile the different methods and approaches used. For the test conducted at 
Óbidos, Filizola and Guyot used three types of depth samplers: one 8-liter collapsible bag 
depth integrator, a Brazilian model of the US P-63 adapted to the Amazonian rivers 
conditions (deep sections, high water velocities and discharge), and a 12-liter point 
horizontal oceanographic sampler, also adapted to the Amazonian rivers conditions. Surface 
sediments were sampled using a simple bucket, and a Doppler device was used for water 
discharge determination, and to test its use to determine suspended sediment discharge. 
Sampling surface sediments was carried out to test whether they represent the total 
suspended sediment discharge. Using the different samplers, the results showed a very 
small difference between all samplers when using the same QS calculation procedures. The 
relationship between the surface and total suspended solids was found to be, on average, 
28%. It means that, in average, the SSC of a sample obtained in Óbidos at the water surface 
represents 72% of the total suspended sediment concentration. However, this relationship 
cannot be extended over the whole hydrological year, because it varies seasonally.  
Another important question to be answered is that of the SSC variability with depth. Filizola 
(2003) showed that increasing SSC with depth does not always correspond to an increase in 
vertical SSC discharge (qS). Using Doppler data combined with SSC data, Figure 4 was 
created as an example from the Rio Madeira at Fazenda Vista Alegre. It can be seen that SSC 
values increase with depth, but qS values do not follow suit. The qS value seems to be 
influenced by the water velocity component. Filizola (2003) also demonstrated that this 
heterogeneous behaviour with depth has a seasonal variation, and is smoothed during the 
low water period.  
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Fig. 4. Rio Madeira at Fazenda Vista Alegre on 22/05/1997 showing the variations with 
depth of water velocity (WV), suspended sediment concentration (SSC) and the discharge of 
suspended sediment (qS) for three vertical sampling profiles. Source: Filizola, 2003. 
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Another important point stems from the idea that stable river sections are good for water 
discharge determinations are good for TSS discharge determination as well. An 
interesting case about it has been presented by Filizola et al. (2009) at Manacapuru (Rio 
Solimões), a station used by Brazilian Agencies as a school site to conduct a yearly training 
course on large river water discharge measurement methods. Additionally, this site is also 
an SSC collection point. The authors showed that, at Manacapuru, geological structures, 
as described by Latrubesse et al. (2002), continue into the river channel and create bottom 
irregularities that influence the water movement. This movement causes heterogeneous 
behaviour of the surface SSC compared to that on the bottom. The surface results can be 
viewed by satellite images with “in situ” data confirming the image impressions (Figure 
5). The resulting plume of suspended sediment from the phenomenon varies seasonally 
(Filizola et al. 2009). 
 

 
 

 
Fig. 5. A satellite image with the plume marked by Filizola et al. (2009) with the “in situ” 
results from the total suspended sediment collected at the water surface. 
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Some sampling methods and calculations were evaluated by Filizola and Guyot (2004) for 
the Óbidos station and for other stations in the basin by Filizola and Guyot in 2009, with the 
aim to reconcile the different methods and approaches used. For the test conducted at 
Óbidos, Filizola and Guyot used three types of depth samplers: one 8-liter collapsible bag 
depth integrator, a Brazilian model of the US P-63 adapted to the Amazonian rivers 
conditions (deep sections, high water velocities and discharge), and a 12-liter point 
horizontal oceanographic sampler, also adapted to the Amazonian rivers conditions. Surface 
sediments were sampled using a simple bucket, and a Doppler device was used for water 
discharge determination, and to test its use to determine suspended sediment discharge. 
Sampling surface sediments was carried out to test whether they represent the total 
suspended sediment discharge. Using the different samplers, the results showed a very 
small difference between all samplers when using the same QS calculation procedures. The 
relationship between the surface and total suspended solids was found to be, on average, 
28%. It means that, in average, the SSC of a sample obtained in Óbidos at the water surface 
represents 72% of the total suspended sediment concentration. However, this relationship 
cannot be extended over the whole hydrological year, because it varies seasonally.  
Another important question to be answered is that of the SSC variability with depth. Filizola 
(2003) showed that increasing SSC with depth does not always correspond to an increase in 
vertical SSC discharge (qS). Using Doppler data combined with SSC data, Figure 4 was 
created as an example from the Rio Madeira at Fazenda Vista Alegre. It can be seen that SSC 
values increase with depth, but qS values do not follow suit. The qS value seems to be 
influenced by the water velocity component. Filizola (2003) also demonstrated that this 
heterogeneous behaviour with depth has a seasonal variation, and is smoothed during the 
low water period.  
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Fig. 4. Rio Madeira at Fazenda Vista Alegre on 22/05/1997 showing the variations with 
depth of water velocity (WV), suspended sediment concentration (SSC) and the discharge of 
suspended sediment (qS) for three vertical sampling profiles. Source: Filizola, 2003. 
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Another important point stems from the idea that stable river sections are good for water 
discharge determinations are good for TSS discharge determination as well. An 
interesting case about it has been presented by Filizola et al. (2009) at Manacapuru (Rio 
Solimões), a station used by Brazilian Agencies as a school site to conduct a yearly training 
course on large river water discharge measurement methods. Additionally, this site is also 
an SSC collection point. The authors showed that, at Manacapuru, geological structures, 
as described by Latrubesse et al. (2002), continue into the river channel and create bottom 
irregularities that influence the water movement. This movement causes heterogeneous 
behaviour of the surface SSC compared to that on the bottom. The surface results can be 
viewed by satellite images with “in situ” data confirming the image impressions (Figure 
5). The resulting plume of suspended sediment from the phenomenon varies seasonally 
(Filizola et al. 2009). 
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Regarding not only the suspended sediment transport, but also the bedload transport, 
important work was performed by Strasser (2008). He quantified the geometry, sediment 
transport and dynamics associated with the riverbed configuration of the main course of the 
Rio Solimões/Amazonas. He reported that, in the Brazilian Amazon territory, dunes are the 
prevailing bedform along the fluvial reach of the Rio Amazonas with heights that ranged 
from 0.2 to 12.0 meters and wavelengths of up to 400 meters. The main characteristics of the 
dune geometry (height and wavelength) remains practically unaltered throughout the year. 
Using dune geometry and migration measured in different stretches of the river, Strasser 
(2008) estimated the bedload transport to be 4 106 to 5 106t yr-1 between the Iracema, near the 
city of Itacoatiara at the Rio Amazonas a few kilometres before the mouth of Rio Madeira, 
and the Óbidos stations, which represents less than 1% of the total sediment transport of the 
Rio Amazonas. 
All of the numbers produced in terms of suspended sediment concentration and discharge 
as well as all of the related phenomena seem to indicate that additional research still needs 
to be conducted with more emphasis on the processes and factors that control the transport 
of suspended sediment through the Amazonian rivers. Knowledge of the processes will 
provide a better understanding not only of the Amazonas contributions to the ocean, but 
will also aid to understanding the importance of tributaries..  

5. New technique contributions 
In situ networks with stations systematically collecting samples on suspended sediment 
concentrations and also non-systematic field cruisers performing detailed surveys will 
continue to be useful and important tools. However, new techniques can contribute, in 
terms of improving the capacities of remote analysis (in time and space), or estimating a 
more long-term average of sediment load transportation in the Amazon Basin by using 
cosmogenic nuclides. 

5.1 Satellite approach, an example using MODIS sensors 
Using satellite techniques, reflectance of the inland water turbidity can be useful to 
suspended sediment transport studies. A reflectance wavelength of 700 to 800 nm agrees 
with SSC in turbid inland waters as described by Martinez et al. (2009). These authors 
successfully tested this correlation and spaceborne sensors, such as MODIS, which are 
promising methods to monitor inland water, in the Amazon basin. These sensors offer 
spatial resolution and spatial coverage that is compatible with the dimensions of Amazonian 
River system and allow for fine temporal resolution. 
The methodology proposed by Martinez et al. (2009) used five atmospherically corrected 
surface reflectance products from the Terra and Aqua MODIS spaceborne sensors. They 
used composite images with the following considerations: i) the 8-day composite is 
compatible with the 10-day field measurement sampling frequency (the ORE/HYBAM data 
set); ii) the amount of data to be analysed is reduced because a large number of daily images 
cannot be taken due to persistent cloud cover; and iii) the directional reflectance effects and 
atmospheric artefacts are significantly reduced. For each date, the composites from Terra 
and Aqua were automatically scanned, and the image with the lowest cloud coverage was 
selected. When both composites exhibited low cloud coverage, the composite acquired with 
the lowest satellite viewing angle was preferred. A pixel-based river mask covering nearly 
10,000 pixels was manually outlined over the tested station (Óbidos) to automatically extract 
the reflectance in each MODIS image.  
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The surface reflectance data appeared to be robustly linked to the suspended sediment 
concentration at the river surface over a large range of concentrations and for several 
consecutive hydrological cycles (Martinez et al. 2009). Thus, MODIS data can be useful as an 
operational tool to provide more observations in a poorly gauged basin, especially the large 
rivers, by combining excellent temporal resolution and fine calibration quality. This 
technique can also be used to map SSC superficial dispersion in the main stream and to 
observe the impact of tributaries. However, the authors emphasise that the quest for a 
universal algorithm for suspended sediment retrieval from satellite data is never likely to 
succeed. This is because the scattering efficiency of suspended particles is very much a 
function of the average particle size and is quite variable from one catchment to another. 
Thus, the local calibration of satellite data would have to be developed and tested for each 
river basin. 

5.2 Cosmogenic nuclide-produced 10Be used to derive long-term sediment loads 
The cosmogenic nuclide-produced method to derive denudation (or erosion) rates is a 
useful tool for estimating long-term sediment loads. 10Beryllium (T1/2 = 1.39 Myr) is the most 
widely used cosmogenic nuclide for studying the processes that shape the Earth’s surface 
despite the fact that very low nuclide abundance requires time-consuming chemical 10Be 
enrichment and costly accelerator mass spectrometer (AMS) analysis. 10Be is produced in 
situ within mineral lattices (e.g., quartz) through the interaction of cosmic rays, and its 
production is altitude-dependent (Lal, 1991). In situ-produced 10Be accumulates in near-
surface deposits over time such that the concentration of the nuclide is related to both the 
age and stability of the surface (Lal, 1991). The accumulation rate of 10Be is thereby inversely 
proportional to the erosion rate of the surface, if the erosion process has been taking place 
for a period that is long compared to the erosion time scale z*/ (see Figure 6A). This time 
scale is equivalent to the time it takes to erode ~60 cm of silicate rocks, which is a depth 
where the intensity of cosmic irradiation is reduced by a factor of 1/e through interaction 
with the material. In this case, the production of nuclides equals the removal of nuclides at 
the surface by erosion (“cosmogenic steady-state”) and a basin-wide rate (i.e., the total rate 
of chemical and physical removal from the surface) can be calculated. At the same time, this 
basin-wide rate integrates over all spatially variable erosion rates within a single basin 
following the concept of “Let nature do the averaging” (see Figure. 6A). More 
comprehensive synopses of cosmogenic nuclides and their applications are given by Gosse 
and Phillips (2001), Bierman and Nichols (2004), von Blanckenburg (2005), and Granger and 
Riebe (2007).  
Basin-wide erosion rates from cosmogenic nuclide concentrations are normally derived 
from actively eroding hillslope settings, where no storage occurs.  Long-term sediment 
storage in large depositional basins might violate the assumption of cosmogenic steady 
state, and may result in (i) additional nuclide production when exposed to cosmic rays or (ii) 
the loss of nuclides during decay when sediment is prone to deep burial and shielding from 
cosmic rays. However, under certain prerequisites, it is possible to correct cosmogenic 
nuclide-derived erosion rates in lowland basins to yield rates that are not affected by low 
elevation, depositional areas. This concept is summarised in Figure 6 where production 
rates of nuclides are altitude-dependent. Thus, the average basin-wide production rate 
decreases with increasing lowland (low-elevation) area. Additionally, the modeling of 
cosmogenic nuclide concentrations in lowland areas (Wittmann and von Blanckenburg,  
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Regarding not only the suspended sediment transport, but also the bedload transport, 
important work was performed by Strasser (2008). He quantified the geometry, sediment 
transport and dynamics associated with the riverbed configuration of the main course of the 
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provide a better understanding not only of the Amazonas contributions to the ocean, but 
will also aid to understanding the importance of tributaries..  
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continue to be useful and important tools. However, new techniques can contribute, in 
terms of improving the capacities of remote analysis (in time and space), or estimating a 
more long-term average of sediment load transportation in the Amazon Basin by using 
cosmogenic nuclides. 

5.1 Satellite approach, an example using MODIS sensors 
Using satellite techniques, reflectance of the inland water turbidity can be useful to 
suspended sediment transport studies. A reflectance wavelength of 700 to 800 nm agrees 
with SSC in turbid inland waters as described by Martinez et al. (2009). These authors 
successfully tested this correlation and spaceborne sensors, such as MODIS, which are 
promising methods to monitor inland water, in the Amazon basin. These sensors offer 
spatial resolution and spatial coverage that is compatible with the dimensions of Amazonian 
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surface reflectance products from the Terra and Aqua MODIS spaceborne sensors. They 
used composite images with the following considerations: i) the 8-day composite is 
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The surface reflectance data appeared to be robustly linked to the suspended sediment 
concentration at the river surface over a large range of concentrations and for several 
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operational tool to provide more observations in a poorly gauged basin, especially the large 
rivers, by combining excellent temporal resolution and fine calibration quality. This 
technique can also be used to map SSC superficial dispersion in the main stream and to 
observe the impact of tributaries. However, the authors emphasise that the quest for a 
universal algorithm for suspended sediment retrieval from satellite data is never likely to 
succeed. This is because the scattering efficiency of suspended particles is very much a 
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despite the fact that very low nuclide abundance requires time-consuming chemical 10Be 
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scale is equivalent to the time it takes to erode ~60 cm of silicate rocks, which is a depth 
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with the material. In this case, the production of nuclides equals the removal of nuclides at 
the surface by erosion (“cosmogenic steady-state”) and a basin-wide rate (i.e., the total rate 
of chemical and physical removal from the surface) can be calculated. At the same time, this 
basin-wide rate integrates over all spatially variable erosion rates within a single basin 
following the concept of “Let nature do the averaging” (see Figure. 6A). More 
comprehensive synopses of cosmogenic nuclides and their applications are given by Gosse 
and Phillips (2001), Bierman and Nichols (2004), von Blanckenburg (2005), and Granger and 
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Basin-wide erosion rates from cosmogenic nuclide concentrations are normally derived 
from actively eroding hillslope settings, where no storage occurs.  Long-term sediment 
storage in large depositional basins might violate the assumption of cosmogenic steady 
state, and may result in (i) additional nuclide production when exposed to cosmic rays or (ii) 
the loss of nuclides during decay when sediment is prone to deep burial and shielding from 
cosmic rays. However, under certain prerequisites, it is possible to correct cosmogenic 
nuclide-derived erosion rates in lowland basins to yield rates that are not affected by low 
elevation, depositional areas. This concept is summarised in Figure 6 where production 
rates of nuclides are altitude-dependent. Thus, the average basin-wide production rate 
decreases with increasing lowland (low-elevation) area. Additionally, the modeling of 
cosmogenic nuclide concentrations in lowland areas (Wittmann and von Blanckenburg,  
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Fig. 6. (A): Illustration of the “Let Nature do the Averaging” concept for cosmogenic 
nuclide-derived basin-wide erosion rates; modified from von Blanckenburg (2005); (B): 
Concept of correction applied to cosmogenic nuclide-derived erosion rates in lowland 
basins; modified from Wittmann et al. (2011); and (C): Sediment loads (Mt/yr) in the 
Amazon basin calculated from cosmogenic nuclide-derived erosion rates (QCN) compared 
to published modern loads from gauging (QM); modified from Wittmann et al. (2011). For 
QM-related references, the reader is referred to Wittmann et al., 2011. 

2009) and the testing of the model in a large Amazonian tributary (Wittmann et al., 2009) 
have shown that the concentration of long-lived nuclides (e.g., 10Be) contained in headwater 
sediment is not prone to change due to storage in depositional areas of the basin. Thus, 
uniform nuclide concentrations from the sediment source area to the floodplain are 
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expected. As a result of decreasing production rates, uniform nuclide concentrations 
translate into decreasing basin-wide erosion rates. As this effect is only caused by 

decreasing production rates, erosion rates may be corrected using the production rate of the 
sediment source area only (i.e., to be “floodplain-corrected”). A prerequisite for this 
correction is that the cosmogenic signal of the sediment-producing area is preserved in the 
floodplain, which is the case when sediment storage is shorter than the nuclides half-life 
(Wittmann and von Blanckenburg, 2009).  
In the central Amazonian lowlands, cosmogenic nuclide concentrations resemble those 
measured in the sediment source areas (Andes, cratonic Shields). Thus, erosion rates for the 
entire basin may be calculated, which integrate over the time it takes the sediment to be 
transported through the basins, i.e., 5-15 kyr (Dosseto et al., 2006; Mertes and Dunne, 2007). 
These erosion rates can be converted to loads using the sediment density and can then be 
compared to decade-scale, gauging-derived sediment loads (see Figure 6). This comparison 
yields an average factor of ~2 agreements between QCN and QM, which could be due to 
stable erosion rates in the sediment source areas over the last 5-15 kyr until today, despite 
changes in climate. Additionally, the slightly better overall agreement between QCN and 
QM in central Amazonia in comparison to the source areas could be caused by the buffering 
capability of the large Amazon floodplain (Métivier and Gaudemer, 1999). Changes in 
Amazon River sediment output fluxes, as measured by long-term cosmogenic nuclides or 
short-term gauging, could have been stabilised over the last millennia by a persistent, 
accommodation-dominated floodplain. 

6. Conclusions  
Sediment transport is part of natural processes undergoing in river basins, and the rivers are 
the natural ways to transport suspended sediments from the continent to the ocean. This 
chapter showed that since 1950 the Amazon basin suspended sediment transport has been 
studied by several scientific groups. Therefore, different results have been presented. These 
results were obtained from different data sets, sampling and calculation methods. They 
came not only from several multidisciplinary scientific projects, which operates since the 
1970, but also from local hydrometric networks providing long-term data. Now, with the 
help of all these previous works, it is possible to indicate with more certitude that the 
suspended sediment flux from the Amazonas to the Ocean is lower than 900 106 ton.yr-1. 
The value cited above was indicated thanks to the progressive evolution of scientific works 
and also by an intensive and more frequent sampling procedure, especially done since the 
year 2000. These data permit a more efficient evaluation about hydrology scenario and its 
importance to the sediment discharge variability, especially at central Amazonian region. 
This scenario marks the importance of the biggest Amazon tributaries (Rio Negro and Rio 
Madeira) to modulate the Rio Amazonas SSC flux at Óbidos (~ 700km to the mouth). New 
techniques, using satellite data or cosmogenic nuclide, helps to reinforce these results, open 
other perspectives to the theme and also reinforce that the huge distance between the 
Amazon River sources in the Andes and its mouth in the Atlantic Ocean makes possible the 
co-existence of erosion, deposition and re-suspension processes at different scales in time 
and space.  
The transport of suspended sediment is a product of erosion, and erosion and deposition 
processes within a basin depend heavily on factors such as climate and relief. In Amazonia, 
the western landscape acts as an important driving mechanism of climate, and the gradient 
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Fig. 6. (A): Illustration of the “Let Nature do the Averaging” concept for cosmogenic 
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Concept of correction applied to cosmogenic nuclide-derived erosion rates in lowland 
basins; modified from Wittmann et al. (2011); and (C): Sediment loads (Mt/yr) in the 
Amazon basin calculated from cosmogenic nuclide-derived erosion rates (QCN) compared 
to published modern loads from gauging (QM); modified from Wittmann et al. (2011). For 
QM-related references, the reader is referred to Wittmann et al., 2011. 
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expected. As a result of decreasing production rates, uniform nuclide concentrations 
translate into decreasing basin-wide erosion rates. As this effect is only caused by 

decreasing production rates, erosion rates may be corrected using the production rate of the 
sediment source area only (i.e., to be “floodplain-corrected”). A prerequisite for this 
correction is that the cosmogenic signal of the sediment-producing area is preserved in the 
floodplain, which is the case when sediment storage is shorter than the nuclides half-life 
(Wittmann and von Blanckenburg, 2009).  
In the central Amazonian lowlands, cosmogenic nuclide concentrations resemble those 
measured in the sediment source areas (Andes, cratonic Shields). Thus, erosion rates for the 
entire basin may be calculated, which integrate over the time it takes the sediment to be 
transported through the basins, i.e., 5-15 kyr (Dosseto et al., 2006; Mertes and Dunne, 2007). 
These erosion rates can be converted to loads using the sediment density and can then be 
compared to decade-scale, gauging-derived sediment loads (see Figure 6). This comparison 
yields an average factor of ~2 agreements between QCN and QM, which could be due to 
stable erosion rates in the sediment source areas over the last 5-15 kyr until today, despite 
changes in climate. Additionally, the slightly better overall agreement between QCN and 
QM in central Amazonia in comparison to the source areas could be caused by the buffering 
capability of the large Amazon floodplain (Métivier and Gaudemer, 1999). Changes in 
Amazon River sediment output fluxes, as measured by long-term cosmogenic nuclides or 
short-term gauging, could have been stabilised over the last millennia by a persistent, 
accommodation-dominated floodplain. 

6. Conclusions  
Sediment transport is part of natural processes undergoing in river basins, and the rivers are 
the natural ways to transport suspended sediments from the continent to the ocean. This 
chapter showed that since 1950 the Amazon basin suspended sediment transport has been 
studied by several scientific groups. Therefore, different results have been presented. These 
results were obtained from different data sets, sampling and calculation methods. They 
came not only from several multidisciplinary scientific projects, which operates since the 
1970, but also from local hydrometric networks providing long-term data. Now, with the 
help of all these previous works, it is possible to indicate with more certitude that the 
suspended sediment flux from the Amazonas to the Ocean is lower than 900 106 ton.yr-1. 
The value cited above was indicated thanks to the progressive evolution of scientific works 
and also by an intensive and more frequent sampling procedure, especially done since the 
year 2000. These data permit a more efficient evaluation about hydrology scenario and its 
importance to the sediment discharge variability, especially at central Amazonian region. 
This scenario marks the importance of the biggest Amazon tributaries (Rio Negro and Rio 
Madeira) to modulate the Rio Amazonas SSC flux at Óbidos (~ 700km to the mouth). New 
techniques, using satellite data or cosmogenic nuclide, helps to reinforce these results, open 
other perspectives to the theme and also reinforce that the huge distance between the 
Amazon River sources in the Andes and its mouth in the Atlantic Ocean makes possible the 
co-existence of erosion, deposition and re-suspension processes at different scales in time 
and space.  
The transport of suspended sediment is a product of erosion, and erosion and deposition 
processes within a basin depend heavily on factors such as climate and relief. In Amazonia, 
the western landscape acts as an important driving mechanism of climate, and the gradient 
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relief has an important effect on the erosion and deposition processes between the highlands 
and the exit of the basin. However, anthropogenic factors also play an important role in 
those processes. Within this context, Allen (2008) suggested that the sum of physical, 
chemical and biological processes that shape the Earth’s surface and drive its mass fluxes, 
affecting suspended sediment transport; need to be investigated over the so-called human 
timescale. Additionally, integration over larger spatial and temporal scales needs to be 
performed. More complexity is thereby added by human actions, when aiming at studying 
the processes that shape our Earth’s surface, and thus an increasing need arises for new 
monitoring systems and new techniques. In today’s Amazonia, the environmental scenario 
reflects challenges especially concerning to water resource management, with integration 
techniques studies under development. To do so, the suspended sediment transport by 
rivers is an important issue to be included on that kind of integration.  
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relief has an important effect on the erosion and deposition processes between the highlands 
and the exit of the basin. However, anthropogenic factors also play an important role in 
those processes. Within this context, Allen (2008) suggested that the sum of physical, 
chemical and biological processes that shape the Earth’s surface and drive its mass fluxes, 
affecting suspended sediment transport; need to be investigated over the so-called human 
timescale. Additionally, integration over larger spatial and temporal scales needs to be 
performed. More complexity is thereby added by human actions, when aiming at studying 
the processes that shape our Earth’s surface, and thus an increasing need arises for new 
monitoring systems and new techniques. In today’s Amazonia, the environmental scenario 
reflects challenges especially concerning to water resource management, with integration 
techniques studies under development. To do so, the suspended sediment transport by 
rivers is an important issue to be included on that kind of integration.  
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1. Introduction 
Prolonged drought and increased water demands because of population growth have led to 
water storages. In Australia, the introduction of permanent water restrictions in urban areas 
and water conservation education programs have resulted in increased uptake of rainwater 
tanks as an alternative water source at the household scale. While there is in-depth 
understanding of the water savings that can be attributed to the substitution of mains water 
by water from rainwater tanks, there is limited understanding of the quality of the water 
and sediment collected in the tanks.  This chapter provides information on tank water and 
sediment quality gained through field work, a laboratory investigation and development of 
a mathematical model. 
The layout of this chapter is as follows. Section 1.1 describes the rainwater tanks design 
while Section 1.2 provides background information for this work on water quality in 
rainwater tanks in residential areas. Section 2 explains the series of methods employed to 
collect and analyse the sediment in rainwater tanks, while Section 3 presents the series of 
results for sediment quality in the tanks, including a summary of the experimental program 
implemented to understand the factors affecting sediment re-suspension from rainwater 
tanks, the results of leaching tests and development of a model. The implications of these 
results on rainwater tanks sediment quality are brought together in Section 4, discussion 
and 5, conclusions.  

1.1 Background – The design of an urban rainwater tank 
A typical urban rainwater tank system layout in Australia consists of the following 
components: rainwater is collected from the roof and conveyed directly to the rainwater 
tank through an inlet pipe positioned at the top of the tank. Water from the tank is supplied 
to the end use through an outlet situated close to the base of the tank. The outlet can be 
located anywhere between 50 mm to 600 mm above the tank base. The inlet/outlet 
configuration focuses on maximising the storage capacity in the tank, without considering 
water quality implications. The tank overflow is connected to the urban stormwater system.  
The rainwater tank acts as a sedimentation tank between the rain events, being reported to 
improve water quality from inlet to outlet (Coombes et al. 2000). There are, however, 
significant differences between storage and sedimentation tanks (Magyar et al. 2006) 
because of the unsteady flow effects (Vaes 1995) into a rainwater tank. A sedimentation tank 
needs to satisfy certain conditions, such as: a low velocity inflow, ideally horizontal, is 
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and water conservation education programs have resulted in increased uptake of rainwater 
tanks as an alternative water source at the household scale. While there is in-depth 
understanding of the water savings that can be attributed to the substitution of mains water 
by water from rainwater tanks, there is limited understanding of the quality of the water 
and sediment collected in the tanks.  This chapter provides information on tank water and 
sediment quality gained through field work, a laboratory investigation and development of 
a mathematical model. 
The layout of this chapter is as follows. Section 1.1 describes the rainwater tanks design 
while Section 1.2 provides background information for this work on water quality in 
rainwater tanks in residential areas. Section 2 explains the series of methods employed to 
collect and analyse the sediment in rainwater tanks, while Section 3 presents the series of 
results for sediment quality in the tanks, including a summary of the experimental program 
implemented to understand the factors affecting sediment re-suspension from rainwater 
tanks, the results of leaching tests and development of a model. The implications of these 
results on rainwater tanks sediment quality are brought together in Section 4, discussion 
and 5, conclusions.  

1.1 Background – The design of an urban rainwater tank 
A typical urban rainwater tank system layout in Australia consists of the following 
components: rainwater is collected from the roof and conveyed directly to the rainwater 
tank through an inlet pipe positioned at the top of the tank. Water from the tank is supplied 
to the end use through an outlet situated close to the base of the tank. The outlet can be 
located anywhere between 50 mm to 600 mm above the tank base. The inlet/outlet 
configuration focuses on maximising the storage capacity in the tank, without considering 
water quality implications. The tank overflow is connected to the urban stormwater system.  
The rainwater tank acts as a sedimentation tank between the rain events, being reported to 
improve water quality from inlet to outlet (Coombes et al. 2000). There are, however, 
significant differences between storage and sedimentation tanks (Magyar et al. 2006) 
because of the unsteady flow effects (Vaes 1995) into a rainwater tank. A sedimentation tank 
needs to satisfy certain conditions, such as: a low velocity inflow, ideally horizontal, is 
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required to enhance settling of particles, while careful selection of inlet and outlet positions 
is required to avoid turbulence (Tchobanoglous and Burton 1991). None of these factors 
traditionally considered in a sedimentation tank design match the rainwater tank design 
described in this study, therefore requires further investigation.  
To maximise utilisable volume of water from the tank, the outlet pipe is positioned as close 
as possible to the base of the tank. At the same time, for effective water savings, rainwater 
tanks are connected to end uses that constantly withdraw water from the tank, so that 
storage capacity is available to capture the next rain event. This, combined with the use of 
smaller volume rainwater tanks in the urban environment, has the potential to reduce the 
depth of water above any accumulated sediment. As the inflow is located at the top of the 
rain tank, there is potential that accumulated sediment is resuspended during inflow (rain 
events) and that the outflow water will be contaminated by the re-suspended sediment. 
Therefore, characterisation of sediment in rainwater tanks is important, as metals from roof 
materials and environmental pollution accumulate over time in the tank. The metals are of 
interest because they can be toxic to humans when water containing those metals is drunk 
or used for high contact end uses, such as showering. 
There are limited studies investigating the sediment processes taking place in an urban 
rainwater tank, such as: sedimentation rate, accumulation rate, the potential of sediment 
and attached heavy metals being mixed and re-suspended and ultimately delivered to the 
end use. There are no studies investigating the implication of the current type of tank design 
and position of inlet and outlet, nor investigation of the potential for metals to leach from 
sediment. Recent studies highlighted knowledge gaps in our understanding of processes 
occurring in rain tanks (Evans et al. 2006) and knowledge gaps in sediment re-suspension 
and precipitation processes in rainwater tanks (Spinks et al. 2003). 
There are no guidelines recommended values for water or sediment quality from rainwater 
tanks. Therefore, in order to compare quality of water or sediment from the urban tanks, a 
number of other relevant guidelines were considered. These guidelines were the Australian 
Drinking Water Guideline (NHMRC & NRMMC 2004), the Recreational Water Guidelines 
(ANZECC and ARMCANZ 2000), the Agricultural Irrigation Guidelines (ANZECC and 
ARMCANZ 2000) and for sediment comparison, the EPA Victoria guidelines (EPA Victoria 
2007). The ADWG have the same recommended values for metals as the WHO international 
guidelines (WHO 2004). 

1.2 Background - Water quality in rainwater tanks in suburban areas of Melbourne 
To understand the variability of water quality, nine rainwater tanks were investigated, 
with three sampling rounds over a two year period (Magyar et al. 2006; 2007; 2008). The 
tanks were located in suburban areas of Melbourne (Fig. 1). Characteristics of the nine 
tanks are described in Table 1 and in more detail elsewhere (Magyar et al. 2006; 2007; 
2008). Water from the tanks was used for residential outdoor uses (including irrigation 
and car washing). 
A summary of the water quality from the nine tanks for the three sampling rounds (2006, 
2007, 2008) is compared to the Australian Drinking Water Guideline (ADWG) (NHMRC & 
NRMMC 2004); the Recreational Water Guideline (RWG) (ANZECC and ARMCANZ 2000); 
the Agricultural Irrigation Guidelines for long term trigger values (up to 100 years) (AIG-
LTV) and for short term trigger (up to 20 years) (AIG-STV) (ANZECC and ARMCANZ 
2000) (Table 2). Both the AIG-LTV and AIG-STV assume that the annual application of 
irrigation water is 1000 mm, that contaminants are retained in the top 150 mm of soil and 
that soil bulk density is 1300 kg/m3. 
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ID Location Roof 
material 

Tank 
material 

Size, 
m3 

Outlet 
height 

from base, 
mm 

Distance 
to road, 

m 

Tank 
age, 

years 
Maintenance 

S1 Doveton PT, PPS, 
ZnAL PVC 4.5 100 15 3 Once a year 

S2 Brunswick PVC PVC 2.25 90 50 >3 Very rarely 
S3 Brunswick GI PVC 2.75 50 50 >3 Very rarely 
S4 Brunswick GI ZnAl 2 40 50 >3 Very rarely 
S5 Brunswick Tiles FC 23 150 50 20 Very rarely 
S6 Brunswick Tiles PVC 2.25 60 50 >5 Very rarely 
S7 Northcote Tiles PVC 2.27 40 15 3.4 Once/2 years 
S8 Northcote ZnAl ZnAl 2 35 15 4 months New tank 

S9 Northcote PM St.St. 0.23 30 15 7 Once/1.5 
year 

PT: painted tiles; PPS: pre-painted steel; GI- galvanised iron; ZnAl: 55% Aluminium zinc coated steel;  
St.St: stainless steel. 

Table 1. Rainwater tanks characteristics 

 

 
Fig. 1. Location of the rainwater tanks (Brunswick, Northcote and Doveton) in metropolitan 
Melbourne (denoted by the grey shaded area), Australia  

Water from the nine rainwater tanks was found contaminated with several heavy metals: 
aluminium (Al), cadmium (Cd), iron (Fe), nickel (Ni), lead (Pb) and zinc (Zn). None of the 
nine tanks was found to meet the ADWG at all times, with concentrations of Al, Cd, Fe, Ni, 
Pb and Zn exceeding recommended levels for drinking or recreational guideline values. Of 
particular concern were the high concentrations of Pb in the tank water which were 
consistently above the acceptable limits, therefore the discussion in this paper will focus on 
Pb. Metals concentrations did not necessarily increase over time, suggesting that several 
factors may have contributed to metals behaviour, including: the water level in the tank at 
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the time of sampling, pH of the water, oxygen content and ionic composition in the water 
column and sediment level and quality in the tank.  
Although analysis was undertaken to identify environmental or local conditions leading to 
water quality variations in the tank, no specific directions were found.  
 

  Al Cd Cr Cu Fe Mn Ni Pb Zn 

  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

Detection limits and guidelines values 

DL 0.002 0.0007 0.0006 0.0003 0.0003 0.0002 0.0004 0.0006 0.0006 

ADWG 0.2 0.002 0.05 1 0.3 0.1 0.02 0.01 3 

RWG 0.2 0.005 0.05 1 0.3 0.1 0.1 0.05 5 

AIG-LTV 5 0.01 0.1 0.2 0.2 0.2 0.2 2 2 

Water quality results 

20
06

 
sa

m
pl

in
g Min <DL <DL <DL 0.005 0.069 0.002 0.001 0.003 0.374 

Mean 0.339 0.004 0.002 0.085 0.191 0.009 0.004 0.047 1.139 

Max 0.616 0.004 0.003 0.596 0.805 0.018 0.016 0.348 3.123 

20
07

 
sa

m
pl

in
g Min <DL <DL <DL 0.001 0.025 0.004 0.002 0.080 0.204 

Mean 0.106 0.020 0.012 0.083 0.141 0.024 0.006 0.147 1.935 

Max 0.376 0.027 0.012 0.294 0.496 0.060 0.013 0.251 6.495 

20
08

 
sa

m
pl

in
g Min 0.072 <DL <DL 0.005 0.057 0.008 <DL 0.005 0.212 

Mean 0.228 0.035 0.070 0.086 0.366 0.035 0.030 0.041 0.838 

Max 0.876 0.103 0.139 0.298 1.606 0.092 0.138 0.114 1.614 

DL: detection limit 

Table 2. Water quality in nine suburban rainwater tanks   

Fractionation (>63 μm, 0.45-63 μm and <0.45 μm) of the water samples revealed that metals 
were still found in particulate form in suspension, although sampling took place during 
steady conditions of no flows in the tanks (sampling was at least one day after a rain event). 
An example of Pb fractionation is shown in Fig. 2, where it can be observed that 0 to 80% 
was found in a dissolved form and the remainder (20-100%) was attached to particles in 
suspension.  
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Fig. 2. Fractionation of Pb in the water samples in 2006 (left) and 2007 (right) runs (Magyar 
2010); (>63 and 0.45-63 µm represent the particulate fraction while <0.45 µm represents the 
dissolved fraction) 
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Investigation of the pH in the tanks (Table 3) revealed that with the exception of one sample 
(pH= 8.1), water in the tanks was always acidic, with pH values ranging from 3.6 to 6.7. The 
pH measured values were similar to those observed in other studies where acidic pH in 
PVC rainwater tanks has been reported (Simmons et al. 2001; Coombes et al. 2002). The 
acidic pH in tanks was probably due to acidic rain events, as this was not unusual for 
Melbourne (Siriwardene et al. 2008) or in other places (Dean et al. 2005; Sabina et al. 2008). 
 

Site 2006 2007 2008 
S1 5.0 5.5 6.7 
S2 4.9 5.9 6.5 
S3 4.8 5.8 6.4 
S4 4.6 6.2 6.7 
S5 4.8 6.0 8.1 
S6 4.5 5.6 6.4 
S7 4.9 3.6 5.1 
S8 4.4 4.4 6.4 
S9 4.3 4.4 5.2 

Table 3. Measurement of pH in the tanks 

The variation of pH was found to contribute to the variation of dissolved concentrations of 
metals in the tanks’ water, with a higher dissolved metal concentration observed when pH 
was lower. The higher pH measured in the 2008 samples (Table 3) may explain the lower 
concentrations of Pb in water in the 2008  sampling compared with the 2007 sampling (Table 
2). This is because at higher pH (pH > 6), the fraction of dissolved Pb (Pb2+ ions) decreases 
and particle bound Pb is predominant with the settlement of Pb particles enhanced. 
An example of the distribution of Pb fractions in the nine tanks as a function of pH in the 
2007 sampling run is shown in Fig. 3, left. The dissolved and particulate (consisting of 0.45-
63 μm + > 63 μm) fractions of Pb were plotted as a function of the pH measured in the tank 
water. It can be seen that this is in good agreement with the theoretical calculated 
distribution of Pb fractions (Fig. 3, right) (Bodek et al. 1988). The measured results show that 
as the pH decreases below 5.5, the dissolved Pb phase is predominant. Fifty-six percent of 
water samples had a pH less than 5.5. 
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Fig. 3. Distribution of Pb fractions as a function of pH measured in this study (left) vs 
calculated distribution of Pb(II) hydroxy species as a function of pH and fraction of total 
dissolved lead (II) (Bodek et al. 1988) (right) 
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the time of sampling, pH of the water, oxygen content and ionic composition in the water 
column and sediment level and quality in the tank.  
Although analysis was undertaken to identify environmental or local conditions leading to 
water quality variations in the tank, no specific directions were found.  
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were still found in particulate form in suspension, although sampling took place during 
steady conditions of no flows in the tanks (sampling was at least one day after a rain event). 
An example of Pb fractionation is shown in Fig. 2, where it can be observed that 0 to 80% 
was found in a dissolved form and the remainder (20-100%) was attached to particles in 
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Fig. 2. Fractionation of Pb in the water samples in 2006 (left) and 2007 (right) runs (Magyar 
2010); (>63 and 0.45-63 µm represent the particulate fraction while <0.45 µm represents the 
dissolved fraction) 
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Fig. 3. Distribution of Pb fractions as a function of pH measured in this study (left) vs 
calculated distribution of Pb(II) hydroxy species as a function of pH and fraction of total 
dissolved lead (II) (Bodek et al. 1988) (right) 
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To better understand the water quality variations in the tank (as shown above), the 
investigation proceeded to sediment quality analyses, which are described below.  

2. Methodology 
In this section the method used for sediment sampling and analysis is described. First, grab 
samples from rainwater tanks are discussed; second, the continuous measurements of 
sediment accumulation; third, the chemical analysis used to test for metals in sediment; 
fourth, discussion of the particles size distribution in the tanks; fifth, the methods used for 
leaching tests are described; and sixth, the experimental procedures used to test sediment 
re-suspension are detailed. 

2.1 Rainwater tanks sediment grab sampling 
To determine the variability of metals in the sediment in rainwater tanks, grab samples of 
sediment from the nine urban tanks described above, were obtained three times over the 
two years period (2006 to 2008).  
Several challenges have been identified for sampling sediment in a rainwater tank, 
including (i) limited access to the base of the tank, from the top opening; (ii) a dark and 
confined sampling space that is under several meters of water; (iii) due to drought 
conditions and water restrictions imposed in Melbourne, tank owners were not keen to 
waste tank water for the purpose of sediment sampling; (iv) it was unclear whether 
sediment is evenly distributed over the base of the tank; (v) analyses required gentle 
handling of the sample, to avoid break-up of aggregates of particles or flocs and a minimum 
exposure to air (APHA/AWWA/WEF 1995) (vi) to avoid introducing contaminants from 
the sampler itself into the sediments sample, there were restrictions on the materials of 
construction (Murdoch and MacKnight 1994; APHA/AWWA/WEF 1995). 
An extensive literature review identified that there was no suitable sampling device 
available on the market; therefore the Magyar sediment sampler was designed for this 
project (Fig. 4). The Magyar sediment sampler is based on the Conbar telescopic dipper 
design (Forestry Suppliers Inc. 2005), but with a ladle designed to scrape sediment at the 
base of a flat tank and a lid designed to avoid losing sediment when the sample is retracted.  
  

 
Fig. 4. Magyar sediment sampler (Magyar 2010) 

2.2 Measuring sediment spatial distribution and accumulation in tanks 
The experiments were intended to provide information on the areas of the tank that act as 
accumulation zones and the ones that act as sediment transportation zones. Sediment spatial 
distribution over the base of the tank was measured by locating four sediment traps (Fig. 5, 
left) at the base of the tanks, in locations as shown in Fig. 5, right. The sediment traps were 
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designed with dimensions of 90 mm diameter and 50 mm height and were made of Perspex 
pipe.  The traps were inserted in tanks and sediment was collected every three months. 
During sediment collection, a lid was used (Fig. 5, left) to avoid losing sediment from the 
trap on retraction from the base of the tank.  The volume of accumulated sediment was 
measured with Imhoff cones.  
 

 

 

Fig. 5. Sediment traps (left); location of sediment traps at the base of the tanks (right); Traps are 
shown as dotted circles, inlet as a solid black circle and outlets as short parallel line segments 

2.3 Chemical analyses  
Sediment samples were taken immediately after collection to the Water Studies Centre 
laboratory, at Monash University, Australia. The sediment samples were fractionated in 
three wet fractions: >63 µm (very fine sand), between 0.45-63 µm (clay and silt) and <0.45 
µm (dissolved). The fractionated sediment samples were analysed for metals on a dry 
weight basis and were oven dried (at 105°C) and a pre-weighed sub-sample was acid 
digested with Suprapur nitric acid. Each fraction was acid digested for analysis of metals 
ions and for analyses of total concentrations of Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn 
according to Standard Methods 3030D and 3120B (APHA/AWWA/WEF 1995). The method 
is a verified laboratory in-house method with a recovery between 80-120%. The samples 
were analysed for metals with an Inductively Coupled Plasma Optical Emission 
Spectrometer (ICP OES).  
For quality control, tests were also performed for blanks, duplicates, spikes and standard 
reference materials (SRMs) which represented at least 10% of the total number of samples 
per batch. The acceptable recovery for duplicates was 90-110 % and for SRMs and spikes 
was 80-120%. For the purposes of statistical and graphical presentation, results below ICP-
OES detection limit were taken as half of the detection limit.  

2.4 Particle size distribution   
The sediment samples were tested for particle size distribution (PSD) by the light scattering 
method, standard method 2560D (APHA/AWWA/WEF 1995), using a Mastersizer 2000 
instrument at a commercial laboratory (HRL Technology Pty Ltd) and a Beckman Coulter 
LS32 version 3.01 at CSIRO in Clayton, Victoria, Australia. In order to work within the 
sensor’s accuracy, both instruments required an obscuration rate of at least 20% in the 
sample mixing unit. If the obscuration was less than 20%, more sample volume was added 
in the mixing unit and if the obscuration was too high, the sample was diluted with 
deionised water. Prior to each test, the particle size characterization instruments were 
calibrated to give a linear alignment. Each sample was tested in triplicate, to avoid bias due 
to small volumes taken from the sampling bottle. The results show the mean values of these 
three tests. 
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2.5 Leaching tests 
Two analytical methods were used to test the potential of heavy metals to dissociate from 
sediment and contaminate the water column, as well as to contaminate ground water if they 
were disposed to land fill. These methods were: (i) a simplified sequential extraction of 
metals and (ii) the leaching of metals by Australian Standard Leaching Procedure (ASLP) 
(AS 4439.2 1997).  
The sequential extraction method was developed by Sahuquillo (1999) and Marqui (2004) 
who simplified the method developed by Tessier (1979). The method selectively extracts 
particulate trace metals into chemical forms likely to be released in solution under various 
environmental conditions. The simplified method included the analysis the three fractions 
shown in Table 4.  
 

Step  Fraction Procedure 

1 EX 
Acid extractable 
(exchangeable + 
bound to carbonates 

25 mL of 0.17 M acetic acid (pH 3), shaken for 16h 
at 20ºC 

2 OM Reducible (bound to 
Fe/Mn hydroxides) 

40 mL 0.1 M hydroxylamine-hydrochloride 
solution (pH1.5), shaken for 16 h at 20°C 

3 OX Oxidisable (bound to 
organic matter) 

5 mL of 30% H2O2 (pH 1.5), shaken for 1 h at 20°C; 
heat lightly covered to 85°C for 1 h; added 5 mL of 
30% H2O2 (pH 1.5) and reduced volume of solution 
at 85°C over 4-5 h; added 40 mL of 1 M ammonium 
acetate solution (pH 1.6), shaken for 16 h at 20°C. 

Note: All pH adjustments were done with 
concentrated HNO3  

Table 4. Chemical reagents and analytical conditions in the modified three-step sequential 
extraction procedure adopted after Sahuquillo et al. (1999) 

The sequential extraction method was undertaken for sediment in the 2007 sampling round. 
The prepared samples were then analysed for metals by using the ICP-OES with the quality 
control protocols as explained in Section 3.3. A more detailed description of the method is 
included in Magyar (2010). The following approach was adopted: 
Total particulate metal = EX + OX + OM + RES 
where, EX- fraction containing the Exchangeable + bound to carbonates fraction; OX- 
fraction bound to iron and manganese oxides; OM- fraction bound to organic matter; RES- 
fraction bound to the residual fraction. 
The EX, OX and OM fractions can be affected by changes in environmental conditions of the 
water in the tanks leading to release of the metals in a soluble form. These conditions 
include changes in: pH, the ionic composition, oxygen levels in the tank and temperature. 
The metal attached to the residual fraction is not expected to be released in solution for a 
longer (undetermined) period of time. 
The leaching tests by ASLP- Australian Standard Leaching Procedure were based on the EPA 
method 1311 (EPA Victoria 2007) and Australian Standards methods (AS 4439.2 1997; AS 
4439.3 1997). The leaching tests were undertaken for sediment samples in the 2008 round. 

2.6 Sediment re-suspension tests 
A series of experiments were undertaken to investigate the effects of rain tank design and 
variation of water level in the tank on sediment transport. A laboratory tank (Fig. 6) was 
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used for 16 experiments and sediment re-suspension was measured as total suspended 
solids in the water flowing from the tank.  
The analyses for total suspended solids (TSS) were performed according to standard method 
2540D (APHA/AWWA/WEF 1995) and the method detection limit was adopted as 0.5 mg/L. 
This high level of accuracy was obtained by using a 0.0001 g scale which was periodically 
calibrated and by employing additional quality assurance and control measures (Magyar 2010). 
 

 
Fig. 6. Schematic of the laboratory tank 

3. Results  
3.1 Total and fractionated sediment  
Results of total and fractionated metals concentrations are shown in Fig. 7, Fig. 8 and Fig. 9, 
for 2006, 2007 and 2008 sampling rounds respectively.  
For these figures, total metal concentration= metal attached to particles of 0.45-63 µm and 
>63 µm;  Fill material, Soil Category C and Soil category B are allowable concentration limits 
as per local EPA standards (EPA Victoria 2007); no guideline values are set for Al, Fe, Mn 
and total Cr. 
The results show that concentrations of Cd, Cu, Ni, Pb and Zn exceeded the maximum 
concentration allowed in sediment to be disposed of as fill material, classifying the tank 
sediment as ‘prescribed waste- contaminated soil category C’ (EPA Victoria 2007). In some 
of the tanks, the high concentrations of Pb (sites S5, S6, S7, S9) and Zn (site S2) exceeded 
these levels, being comparable with ‘prescribed waste-contaminated soil category B’. This 
meant that sediment from these tanks would have needed to be chemically immobilised (a 
process whereby the solubility, leachability, availability or reactivity of a waste and its 
components is reduced by chemical reaction and/or physical encapsulation in a solid 
matrix) (EPA Victoria 2007) prior to disposal to a licensed site for contaminated waste. 
The results of the 2008 sampling round (Fig. 9) show the total metal concentration in the 
sediment, as in this round sediment was not fractionated. Sites S5 and S8 were not accessible 
for sampling, therefore no results are shown for these two tanks. 
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components is reduced by chemical reaction and/or physical encapsulation in a solid 
matrix) (EPA Victoria 2007) prior to disposal to a licensed site for contaminated waste. 
The results of the 2008 sampling round (Fig. 9) show the total metal concentration in the 
sediment, as in this round sediment was not fractionated. Sites S5 and S8 were not accessible 
for sampling, therefore no results are shown for these two tanks. 
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Fig. 7. Total and fractionated metal concentrations in sediment samples (2006 sampling run) 
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Fig. 9. Total metal concentrations in sediment samples from the 2008 sampling run 

Although the samples were taken at 10 to 14 month intervals over a period of two years, the 
results from all three sampling rounds demonstrate that the sediment in rainwater tanks 
was contaminated with heavy metals. Since this sediment is not regularly removed through 
cleaning, it can become a source of pollution within the tanks.  
The contamination from sediment can occur in two ways: by chemical interactions, 
influenced by changes in pH (see Section 3.4) and by ways of physical movements which 
include sediment re-suspension during inflows (see Section 3.5). 

3.2 Sediment spatial distribution and accumulation   
Sediment accumulation was measured in five of the tanks (labelled S1, S2, S3, S5 and S6).  
Measurements were made in four periods over 1 year. The dates and length of each period 
are shown in Table 5 and an example of sediment appearance is shown in Fig. 10. 
 

Period Dates Number of days 
1 27 Sep 2006 – 20 Dec 2006 85 
2 21 Dec 2006 – 23 Mar 2007 93 
3 24 Mar 2007 – 21 Jun 2007 90 
4 22 Jun 2007 – 25 Sep 2007 96 

Table 5. Sediment accumulation measuring periods  
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Fig. 9. Total metal concentrations in sediment samples from the 2008 sampling run 

Although the samples were taken at 10 to 14 month intervals over a period of two years, the 
results from all three sampling rounds demonstrate that the sediment in rainwater tanks 
was contaminated with heavy metals. Since this sediment is not regularly removed through 
cleaning, it can become a source of pollution within the tanks.  
The contamination from sediment can occur in two ways: by chemical interactions, 
influenced by changes in pH (see Section 3.4) and by ways of physical movements which 
include sediment re-suspension during inflows (see Section 3.5). 

3.2 Sediment spatial distribution and accumulation   
Sediment accumulation was measured in five of the tanks (labelled S1, S2, S3, S5 and S6).  
Measurements were made in four periods over 1 year. The dates and length of each period 
are shown in Table 5 and an example of sediment appearance is shown in Fig. 10. 
 

Period Dates Number of days 
1 27 Sep 2006 – 20 Dec 2006 85 
2 21 Dec 2006 – 23 Mar 2007 93 
3 24 Mar 2007 – 21 Jun 2007 90 
4 22 Jun 2007 – 25 Sep 2007 96 

Table 5. Sediment accumulation measuring periods  
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For each period of sediment accumulation, sediment depth was measured in the sediment 
traps and converted to an annual rate in mm/year. The average measurements for each tank 
and for each period are shown in Fig. 11, along with the overall average for each tank 
(summarised in Table 5). The horizontal lines in Fig. 11 represent the average annual 
accumulation rate for each tank based on all four periods. 
 

  

   

Fig. 10. Example of sediment appearance in the traps and measurement in the Imhoff cones 
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Fig. 11. Annual accumulation rate for each tank for each period (also see Table 6) 
  

Tank Average annual accumulation rate (mm/year) 
S1 8.2 
S2 11.9 
S3 24.3 
S5 5.2 
S6 7.4 

Average 11.4 

Table 6. Average sediment accumulation rates  
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The average annual sediment accumulation rate for all samples was around 10 mm and this 
value was used in the laboratory tests presented in Section 3.5 for sediment thickness.  

3.3 Sediment particle size distribution 
The cumulative distribution of sediment particles from the nine tank is presented in Fig. 12, 
where some variation can be observed between the tank sediment. This is likely to be due to 
different local environmental conditions.  
Although the PSD of sediment presented here is only related to the nine tanks investigated, 
it gives valuable information about sediment characteristics in rainwater tanks, especially 
that no other information was available. These sediment characteristics were used in the 
laboratory experiments. 
 

 
Fig. 12. Sediment particle size distribution (S1, S2,...S9 as per Table1) 

3.4 Potential of metals to dissociate from sediment 
The chemical characterisation of metals attached to particles can give insight into the 
potential for these metals to detach from the particles in certain conditions and to become a 
free soluble ion. The results of the mean distribution of metals in the RES, EX, OM and OX 
fractions in tanks sediment is included in Table 7, where RES- residual fraction; OM- organic 
matter fraction; OX- Fe/Mn hydroxides fraction; EX- exchangeable and attached to 
carbonates fraction. The analysis was based on results from six tanks (sites S1, S2, S3, S4, S6 
and S9).  
Results in Table 7 demonstrate that although metals were attached to particles in sediment, 
a significant fraction (determined by the EX, OM and OX fractions) of the total was likely to 
become available and released in the water column due to changes in pH, ionic composition 
and oxygen levels in the water column.    
An example of Pb distribution along the studied fractions is shown in Fig. 13 and the 
distribution of all other metals can be found in Magyar (2010).  
Overall, the mean values for Pb showed that Pb in the particle range >63 μm was mostly  
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The average annual sediment accumulation rate for all samples was around 10 mm and this 
value was used in the laboratory tests presented in Section 3.5 for sediment thickness.  

3.3 Sediment particle size distribution 
The cumulative distribution of sediment particles from the nine tank is presented in Fig. 12, 
where some variation can be observed between the tank sediment. This is likely to be due to 
different local environmental conditions.  
Although the PSD of sediment presented here is only related to the nine tanks investigated, 
it gives valuable information about sediment characteristics in rainwater tanks, especially 
that no other information was available. These sediment characteristics were used in the 
laboratory experiments. 
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free soluble ion. The results of the mean distribution of metals in the RES, EX, OM and OX 
fractions in tanks sediment is included in Table 7, where RES- residual fraction; OM- organic 
matter fraction; OX- Fe/Mn hydroxides fraction; EX- exchangeable and attached to 
carbonates fraction. The analysis was based on results from six tanks (sites S1, S2, S3, S4, S6 
and S9).  
Results in Table 7 demonstrate that although metals were attached to particles in sediment, 
a significant fraction (determined by the EX, OM and OX fractions) of the total was likely to 
become available and released in the water column due to changes in pH, ionic composition 
and oxygen levels in the water column.    
An example of Pb distribution along the studied fractions is shown in Fig. 13 and the 
distribution of all other metals can be found in Magyar (2010).  
Overall, the mean values for Pb showed that Pb in the particle range >63 μm was mostly  
 



 
Sediment Transport in Aquatic Environments 

 

78

 Fraction Al Cd Cr Cu Fe Mn Ni Pb Zn 
RES 

 
0.45-63 µm 55% 67% 30% 22% 63% 55% 32% 43% 43% 

>63 µm 66% 42% 61% 41% 60% 41% 51% 29% 18% 
EX 

 
0.45-63 µm 2% 10% 1% 10% 1% 11% 10% 8% 24% 

>63 µm 1% 17% 1% 5% 1% 16% 6% 3% 30% 
OM 

 
0.45-63 µm 25% 7% 56% 48% 15% 14% 31% 15% 8% 

>63 µm 12% 9% 29% 24% 10% 12% 18% 17% 12% 
OX 

 
0.45-63 µm 18% 16% 13% 20% 22% 20% 28% 34% 25% 

>63 µm 21% 32% 10% 30% 30% 32% 25% 51% 41% 

Table 7. Mean distribution of metals in the RES, EX, OM, OX fractions  

attached to the OX fraction followed by RES, OM and EX fractions. In the particle range 
0.45-63 μm, Pb was distributed in the order RES, OX, OM and EX.  
As shown in Section 3.1, Pb concentration exceeded the EPA fill material recommended 
value in eight tanks (2007 sampling round) and Pb was predominantly found in the particle 
range >63 μm in all tanks.  
Sequential extraction of Pb in the fraction >63 μm (Fig. 14), established that more than half 
of the Pb was attached to the RES fraction in tanks from sites S1 (52%) and S7 (78%), but in 
all other tanks there was potential for Pb to dissociate from sediment in the order: S2 
(51%), S4 (53%), S3 (77%), S5 (91%), S6 (95%) and S9 (99%). Although the 0.45-63 μm 
particle range was found in a smaller percentage in the sediment, fractionation predicted 
that there was potential for Pb to dissociate from this fraction as well, between 4% (site S3) 
to 98% (site S9). 
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Fig. 13. Mean distribution of Pb in the RES, EX, OM, OX fractions (2007 sampling round) 
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The highest percentages of Pb associated with the EX fraction were found in tanks from sites 
S7, S6 and S9. Interestingly, these three tanks presented the highest total Pb concentration in 
the tank water in the same order, which now could be argued that it was due to dissociation 
of Pb from sediment in the tanks, as these tanks had also measured the lowest pH in the 
tank water (see Magyar 2010). 
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Fig. 14. Fractionation of Pb in sediment 

Tests for leaching by ASLP (see Section 2.5) for sediment in 2008 sampling round found that 
if pH would have decreased in tanks, metals from sediment would have had the potential of 
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The highest percentages of Pb associated with the EX fraction were found in tanks from sites 
S7, S6 and S9. Interestingly, these three tanks presented the highest total Pb concentration in 
the tank water in the same order, which now could be argued that it was due to dissociation 
of Pb from sediment in the tanks, as these tanks had also measured the lowest pH in the 
tank water (see Magyar 2010). 
 

0%

20%

40%

60%

80%

100%

0.45-63 >63

P
ar

tic
ul

at
e 

P
b 

fr
ac

tio
ns

RES OX OM EXS1
 

0%

20%

40%

60%

80%

100%

0.45-63 >63

P
ar

tic
ul

at
e 

P
b 

fr
ac

tio
ns

RES OX OM EXS2
 

0%

20%

40%

60%

80%

100%

0.45-63 >63

P
ar

tic
ul

at
e 

P
b 

fr
ac

tio
ns

RES OX OM EXS3
 

0%

20%

40%

60%

80%

100%

0.45-63 >63

P
ar

tic
ul

at
e 

P
b 

fr
ac

tio
ns

RES OX OM EXS4
 

0%

20%

40%

60%

80%

100%

0.45-63 >63P
ar

tic
ul

at
e 

P
b 

fr
ac

tio
ns

RES OX OM EXS6
 

0%

20%

40%

60%

80%

100%

0.45-63 >63

P
ar

tic
ul

at
e 

P
b 

fr
ac

tio
ns

RES OX OM EXS9  

0%

20%

40%

60%

80%

100%

Total

P
ar

tic
ul

at
e 

P
b 

fr
ac

tio
ns

RES OX OM EXS5  

0%

20%

40%

60%

80%

100%

TotalP
ar

tic
ul

at
e 

P
b 

fr
ac

tio
ns

RES OX OM EXS7  
Tank from site S8 – not enough sediment to perform this analysis (new tank); Tanks from sites S5 and S7- not 
enough sediment for the fraction 0.45-63 μm, thus it  was combined with the >63 μm fraction  

Fig. 14. Fractionation of Pb in sediment 

Tests for leaching by ASLP (see Section 2.5) for sediment in 2008 sampling round found that 
if pH would have decreased in tanks, metals from sediment would have had the potential of 
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leaching into the water column (Table 8). Of particular concern were the high concentrations 
of Pb and Zn leached from sediment, which were up to 110 times above the ADWG for Pb 
(from S9), by up to 11 times above the ADWG for Zn (from S6). Although some dilution 
with water in the tank would have occurred, depending on the volume of water contained 
in the tank at different times, metals from sediment would have still significantly 
contaminated the water column.  
 
 
 

Relevant standards Units Cd Cu Pb Zn 

Fill material mg/kg <3 <100 <300 <200 

EPA –Category C mg/kg <100 <5000 <1500 <35000 

EPA Category B mg/kg <400 <20000 <6000 <140000 

EPA-leachable concentration Category C mg/L <0.2 <20 <1 <300 

EPA-leachable concentration Category B mg/L <0.8 <800 <4 <1200 

Tank sites Tests performed      

S1 
Total concentration mg/kg 0.3 190 200 2200 

Leachable concentration mg/L <0.005 0.11 0.17 24 

S2 
Total concentration mg/kg 5 280 180 3100 

Leachable concentration mg/L NP NP NP NP 

S3 
Total concentration mg/kg 0.6 600 140 2200 

Leachable concentration mg/L <0.005 0.24 0.07 18 

S4 
Total concentration mg/kg 18 140 610 11000 

Leachable concentration mg/L NP NP NP NP 

S6 
Total concentration mg/kg 0.5 670 1600 2600 

Leachable concentration mg/L 0.01 1.1 1.1 32 

S7 
Total concentration mg/kg <0.08 970 1800 580 

Leachable concentration mg/L NP NP NP NPNP 

S9 
Total concentration mg/kg 0.2 750 1100 660 

Leachable concentration mg/L <0.005 1.2 1.1 6.6 
 
 

Table 8. Summary of the leaching by ASLP tests (NP- not performed as not enough 
sediment was available) 
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3.5 Sediment re-suspension 
Given that the tank sediment is highly contaminated with metals, any re-suspension of that 
sediment will be an issue for the end use of the tank water. Re-suspension was investigated 
as described in Section 2.6. 
A series of experiments were undertaken to determine the effect of tank, sediment and 
inflow characteristics on ΔTSS at the outlet. These experiments are described in Magyar (in 
press) and are summarised here.  
The response variable was ΔTSS which is the difference in TSS value of the water as 
measured at the outlet (positioned 50 mm above the tank base) and the TSS of the inflowing 
water (mains water). Therefore ΔTSS provides a measure of the amount of sediment 
mobilised by inflow of water to the tank. The predictor variables were: sand size, water 
depth, type of inlet, and sediment depth. The 16 different experimental setups and range of 
predictor variables are shown in Table 9. All the results are plotted in Fig. 15, where ΔTSS is 
plotted on a log scale. 
Several observations can be made from Figure 15. Experiments 2, 6 and 14 (symbols, 2, 6 and 
E) resulted in the highest sediment remobilisation. All of these had high flow rates (1 L/s) 
and a central inlet. The combination of a central inlet and a conical base (experiment 6) 
produced the highest sediment remobilisation across most water depths. This is where a 
high inflow rate interacted with a thick sediment layer as the conical base was filled up to be 
level. Low sediment remobilisation was associated with low flow rates, a side inlet and low 
sediment depth (experiments, 7 and 11). 
 

Experiment Symbol on 
graph Inlet Flow 

(L/s) 

Sand 
Depth 
(mm) 

Base Sand size 
(micron) 

Range of 
water 
depths 
(mm) 

1 1 Central 0.5 10 Flat 63-106 50-1000 
2 2 Central 1 10 Flat 63-106 50-1000 
3 3 Side 0.5 10 Flat 63-106 50-1000 
4 4 Side 1 10 Flat 63-106 50-1000 
5 5 Central 0.5 10 Conical 63-106 50-1000 
6 6 Central 1 10 Conical 63-106 50-1000 
7 7 Side 0.5 10 Conical 63-106 50-1000 
8 8 Side 1 10 Conical 63-106 50-1000 
9 9 Central 0.5 10 Conical 106-129 50-1000 

10 A Central 1 10 Flat 106-129 50-600 
11 B Side 0.5 10 Flat 106-129 50-600 
12 C Side 1 10 Flat 106-129 50-600 
13 D Central 0.5 20 Flat 106-129 50-600 
14 E Central 1 20 Flat 106-129 50-600 
15 F Side 0.5 20 Flat 106-129 50-600 
16 G Side 1 20 Flat 106-129 50-600 

Table 9. Range of variables used in each of the 16 experiments 
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Fig. 15. Results of sediment re-suspension from the 16 experiments (symbols are defined in 
Table 9) 

3.6 Modelling sediment mobilisation  
A linear modelling approach was used to explore and quantify the dependence of ΔTSS on 
experimental variables.  Following a Box Cox analysis, ΔTSS was log transformed to bring it 
closer to normality. Indicator variables were used to characterise base type, sediment size, 
sediment depth, and flow rate (Table 10). This approach was appropriate because only two 
values were used for each of these variables during the experiments.   
 

Variable Indicator variable = 0 Indicator variable = 1 
Inlet Side Central 
Inflow rate 0.5 L/s 1 L/s 
Sediment depth 10 mm 20 mm 
Base type Conical Flat 
Sediment size 106-129 micron 63-106 micron 

Table 10. Specification of dummy variables 

The model was of the form: 

 log(ΔTSS) = β0 + β1(water level) + β2 (i_inlet) + β3 (d_inflow rate) +  

 + β4 (i_sediment depth) + β5 (i_base) + β6 (i_sediment size)                       
(1)

 

Where, i = ‘indicator’ variable as defined in Table 11 and Log = natural log. 
Model coefficients and standard errors are shown in Table 11 and Fig. 16. All coefficients 
were significant (p <0.0003). Fitted versus measured values in Fig. 17, along with the lowess 
fit suggest the model is a reasonable fit to the data. This was also confirmed when 
examining the standard diagnostics: residuals versus fitted values, QQ plot of residuals, 
scale-location plot and Cooks distance plot. 
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Variable Coefficient Std. Error 
(Intercept) 1.12 0.24 
Water level -0.0022 0.00022 
i_inlet 0.88 0.13 
i_flow 1.26 0.13 
i_sediment depth 0.81 0.20 
i_base type 0.65 0.17 
i_sediment size 0.76 0.19 
Residual standard error 0.64 on 89 degrees of freedom 
 Adjusted R-squared: 0.73 F-statistic: 45.45 on 6 and 89 DF,  p-value: < 2.2e-16 

Table 11. Coefficients, standard errors and regression diagnostics 

Subsets of predictor variables were explored, starting with just the water level and adding 
each of the variables in equation 1 in turn.  For each of these subsets the adjusted R squared, 
Akaike’s Information Criterion (AIC), the corrected AIC and Bayesian Information Criterion 
(Sheather 2010) were calculated. All these criteria confirmed that the complete model 
(equation 1) was appropriate.   
The implications of the sediment mobilisation model are shown in Fig. 18. Equation 1 is 
thought of representing a family of curves where each specific curve depends on the value 
of the indicator variables and the water depth. A high value of ΔTSS will occur where there 
is shallow water depth, central inlet, high flow rate, high sediment depth, flat base and fine 
sediment. Conversely, low sediment mobilisation will occur at higher water levels, side 
inlet, low inflow rate, little sediment on the base and when the sediment is coarse. The two 
extreme curves, those that represent the greatest and least sediment mobilisation are shown 
in Fig. 18. Sediment mobilisation is approximately 80 times higher under high sediment 
mobilisation conditions compared with low sediment mobilisation conditions. 
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Fig. 16. Model coefficients and standard errors.  Note: the standard error for the water depth 
coefficient is too small to see at this scale. 
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Fig. 15. Results of sediment re-suspension from the 16 experiments (symbols are defined in 
Table 9) 

3.6 Modelling sediment mobilisation  
A linear modelling approach was used to explore and quantify the dependence of ΔTSS on 
experimental variables.  Following a Box Cox analysis, ΔTSS was log transformed to bring it 
closer to normality. Indicator variables were used to characterise base type, sediment size, 
sediment depth, and flow rate (Table 10). This approach was appropriate because only two 
values were used for each of these variables during the experiments.   
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Model coefficients and standard errors are shown in Table 11 and Fig. 16. All coefficients 
were significant (p <0.0003). Fitted versus measured values in Fig. 17, along with the lowess 
fit suggest the model is a reasonable fit to the data. This was also confirmed when 
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Fig. 16. Model coefficients and standard errors.  Note: the standard error for the water depth 
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Fig. 17. Fitted versus measured values  
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Fig. 18. Sediment mobilisation as predicted by equation 1.  

4. Discussion  
Nine urban rainwater tanks in Melbourne were investigated for water and sediment quality 
over a two year period. The tank water was often found with high concentrations of metals 
and field and laboratory tests demonstrated that the contaminated tank sediment was 
potentially a significant source of pollution. 
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The particle size distribution of tank sediment varied between the tanks and was attributed 
to different local environmental conditions for each tank. The sediment layer in five of the 
tanks was not evenly distributed over the tanks’ base, but no clear trend was observed to 
determine which areas act as accumulation and which as transportation areas.  
Sediment from the nine rainwater tanks was highly contaminated with heavy metals, at 
levels comparable with the Victorian EPA regulation of prescribed contaminated soil which 
would require special disposal to a contaminated licensed site and sometimes chemical 
treatment prior to this disposal. Based on this classification, none of the tanks sediment was 
suitable for disposal in landfill due to potential for metals leaching into the ground water. 
At the same time, since sediment is not commonly removed from the tanks, it can 
potentially contaminate the water column. This contamination from sediment can occur by 
chemical dissociations which are influenced by changes in pH and temperature in the tank 
and by physical sediment re-suspension during inflows to the tank. 
The sequential extraction tests revealed that a significant percentage of the total particulate 
metal can be associated with fractions (EX, OX and OM) that are relatively weakly bound to 
the particle and that can break with changes in pH, oxygen level, temperature and ionic 
composition in the tanks water. This suggests that analyses for the total metal 
concentrations of the sediments may not appropriately determine sediments’ potential to 
contaminate the tank water. The leaching tests confirmed this finding as well.  
Part of the total metal in sediment remained attached to the residual fraction (RES) 
regardless of changes in environmental conditions within the tank. This information can 
help with determining the efficiency of post tank treatment (e.g. filtration). While a filter 
installed as a post tank treatment will remove certain size particles, it may only remove the 
metals attached to the residual fraction, as all other fractions can still dissociate if pH of 
water flowing through the filter is acidic.  
The laboratory tests determined that regardless of the tank configuration, sediment at the 
base of the tank re-suspends during inflows and contaminates the out-flowing water. A top 
side inlet located opposite the bottom outlet led to the lowest TSS in outlet and thicker 
sediment led to higher contamination at outlet. For low flows, a conical base tank could 
reduce sediment re-suspension by up to 60% when compared with a flat base tank, but re-
suspension could occur during intense rain events (Magyar, et al. in press).     
Metal contamination in the water column of urban rainwater tanks is often reported: 
Coombes et al., 2000, Simmons et al., 2001, Spinks et al., 2003, but there has been limited 
success in determining the source of pollution or in explaining the variation in quality. We 
have undertaken work in this area, but so far results are inconclusive, with Pb 
contamination being attributed to several sources (Magyar et al. 2008; O'Connor et al. 2009). 
We have also confirmed that metal contamination of tank water and sediment is 
widespread, as details from these nine tanks were confirmed with a survey of 54 tanks in 
Melbourne (Magyar et al., 2008). High concentrations of metals in water can have a health 
impact if water is used for uses that involve human contact (e.g. showering), or ingestion.  

5. Conclusion 
Our research suggests that metal contamination of tank water and sediment is common in 
urban areas. Prior to the set of investigations undertaken by the authors and presented in 
this paper, sediment from urban rainwater tanks did not capture much research attention as 
it was considered an insignificant source of tanks’ water contamination. However, the 
results presented above establish that contaminated sediment in rainwater tanks can become 
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Fig. 17. Fitted versus measured values  
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Fig. 18. Sediment mobilisation as predicted by equation 1.  

4. Discussion  
Nine urban rainwater tanks in Melbourne were investigated for water and sediment quality 
over a two year period. The tank water was often found with high concentrations of metals 
and field and laboratory tests demonstrated that the contaminated tank sediment was 
potentially a significant source of pollution. 
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this paper, sediment from urban rainwater tanks did not capture much research attention as 
it was considered an insignificant source of tanks’ water contamination. However, the 
results presented above establish that contaminated sediment in rainwater tanks can become 
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a source of pollution to the water in the tanks due to physical transport (re-suspension) and 
chemical interactions (leaching).   
We found that pH in the tanks was usually acid and that metals in sediment were 
commonly attached to fractions that can be easily broken by changes in pH and 
temperature. Experimental results showed that sediment re-suspension was common under 
conditions that usually occur in urban rain tanks.  
Currently there are no management protocols for sediment from rainwater tanks from 
individual urban households, but this current work demonstrates that they should be 
considered for future. The management protocol could include not only guidelines advising 
acceptable metal concentrations in tank sediment, but also disposal methods and 
maintenance periods.  
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a source of pollution to the water in the tanks due to physical transport (re-suspension) and 
chemical interactions (leaching).   
We found that pH in the tanks was usually acid and that metals in sediment were 
commonly attached to fractions that can be easily broken by changes in pH and 
temperature. Experimental results showed that sediment re-suspension was common under 
conditions that usually occur in urban rain tanks.  
Currently there are no management protocols for sediment from rainwater tanks from 
individual urban households, but this current work demonstrates that they should be 
considered for future. The management protocol could include not only guidelines advising 
acceptable metal concentrations in tank sediment, but also disposal methods and 
maintenance periods.  
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1. Introduction  
Fine sediment (< 2mm) is an integral component of naturally functioning streams but can 
become a pollutant when development activities increase stream concentrations beyond that 
of the natural regime or when the sediments carry contaminants. Watershed development 
activities including urbanization, agriculture, and forestry can influence fine sediment 
quantity, quality, and its transport and storage regime by altering the natural timing and 
volume of water and sediment delivered to the stream channel. These development 
activities increase water and fine sediment delivery to streams by removing vegetation 
cover, disturbing soils, and connecting these disturbed areas to streams through roads, ditch 
lines, and/or simplified ground surfaces that enhance runoff (Bilby et al., 1989; Corner et al., 
1996; Keutzweiser and Capell, 2001). Although development activities can affect the 
transport of larger particle sizes (e.g. gravels and cobbles), fine sediments from sand to clay 
are emphasized here as they have a significant impact on instream biota but also because 
they can impair the effectiveness of potable water supply treatment and increase its costs 
(Gadgil, 1998). In addition, fine sediments are a transport vector for hydrophobic 
contaminants (Bábek et al., 2008; Taylor and Owens, 2009). 
This chapter provides 1) an overview of the effect that forestry generated fine sediment has 
on receiving stream biota and 2) an effective protocol for measuring fine sediment levels at 
forest road stream crossings. The routing and downstream accumulation of sediment from 
these stream crossing point sources is a management concern because it will affect stream 
biota and streambed composition at each of its temporary in-stream storage areas. This 
sedimentary cumulative watershed effect (CWE) is one of the most detrimental 
consequences of forest harvesting activities on a watershed. However, the CWE is difficult 
to assess because its effect is dependent upon the grain size being introduced, the number 
and size of streams that transport it, and the original sedimentary state of the streambed it 
encounters (Bunte and MacDonald, 1999). Further, while it may be possible to determine the 
change in fine sediment levels at a single point in the stream, it is difficult to determine 
which upstream land use activity instigated the change. Bunte and MacDonald (1999) 
suggest that to manage a watershed for cumulative sediment effects it is necessary to 
monitor for a minimum of 5 - 10 years pre-and-post harvesting because sediment transport 
is highly variable. However, this type of program is often considered cost prohibitive and of 
a longer reporting timeline than that required by many resource management programs.  
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The sampling protocol presented here can bridge the gap between a long-term study and 
the need for immediate information to address management needs. Application of the 
sampling protocol presented here will make it possible to designate sediment load increases 
to an identified activity on a site-specific basis. That is, by monitoring a representative 
number of sites for a specific type or set of disturbances (e.g. stream crossings or riparian 
harvest areas) the sediment contribution from those disturbances can be estimated within an 
affected watershed and modeled. Further, these data can be used to justify the modification 
of those practices found to contribute significant amounts of fine sediment. Although 
developed for the quantification of fine sediments generated by forest road use and crossing 
construction and/or maintenance, this protocol can be used at other types of stream 
crossings as well as for the collection of fine sediments for contaminant assessment.  
The first section of this chapter provides an overview of forest road effects on stream 
sediment transport and storage regimes as well as its associated biological effects. Section 2 
outlines the monitoring protocol, suggested here to be an effective tool for monitoring fine 
sediment deposition at forest road crossings. Fine sediment is collected using three fish 
habitat sampling techniques, namely the McNeil corer, gravel bucket, and infiltration bag. 
These techniques are not quantitatively compared but instead their effectiveness in a 
sampling protocol is verified through a field assessment using eight case studies from the 
central interior of British Columbia, Canada (Section 3). The number of samples required for 
each technique to estimate the magnitude of the road crossing disturbance was determined 
using field data as well as standard statistical formulas. The resultant protocol includes an 
outline of procedures that can be adapted to address objectives for a range of sampling 
programs from trend monitoring to impact assessment studies. Factors to consider before 
applying these procedures to other development activities and areas are summarized in 
section 4.  

1.1 Forest roads and the sediment load  
Forestry, the focus of this chapter, influences water and sediment delivery to streams 
through tree and understory removal, silviculture activities, as well as road construction, 
maintenance, and decommissioning. Vegetation removal decreases evapotranspiration, 
which can increase delivery of precipitation to the stream and thereby flow levels. Clearing 
vegetation can disturb soils, enhance soil erosion, and increase fine sediment delivery to 
streams if clearing locations are connected to streams and riparian buffers are absent 
(Corner et al., 1996; Kreutzweiser and Capell, 2001; Litschert and MacDonald, 2009). Forest 
roads are also associated with direct stream contribution of sediment due to road surface 
erosion and sediment delivery at stream crossings (Bilby et al., 1989; Fransen et al., 2001; 
Lane and Sheridan, 2002) as well as increasing the frequency of landslides (Reid and Dunne, 
1984; Fransen et al., 2001; Wemple et al., 2001). Forest road generated sediment can be 
transported along the road’s surface, in rivulets, or its ditches, where it can be delivered at 
stream crossings. Stream crossings were selected for study in this project because of their 
consistent occurrence in the literature and the ease in designating them as a point source for 
increased sediment levels downstream. 
Roads can contribute fine sediment to streams during construction, use and maintenance as 
well as decommissioning. A range of literature from around the world provides insight into 
the magnitude of the disturbance. For example, Burns (1970) indicated that sediment loads 
in a harvested California basin were greatest during the road construction period although 
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they were sustained for several years with continued harvesting. Beschta (1978) identified a 
150% increase in the sediment load after road construction while Bilby et al., (1989) 
identified that 680 of 2000 road drainage points directly contributed sediment to streams, 
and that most of those sites were found on first or second-order channels. Sediment loads 
can be highest during road construction and can contribute as much sediment to streams as 
landslides (Cederholm et al., 1981). Close to 80% of the sediment eroded from tropical 
forestry landings and road surfaces was delivered to stream channels within 16 months of 
construction (Sidle et al., 2004). Sediment generation can be highest the year after road 
construction (Megahan et al., 2001) but roads will continue to deliver sediment throughout 
their active usage period. Reid and Dunne (1984) found that a highly active road contributed 
130 times more sediment than lower usage roads. Road maintenance, including grading and 
ditchline vegetation removal, can increase soil erosion potential. Luce and Black (1999) 
identified a seven-fold increase in erosion from recently de-vegetated ditches compared to 
those where vegetation was left intact. Decommissioning of roads reduces the contribution 
of fine sediment to streams and the amount of fine sediment in streambeds downstream of 
previous stream crossings (McCaffrey et al., 2007). 
Once fine sediment enters the stream at road crossings it contributes to the sediment load, 
which refers to the amount of sediment passing one point within a stream over a given time 
period (Leopold, 1997). The sediment load is not equivalent to the rate of upstream erosion. 
Depending upon watershed characteristics including size, geology, and terrestrial-aquatic 
connectivity, 75% or more of the sediment eroded in a watershed can be stored in 
transitional areas such as the base of hillslopes, floodplains, and pools (Leopold, 1997). The 
sediment load generally consists of two components, namely suspended sediment that 
moves downstream through the water column as well as bedload sediment that moves 
downstream through streambed migration or saltation along the surface of the streambed 
(Leopold, 1997). Although these sediment forms are separated for ease of classification, 
there is transition between forms in streams as a response to hydrologic conditions. 
Suspended sediments can settle to the bedload when their settling rate exceeds the force of 
flow and bedload can be suspended when shear stress is sufficient to lift them off the 
bottom and they can stay suspended if turbulent flow is sufficient (Knighton, 1998). 
Accordingly, both sediment forms should be discussed when reviewing the effect of fine 
sediment contribution from forest roads to streams.  

1.2 Biotic effects of increased fine sediment 
Fine sediment delivered to streams will have an effect on all stream trophic levels, the scale 
of which is dependent upon the amount of sediment delivered and its retention period. 
Primary producers are influenced by fine sediments in suspension as well as settled fines 
that blanket the streambed surface. Increased water column turbidity or the blanketing 
action of settled fines will reduce light penetration and productivity. Benthic 
macroinvertebrates will also be affected by suspended and settled sediment. Invertebrate 
populations and community structure will respond to increases in suspended and 
streambed fine sediment concentrations. Fine suspended sediments can abrade 
invertebrates initiating a downstream migration, while increased streambed fines can 
decrease intergravel oxygen levels prompting their migration. Fish can be similarly affected 
by increased fine sediment concentration in streams and the streambed. Increased turbidity 
can reduce predatory abilities and physically damage the fish, for example by gill abrasion. 
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An increase in streambed fine sediment composition can reduce intergravel oxygen levels 
and negatively affect incubating eggs and young residing in the gravels.  

1.2.1 Primary producers 
Aquatic primary producers range in size from the easily visible macrophytes such as 
Canadian pond weed, Elodea canadensis, to the microscopic periphyton such as the diatom 
Navicula. While macrophytes often adhere to the streambed via roots, periphyton may 
attach to rocks, sand, or plants with gelatinous stalks (South and Whittick, 1987). Regardless 
of their size, all aquatic plants can be affected by increases in fluvial sediment loads. 
Sediment can affect plants by reducing light penetration via light reflection and absorption 
in the water column or by settling atop benthic forms. The decrease in ambient light as 
turbidity increases can decrease algal biomass and productivity unless the community is 
able to adjust efficiency to compensate for lower irradiance (Parkhill and Gulliver, 2002). 
Sediment can also physically damage plants through direct contact and if it deposits in high 
concentrations it can prevent attachment or may smother them (Newcombe and 
MacDonald, 1991; Waters, 1995; Wood and Armitage, 1997).  
Davies-Colley et al. (1992) identified that clay additions from placer mining operations 
reduced the photosynthetic active radiation (PAR) depth in streams, which in turn reduced 
periphyton productivity. Further, they found that periphyton biomass decreased upon 
exposure to placer runoff and that remaining biomass had a high clay content, which made 
it a poor food source for stream invertebrates. King and Ball (1967) noted that road 
construction activities and sediment additions resulted in a 68% decrease in the stream’s 
periphyton community. Brookes (1988) found that stands of the macrophyte Ranunculus sp. 
were smothered downstream of a channelization project during low flow because these 
species could not alter their rooting depth. 

1.2.2 Benthic macroinvertebrates 
Benthic macroinvertebrates form the next trophic levels above primary producers and their 
functional feeding groups range from the herbivorous scrapers to the carnivorous piercers 
(Peckarsky et al., 1990). While herbivorous invertebrates may be negatively affected by the 
reduced food quality of clay laden periphyton (Suren, 2005), the following discussion 
focuses on direct effects experienced by all invertebrates. These include the alteration of 
substrate composition, instigation of drift due to sediment deposition or saltation, decreased 
respiratory rates due to sediment depositing on respiratory structures, feeding behaviour 
alterations, and direct mortality of immobile life stages (Rutherford and MacKay 1986; 
Wood and Armitage, 1997; Gibbins et al., 2007).  
A stream’s benthic invertebrate community structure and density is strongly associated with 
the streambed substrate. Initially, it was believed that invertebrate diversity increased with 
increasing substrate size. This has been shown to be only true for the surface dwelling 
Ephemeroptera, Plecoptera, and Trichoptera (EPT) groups (Waters, 1995). Invertebrate 
community structure is positively affected by increased concentrations of stream detritus, 
which can increase oxygen exchange and act as a food source (Culp et al., 1983). So, attempts 
to define community structure must consider streambed substrate composition as well as 
hydrology. Fine sediment deposition on the streambed can clog interstitial streambed 
spaces, which may reduce interstitial oxygen levels. Further, it can restrict the size of 
depositing detritus (Culp et al., 1986). This alteration of the benthic environment can induce 
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an escape or drift response from those organisms unable to cope with the change. Bedload 
movements and saltating sediments can also increase drift upon contact with surface 
dwelling invertebrates (Quinn et al., 1992; Gibbins et al., 2007). Culp et al. (1986) noted that 
during their controlled addition of sands to a surveyed stream channel, the invertebrate 
population was reduced by more than 50% within 24 hours of sand exposure as a result of 
catastrophic drift. Similarly, Larsen and Ormerod (2010) found that low-level and short 
term increases in particles less than 2 mm initiated drift and Gomi et al., (2010) suggest 
that sedimentation of particles greater than 4 mm increases the rate of invertebrate drift. 
Invertebrate feeding behaviour alteration and direct mortalities can also occur if sediment 
concentrations are sufficiently high. Filter feeders will not be able to effectively capture prey 
items in high concentrations of sediment (Waters, 1995). Immobile life stages such as pupae 
obviously cannot drift yet they require flowing water for oxygen exchange, so where 
sediment deposits are thick, exposed pupae may suffocate (Rutherford and MacKay, 1986). 
Although invertebrate communities can be affected in several manners, it is important to 
recognize that exposure duration is equally important as the concentration of fine sediment 
(Rosenberg and Wiens, 1978). Most of the aforementioned studies determined that 
community structure and density often returned to pre-disturbance levels once the sediment 
wave had passed through the sample area. So, extreme but temporally short events such as 
a road washout may be less damaging than chronic sediment sources that are not as visibly 
extreme such as increased erosion from riparian or fire areas (Minshall et al., 2001). 

1.2.3 Fish 
The majority of published studies have focused on sediment effects on salmonids because 
these fish are sensitive to increases in suspended fine sediment and sedimentation. 
Generally, fish can be affected at the behavioural and physiological levels (Waters, 1995). 
Behavioural responses are the first observable reactions to increased sediment and are 
also the most transitory. They are often a response to increased suspended sediments and 
include avoidance and increased cough frequency (Anderson et al., 1996). Physiological 
responses are dependent upon life stage and the type of sediment encountered, 
suspended or depositing. As this chapter focuses on sedimentation those effects are 
discussed here. 
Excess sedimentation, can affect fish populations by reducing habitat and directly affect 
individuals through increased egg mortalities and reduced fry emergence. Habitat alteration 
through increased sedimentation can result in a reduction of fish food resource and over-
wintering sites due to in-filling of pools, as well as the alteration of spawning gravels 
(Waters, 1995; Anderson et al., 1996; Wood and Armitage, 1997;). Further, increased bedload 
transport may result in deep scour or fill which can remove or bury eggs and fry 
(Montgomery et al., 1996).  
Scrivner and Brownlee (1989) documented a 50% decrease in coho (Oncorhynchus kisutch) and 
chum salmon (O. keta) populations of Carnation Creek, British Columbia, Canada following 
forest harvesting. They attribute this to high levels of fine gravel and sand transport resulting 
from increased streambank erosion and removal of large organic debris dams. Specifically, 
they noted that sands formed an impermeable layer within the streambed at varying depths 
depending upon previous storm flows. They postulated that these layers of sand isolated 
salmon redds and prevented efficient oxygen exchange or fry emergence. 
Excess sedimentation has consistently been shown to affect fish communities but the 
biologically active grain size varies between studies. McNeil and Ahnell (1964) determined 
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that spawning success of pink salmon (O. gorbuscha) was inversely proportional to 
streambed permeability and the concentration of  sediment smaller than coarse to medium 
sands (less than 0.833 mm). Others have reported similar findings but focussed on grain 
sizes ranging between 0.25 and 6.4 mm (Chapman 1988; Reiser and White 1988; Lisle, 1989; 
Platts et al., 1989). 

2. Fine sediment monitoring protocol 
Fine sediment concentration in the streambed is not commonly monitored possibly due to 
the lack of a standard sampling protocol and/or potentially onerous bulk sample volumes 
required to describe the substrate (Church et al., 1987; Zimmerman et al., 2005). The goal of 
this project was to develop a straightforward field-verified monitoring protocol for 
assessing road generated fine sediment input and corresponding streambed change that can 
be used in remote regions. Study areas near stream crossings are selected, which depending 
on the sampling design have one or more study sites. Within each study site multiple 
sample locations are identified. Prior to collecting sediment samples, study sites must be  
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described using site establishment procedures to verify site similarity for their future 
comparison. Site establishment includes the measurement of stream width and slope, 
streambed surface conditions using pebble count, discharge, and shear stress at each 
sampling location. The sampling design will vary depending on the program objectives but 
can include the before-after-control-impact design (BACI). A short discussion on 
pseudoreplication issues is also provided to ensure statistically valid results are generated. 
The sampling techniques used to assess sedimentation were the McNeil core which collects 
bulk samples to a depth of 30 cm in the streambed, the gravel bucket which captures settling 
sediment, and the infiltration bag which captures settling sediment and fine sediment 
moving through the streambed (Figure 1). 

2.1 Site establishment  
To assess fine sediment contributions from forest road crossings, study sites were 
established within the same stream reach to reduce environmental variability. A reach was 
defined here as two repeating units where a unit is composed of two habitat features such as 
riffle and run, or pool and riffle. Site establishment data should be collected at all sites and 
include measurements of active and bankfull channel width, discharge, mean depth, habitat 
units, gradient, pebble count, and sampler placement depth and overlying velocity at the 
time of sampling. 
The active channel width of a stream is the horizontal distance over the stream channel 
between stream banks that is covered by water (Fig. 2a). Bankfull width is the channel width 
where water would just begin to spill into the active floodplain (Fig. 2b, Platts et al., 1983). 
Bankfull indicators include changes in streamside vegetation, slope, bank material, 
undercuts and stain lines (Harrelson et al., 1994). Measurements of these two parameters 
should be collected at  a minimum of five points along the sample reach. 
 

  
a)     b) 

Fig. 2. Identifying the a) active channel width and b) bankfull channel width. 

Discharge data was collected at each site using the midsection velocity-area method which 
measures velocity for 40 seconds at 10-20 evenly spaced locations along a relatively flat 
channel cross section selected downstream from the sample area. Care was taken to ensure 
there were no obstructions to interfere with flow measurement. When water depths were 
less than 1 m, a single velocity reading was taken at 60% of the depth but when depth 
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exceeded 1 m, readings were taken at 20% and 80% (Mosley and McKerchar, 1993). 
Discharge was calculated for each section and then summed for the channel. The mean 
stream depth value can be determined from the average of the depths collected during the 
velocity readings. 
The study area was sketched in field notes with specific attention to fish habitat features 
(e.g. pool, riffle, woody debris, dams, etc.) and streambed sample locations. The sketch is 
recommended because it may be required at a later date to determine if the study area 
consisted of one or more reaches and to evaluate the similarity of sample replicate sample 
locations between and within sites. Channel gradient was measured with a clinometer but 
an Abney level would also be appropriate. To measure gradient, field staff positioned 
themselves at a distance greater than the channel width apart along the stream’s edge. The 
clinometer was sighted from one staff to the other at the same distance from the ground. A 
minimum of five measurements were collected and then averaged to determine the mean 
channel gradient. 
The streambed surface sediment was characterized using a pebble count (Leopold et al., 1992). 
Counts were conducted at several cross-sections in the sample reach to ensure that 
representative portions of each habitat unit were sampled. Starting at bankfull elevation, the 
sampler blindly reached to their left or right foot. The first particle that was touched was 
removed and the intermediate axis, or width, of the particle was measured and recorded by 
the second staff member on a tally sheet that was divided into grain classes defined by the 
Wentworth Scale. The sampler then moved a standard step distance and selected another 
pebble at the top of the same foot used in selecting the first pebble. This continued until a 
minimum of 100 pebbles was counted. The pebble count procedure is widely used to assess 
surface sediment composition by regulatory agencies and researchers alike (Bevenger and 
King, 1995; Bunte et al., 2009) 
Overlying water depth and velocity was measured at each sample location for each 
technique applied. Flow measurements associated with infiltration bag and gravel bucket 
locations should be collected when the sampler is installed in the streambed and then again 
before it is removed. This information can be used to assess shear stress conditions at each 
sample location and to ensure that sample replicate sites are comparable within and 
between sites both during and over the sampling interval. 

2.2 Bulk sampling: McNeil corer  
Since its development in 1964, the McNeil corer has become a commonly applied technique 
for assessing spawning gravel composition in streams because it was a significant 
improvement over the previously applied techniques of visual observation or shovel 
sampling (McNeil and Ahnell, 1964; Schuett-Hames et al., 1994). The McNeil core provides a 
quantitative and repeatable sampling method (McNeil and Ahnell, 1964). McNeil core 
samples are measures of bulk streambed composition that are collected by inserting the core 
tube into the streambed and removing all sediments within the tube (Fig. 3). The tube is 
inserted into the streambed by torquing the corer while keeping it level using the handle on 
top of the basin or on the sides of the basin. These handles also help staff to keep the corer 
from rocking during the sampling process, which would disturb the fine sediments. Once 
the core tube has been fully inserted, the sample is removed from the tube by hand and 
transferred to a sample bucket until the end of the core tube is reached. The McNeil core has 
been used to quantify increased fine sediment loading downstream from industrial activities 
such as coal mining operations (MacDonald and McDonald, 1987) and roads (Hedrick et al., 
2007).  
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The corer design recommended here differs from the original design identified in Figure 3. 
The original design was modified because it was both heavy and expensive to construct. The 
modified version was made with heavy gauge aluminum rather than stainless steel, which 
made it considerably lighter and inexpensive to construct. In addition, it is larger than the 
original, standing 0.9 m (vs. 0.45-0.6 m) tall with an outer basin diameter of 0.6 m, and the 
coring tube which is equipped with a replaceable ring of steel teeth, is 0.2 m in diameter and 
can penetrate the streambed to a depth of 0.25 m (Fig. 1). Finally, the core handles were 
placed on the sides of the outer basin and not along the top. Another modificiation recently 
presented by Watschke and McMahon (2005) is lighter still because it uses a 19 L plastic 
bucket as the basin instead of aluminum.  
The sample procedure was also altered. The original technique required sampled sediments 
to be brought up through the core tube and placed in the basin. Remaining fine sediments in 
the tube that were kept in suspension by infiltrating water were removed by a single valve 
pump or the tube was capped which created a vacuum that allowed trapped water to be 
lifted from the stream and placed in a bucket. For this program, sampled sediment was 
transferred directly to a clean 4 L bucket. Also, rather than pumping out sediment laden 
water, the water level within the tube was measured for later volume calculation, it was 
then mixed to suspend settling fine sediment and a 1 L water sample was taken. This 1 L 
sample was analyzed for suspended solids using standard techniques (APHA, 1995) that 
also allowed measurement of organic and inorganic fine sediment fractions. The mass of 
suspended solids (SS) was calculated using the concentration of SS and the volume of water 
in the tube. This data was then added to silt/clay fraction measured during screening of the 
bulk sample. 
 

 
Fig. 3. The original McNeil-Ahnell corer design (McNeil and Ahnell, 1964). 

McNeil core samples were collected from riffle areas near pool tail-outs as follows: 
1. Sample locations were approached from a downstream direction so as to not step over 

the sample area prior to coring. 
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transferred directly to a clean 4 L bucket. Also, rather than pumping out sediment laden 
water, the water level within the tube was measured for later volume calculation, it was 
then mixed to suspend settling fine sediment and a 1 L water sample was taken. This 1 L 
sample was analyzed for suspended solids using standard techniques (APHA, 1995) that 
also allowed measurement of organic and inorganic fine sediment fractions. The mass of 
suspended solids (SS) was calculated using the concentration of SS and the volume of water 
in the tube. This data was then added to silt/clay fraction measured during screening of the 
bulk sample. 
 

 
Fig. 3. The original McNeil-Ahnell corer design (McNeil and Ahnell, 1964). 

McNeil core samples were collected from riffle areas near pool tail-outs as follows: 
1. Sample locations were approached from a downstream direction so as to not step over 

the sample area prior to coring. 
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2. Field staff faced upstream and positioned their body over the corer and placed their 
hands on the handles (Fig. 4). 

3. The corer was kept perpendicular to the streambed as field staff turned the corer into 
the streambed being careful not to use a rocking motion. 

4. Once the corer was fully driven into the streambed staff checked to ensure the basin 
was flush to the streambed. 

5. The core sample was removed by a hand to a standard depth, the top of the ring of 
teeth. 

6. Sediment was rinsed off the sampler’s hand into the bucket and a 1 L water sample 
from a core tube was collected to determine the mass of fine sediments. 

 

 
Fig. 4. McNeil core sampling location approached from the downstream direction. The 
sample is taken by leaning over the core and forcing it into the streambed until it is flush. 

2.3 Sediment traps: Gravel buckets and infiltration bags  
2.3.1 Gravel buckets 
Gravel buckets are sediment traps used to measure deposition onto and infiltration into the 
streambed (Fig. 5). It is not a commonly referenced sampling technique but the bucket size 
used and recommended here is consistent with that of Lisle and Eads (1991) as well as 
Larkin et al. (1998). These samplers consisted of a 4 L hard plastic bucket filled with washed 
and screened gravel from the hole dug for its placement. The screen used to remove fine 
sediment is the choice of the program manager but we recommend a minimum of 2 mm 
screen to remove sand and finer sediment from the cleaned gravel. If field collected gravels 
are not used and instead the sampler wants to use a standard experimental gravel, we 
recommend using a cleaned angular gravel with a 1.8 cm intermediate axis because it more 
effectively traps fine sediment than circular gravels at velocities greater than 0.4 m/s 
(Meehan and Swanston, 1977). 
Gravel buckets can be placed in McNeil core sample locations once the core is extracted or 
they can be installed in runs with a stream depth less than 30 cm. Once sites are chosen, 
install and collect gravel bucket samples as follows: 
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Fig. 5. Gravel bucket schematic showing flush placement with streambed (modeled after 
Lisle and Eads, 1991). Inset photo is a field image of an overfilled gravel bucket. 

1. Identify sample locations by measuring water depth and velocity to ensure 
comparability between sites and locations. 

2. Starting upstream, dig a hole to the approximate depth of the gravel bucket (~20 cm for 
4 L buckets). Larger material should be placed to the side to refill vacant areas around 
the bucket once installed. If using stream sediment, screen materials to remove smaller 
sizes (e.g. the < 2 mm or if preferred a larger sieve size i.e. 6.3 mm). 

3. Place the sealed and filled bucket level and flush to the streambed.  
4. Re-measure velocity and depth to ensure replicate site similarity.  
5. Move downstream to install the next gravel bucket sampler. 
6. Once all upstream sampling is complete and suspended sediment generated by bucket 

installation has been flushed downstream or settled out, the gravel bucket lids can be 
removed by staff in a downstream direction. Once the final lid was removed field staff 
exited the channel below the last bucket. 

7. During the retrieval visit, staff should enter the stream below the last bucket and 
replace gravel bucket lids in an upstream direction.  

8. Once lids are replaced, measure the overlying depth and velocity to determine change 
since installation. 

9. Remove buckets in an upstream direction. 

2.3.2 Infiltration bags 
Infiltration bags measure the amount of sediment moving vertically and horizontally 
through a streambed. The bags are a modified form of the wire basket retrieval system 
presented by Sear (1993). To prevent the loss of fine sediments when removing openwork 
wire baskets, Sear placed them in a collapsed polyethylene bag that was forced open with a 
foam collar. The bag was lifted up over the basket prior to basket removal and it prevented 
the loss of 26 to 40% of the collected sample. This technique has been successfully used by 
many including Heywood and Walling (2007) who documented sedimentation in Atlantic 
salmon (Salmo salar) redds and Petticrew et al., (2007) who identified that this technique 
captured more fine sediment than natural gravels following a reservoir flood wave release. 
The infiltration bag is conceptually similar to these techniques but does not have the wire 
mesh or foam collars.  
The infiltration bag is a waterproof fabric bag that is approximately 20 cm in diameter and 
35 cm long (Lisle and Eads, 1991). It is attached by hose clamp to a brightly coloured steel 
ring that is also 20 cm in diameter. The bag is collapsed into the ring and is buried to a depth 
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many including Heywood and Walling (2007) who documented sedimentation in Atlantic 
salmon (Salmo salar) redds and Petticrew et al., (2007) who identified that this technique 
captured more fine sediment than natural gravels following a reservoir flood wave release. 
The infiltration bag is conceptually similar to these techniques but does not have the wire 
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of 30 cm in the streambed (Fig. 6). The bag can be removed from the streambed by hand or a 
winch/pulley that hooks onto lines extending from the buried steel ring.  
 

  
 

Fig. 6. Infiltration bag is shown collapsed within the steel ring and recovery lines are shown 
extended to the streambed surface. Inset photo shows a bag after removal from streambed. 

Infiltration bags were placed in shallow runs that were less than 30 cm deep. Following the 
site selection process, infiltration bag samples were deployed and collected as follows: 
1. Infiltration bag sites were excavated as staff moved in a downstream direction so that 

any suspended sediment generated by this disturbance would move downstream of the 
sample area. 

2. Holes were dug to a depth of 35 cm and a width of 30 cm. This provided ample room 
for the steel ring and incorporates the 30 cm depth typically referred to in the literature 
for salmonid redds.  

3. The collapsed bag was placed into the bottom of the hole and the reference gravel was 
poured into the hole until it was level with the surrounding streambed. When 
backfilling was a problem, a sheet metal sleeve was used to support the streambed 
walls during placement of the bag and reference gravel.  

4. The recovery lines were held by hand so they remained on the surface after the 
reference gravel was poured. 

5. Staff then moved downstream to the next bag. 
6. To retrieve bags the sites were approached from downstream. The lines were located 

and attached to the winch/pulley system.  
7. The bag was brought to the streambed surface and then capped with a 4 L gravel 

bucket lid so that upon removing it from the stream bed the overlying water was not 
sampled.  

8. The sample was transferred to a 4 L bucket for transport. The bag was rinsed and re-
deployed. 

2.4 Grain size analysis 
Samples can be pre-sieved  in the field to remove larger grain sizes such as reference gravel 
or transported to the lab whole for gravimetric analysis. Case study samples were sieved 
using a 16, 9, 6.3, 4.0, 2.8, 2.0 mm and 500, 250, 125, 63 m sieves. Particles above 9 mm were 
not included in the analysis because the focus of the study was fine sediment < 6.3 mm. Lab 
procedures included the following: 
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1. Sediment was removed from the sample container by inverting it onto a drying tray 
lined with a pre-weighed plastic sheet. A wash bottle was used to rinse fine sediments 
at the bottom of the pail and wash them onto the tray. The sample was spread in a thin 
layer to promote drying. 

2. After the sample was air-dried to a constant weight, the weight of the air-dried sample 
was taken. It was corrected for the weight of the plastic sheet. 

3. The sample was placed in portions in the top sieve of a stack consisting of 6.3, 4.0, 2.8 
and 2.0 mm pre-weighed sieves and a bottom pan. Dry sieves were shaken by hand 
until particles no longer pass through to the next sieve. Each sieve was then removed 
and weights were recorded (corrected for sieve weight). 

4. The sample collected in the bottom pan from step 3 (the ‘minus 2 mm fraction’) was 
then moved in portions to a stack containing a 500, 250, 125 and 63 m cleaned sieves. 
These samples were wet sieved. The portions were limited to a maximum of 50 g 
because any larger may have caused the sieves to become overloaded or clogged. Sieves 
were often checked to ensure they were not being clogged. 

5. Once the wash water ran clear the sieves were removed one at a time (i.e. from coarse to 
fine) and the captured sample was transferred to a pre-weighed aluminum dish. The 
contents were then oven-dried at 105°C. The sample weight was corrected for 
aluminum tray weight and recorded.  

6. Because the  63 m (silt/clay) fraction is lost during washing it was determined by 
subtraction of the larger fraction weights from the total “minus 2 mm” sample weight.  

7. Once tabulated, grain size classes were named according to the Wentworth size class 
system (Bevenger and King, 1995) 

These data can be tabulated as percent less than, percent retained on sieve, and sample 
weight retained on each sieve. The percent retained on the sieve and those sample weights 
should be used in the analysis. Percent retained on sieve data can be renamed percent 
composition and was used for the analysis of McNeil core data because it provides a 
measure of streambed composition. Weight data was used for the traps because it provides 
a measure of sediment loading. 

2.5 Study design, pseudoreplication, and data analysis 
The study design selected by individual users will vary based upon the intent of the 
monitoring program. The case study program presented here was a compliance monitoring 
program (MacDonald et al., 1991) to assess the effect of stream crossings on water quality. 
The impact-control study design was used with paired sample sites above the crossing for 
control and downstream of the crossing for treatment. The impact control design is a 
response-based study design used when the activity has already occurred but the BACI 
approach is recommended if temporal control samples can be collected (Manly, 2001). 
Findings generated from either design can be strengthened if more than one site is sampled 
in the control and treatment areas. Single sites were used here, but samples were collected 
more than once which enhances the impact-control site comparison because it can show the 
magnitude of the impact (Manly, 2001).  
Pseudoreplication refers to the use of data drawn from studies where treatments are not 
replicated or replicates are not statistically independent (Hurlbert, 1984). Using replicates 
that are not independent artificially increases the sample size and enhances the potential for 
Type 1 error. Accordingly, each set of McNeil core, gravel bucket, and infiltration bag 
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samples taken in each time interval may be considered correlated and therefore not 
independent or true replicates. To address this concern, we recommend that an analysis of 
variance (ANOVA) of mean values for each sample set be conducted. This approach was 
applied for case study findings where more than one data set was collected for a given 
technique. For example, mean values for each grain size collected with McNeil cores during 
each of two trips were computed. The mean values for each grain size over the two trips 
were grouped by site, yielding two sets of values for each grain size and location. An 
ANOVA of these values provides results free of pseudoreplication effects (Manly, 2001). 
However, this analysis was not applied across all case studies because some did not have 
more than one sample set.  
Generally, there are two approaches for interpreting sediment data, the first is to use the 
raw data and the second is to generate central tendency measures. Raw data measures 
incorporate each grain size’s weight or percent composition while central tendency 
measures attempt to reduce all grain size information to one number that best describes the 
entire particle size range. Central tendency measures include the Fredle Index, geometric 
mean diameter, and median particle size D50 (Waters, 1995; Platts et al., 1983). The goal of the 
case study program was to quantify inputs of fine sediment from crossings so raw data was 
used, however when the study goal is to describe streambed composition, a wider range of 
raw data and/or central tendency measures may be more appropriate. 
Prior to conducting a statistical analysis, the data were viewed graphically to allow for the 
determination of normality, designation of outliers, and to assess the potential for significant 
differences. Normality is a standard assumption of the parametric statistics applied and 
required confirmation. Data outliers were viewed in light of site establishment data to see if 
stream conditions at the sample location could explain data values. For example, did an 
outlying sample have higher or lower overlying water velocity than the other samples?  
Finally, by plotting sample means and their 95% confidence intervals the potential for 
significant differences was assessed.  
Percent composition data for the McNeil core are not normally distributed. To normalize 
percent data arc-sin transformation was used (Sokal and Rohlf, 1995). Raw weight data for 
gravel bucket and infiltration bags were normally distributed and did not require 
transformation. To determine the presence of significant differences between sites a two-
way ANOVA was applied using site and grain size as factors. Here site has two categories, 
identified by namely up and downstream while grain size has seven categories ranging 
from fine gravel to silt/clay. Tukey’s post-hoc comparison or honestly significant difference 
(HSD) procedure was used to identify grain sizes that were significantly different between 
sites when a main effect (site difference) was observed (Sokal and Rohlf, 1995). If there was a 
significant interaction effect, that indicated a relationship between the two factors, i.e. grain 
size composition is influenced by site. Differences were identified by reviewing graphs and 
conducting individual t-tests, however Bonferroni adjustment should be applied to lower 
the risk of committing a Type 1 error if several t-tests are applied.  

2.6 Sample numbers  
Bulk sample estimates such as the ISO approved standards (Church et al., 1987) can be used 
for the McNeil corer but these standards are not applicable to the trap techniques or the 
gravel bucket and infiltration bag. To determine the effective sample size for these 
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techniques a short sampling program was conducted in three creeks of increasing size (5, 9, 
and 11 m ) after the case studies were complete. Effective sample size is defined here as the 
number of samples after which there is limited gain in precision.  
Twelve McNeil core and gravel bucket samples and 10 infiltration bag samples were 
collected from each stream. These sample numbers, 12 and 10, were selected because they 
exceeded the numbers collected during the eight case studies and also exceeded those 
numbers observed in the literature for McNeil coring (MacDonald and McDonald, 1987; 
Schuett-Hames et al., 1994) and infiltration baskets (Heywood and Walling, 2007; Petticrew 
et al., 2007). Also, the impetus of this project was to develop a protocol that will be widely 
used and sample numbers higher than these would likely hamper the application of this 
protocol in remote areas because sample weights would be too heavy to return to the lab.  

2.6.1 Coefficient of variation approach 
The data were subdivided into clusters ranging from 4 to 12 samples based upon similar site 
depth and overlying velocity. These two parameters were chosen because they are easily 
measured in the field and they have a substantial effect on settling environment (Knighton, 
1998). Coefficients of variation (CV) were then calculated for each grouping. The CV 
expresses the standard deviation as a proportion of the mean (Sokal and Rohlf, 1995). As 
sample numbers increase, the mean and standard deviation change as does the CV. The CV 
is used here to represent changes in precision. Specifically, this exercise focuses on finding 
the sample number where the CV stabilizes. The effective sample number, defined here as 
that number of samples after which precision gains are small (i.e. < 5%), was determined for 
the three streams. The weight of sediment deposited at each site as measured by the given 
technique was then included in these ranked tables (e.g. Table 1) and clusters were formed 
starting with the largest number of similar values. For example, in Table 1 six samples have 
a water depth of 8 cm to represent the first cluster (CV=18.9%). The second cluster is 
identified by including the maximum number of samples of the depth that is most similar to 
the original cluster. In this case the two samples with depths of 9 cm were included 
(CV=16.3%). The third cluster now incorporates the single sample at 7 cm because it is more 
similar to the original cluster than the samples at 10 cm (CV=17.1%). The final cluster 
includes all samples and it has a CV of 18.4%. Note that the change in CV from six to twelve 
samples is less than 3%. Very little precision appears to be gained by increasing sample 
numbers but eight is chosen as the effective sample number because it has the lowest CV. 
The results of the clustering CV analysis show the importance of maintaining similarity in 
site selection. Increased sample numbers are expected to improve the accuracy of the 
mean and the variation around the mean. However, in some cases the smallest CV was 
found with the lower sample sizes, which also had the narrowest range of water depth 
and velocity. This potentially reflects the magnitude of the change of the controlling 
variable used for clustering (i.e. 6 samples from the same water depth versus 9 samples 
that incorporate 3 depths). As depth and velocity are important controlling variables for 
sediment deposition it is best to maintain equivalent conditions for all replicates. This is 
clearly not always possible and therefore results in natural variability. The range sampled 
here was not expected to generate large differences but may be affecting the variation. 
Generally, most sample sets returned data with low variability (CV of 8-30%) with the 
exception of the largest creek (Young's at 11.6 m wide) where CV values were generally 
above 30%. Trapping techniques generally showed higher variability as measured with 
the CV than the McNeil core (Table 2).  
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the risk of committing a Type 1 error if several t-tests are applied.  

2.6 Sample numbers  
Bulk sample estimates such as the ISO approved standards (Church et al., 1987) can be used 
for the McNeil corer but these standards are not applicable to the trap techniques or the 
gravel bucket and infiltration bag. To determine the effective sample size for these 
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techniques a short sampling program was conducted in three creeks of increasing size (5, 9, 
and 11 m ) after the case studies were complete. Effective sample size is defined here as the 
number of samples after which there is limited gain in precision.  
Twelve McNeil core and gravel bucket samples and 10 infiltration bag samples were 
collected from each stream. These sample numbers, 12 and 10, were selected because they 
exceeded the numbers collected during the eight case studies and also exceeded those 
numbers observed in the literature for McNeil coring (MacDonald and McDonald, 1987; 
Schuett-Hames et al., 1994) and infiltration baskets (Heywood and Walling, 2007; Petticrew 
et al., 2007). Also, the impetus of this project was to develop a protocol that will be widely 
used and sample numbers higher than these would likely hamper the application of this 
protocol in remote areas because sample weights would be too heavy to return to the lab.  

2.6.1 Coefficient of variation approach 
The data were subdivided into clusters ranging from 4 to 12 samples based upon similar site 
depth and overlying velocity. These two parameters were chosen because they are easily 
measured in the field and they have a substantial effect on settling environment (Knighton, 
1998). Coefficients of variation (CV) were then calculated for each grouping. The CV 
expresses the standard deviation as a proportion of the mean (Sokal and Rohlf, 1995). As 
sample numbers increase, the mean and standard deviation change as does the CV. The CV 
is used here to represent changes in precision. Specifically, this exercise focuses on finding 
the sample number where the CV stabilizes. The effective sample number, defined here as 
that number of samples after which precision gains are small (i.e. < 5%), was determined for 
the three streams. The weight of sediment deposited at each site as measured by the given 
technique was then included in these ranked tables (e.g. Table 1) and clusters were formed 
starting with the largest number of similar values. For example, in Table 1 six samples have 
a water depth of 8 cm to represent the first cluster (CV=18.9%). The second cluster is 
identified by including the maximum number of samples of the depth that is most similar to 
the original cluster. In this case the two samples with depths of 9 cm were included 
(CV=16.3%). The third cluster now incorporates the single sample at 7 cm because it is more 
similar to the original cluster than the samples at 10 cm (CV=17.1%). The final cluster 
includes all samples and it has a CV of 18.4%. Note that the change in CV from six to twelve 
samples is less than 3%. Very little precision appears to be gained by increasing sample 
numbers but eight is chosen as the effective sample number because it has the lowest CV. 
The results of the clustering CV analysis show the importance of maintaining similarity in 
site selection. Increased sample numbers are expected to improve the accuracy of the 
mean and the variation around the mean. However, in some cases the smallest CV was 
found with the lower sample sizes, which also had the narrowest range of water depth 
and velocity. This potentially reflects the magnitude of the change of the controlling 
variable used for clustering (i.e. 6 samples from the same water depth versus 9 samples 
that incorporate 3 depths). As depth and velocity are important controlling variables for 
sediment deposition it is best to maintain equivalent conditions for all replicates. This is 
clearly not always possible and therefore results in natural variability. The range sampled 
here was not expected to generate large differences but may be affecting the variation. 
Generally, most sample sets returned data with low variability (CV of 8-30%) with the 
exception of the largest creek (Young's at 11.6 m wide) where CV values were generally 
above 30%. Trapping techniques generally showed higher variability as measured with 
the CV than the McNeil core (Table 2).  
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Table 1. Gravel bucket data grouped by sample depth for the 5 m wide creek. 

Sample Technique 5 m 9 m 11 m 
Gravel Bucket 8 (12) 9 (13) 10 (25) 
Infiltration Bag 4 (23) 8 (36) 10 (38) 

McNeil Core 6 (18) 8 (24) 10 (24) 

Table 2. Recommended sample number for each sample technique by stream width (CV in 
brackets).  

2.6.2 Formula-based sample size estimates 
Another approach to determine sample size was used for comparison to the sample 
estimates from CV alone. Sample number estimates were calculated using the following 
formula from Sokal and Rohlf (1995):  

 N  2 (/)2 {t [v] + t2(1-), [v]}2  (1) 

Where: N = sample number 
 = true standard deviation (approximated) 
 = smallest true difference desired to detect 
t = t-distribution 
v = degrees of freedom of the sample approx. 

 = significance level 
 = desired power (i.e. probability a difference is found if it exists) 

Example Calculation for Gravel Buckets in a 4 m wide stream: 

Gravel Buckets 
CV = 7.6% for 9 replicates  
We want to detect a 20% difference 90% of the time. 
v = 2(9-1) = 16,  approx = 7.6 Y/100, 20% difference is   = 20Y/100 
N  2 (7.6Y/100 / 20/100)2 {t.05 16 + t.2 16}}2 
N  2 (7.6/20)2 {1.746+1.34}2 
N  2.74 ~ 3 samples  
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To confirm 3 is correct, re-calculate equation 1 using 3 rather than 9 replicates, which gives 
an answer of 5.35. When 5 is used the answer is 4, so 4 is a good approximation. 
The formula based sample number requirements were typically much larger than those 
generated using CV alone (Table 3). As with most equation based sample estimates, these 
numbers ensure statistical requirements are met, i.e. in our example the ability to detect a 5, 
10, or 20% difference 90% of the time (Equation 1). Note that the statistical formula approach 
does not consider environmental limitations. For example, can and should you collect 250 
gravel bucket samples in an 11 m wide creek? The availability of similar sampling sites is 
implicit within the CV analysis.  
The difference between the CV and formula based sample estimates can be explained. First, 
the CV analysis looks at the decrease in variability with increased sample numbers (based 
on clusters) with an upper limit of 12 samples. So, if the lowest CV is 25% at 8 replicates, this 
is the best sample number within the possible sample size of 12 replicates despite the high 
variability. Although this seems a shortfall of the method, seven of the eight case studies 
saw a significant difference between sites when using less samples than suggested by the 
CV analysis for those people interested in using the formula based approach we suggest that 
the 20% detection limit is most relevant as other studies have focussed on quantifying this 
level of difference between locations (Rood and Church, 1994). 
 
 5 meter 9 meter 11 meter 
Detectable Difference 20 % 10% 5% 20 % 10% 5% 20 % 10% 5% 
Gravel  Bucket 4 14 56 9 40 75 250 986 1972 
Infiltration Bag 30 115 450 46 176 684 83 306 1227 
McNeil Core 12 43 146 11 39 143 28 108 421 

Table 3. Calculated sample numbers for each technique assuming a 90% chance of finding 
20%, 10%, or 5% differences between sample sites. 

2.7 Case study site description 
The eight sites selected for case study were located within the central interior of British 
Columbia in the Prince George, Vanderhoof, and Mackenzie Forest Districts (Fig. 7). All 
streams were fish-bearing systems with active channel widths ranging between 4 and 12 m 
(Table 4). 
 
 Stream Channel Width (m) Activity 
Spruce Creek 9.0 Ditch Erosion 
Government Creek 8.0 Bridge Construction 
Youngs Creek 11.6 Historical Crossing 
Nithi River 4.5 Bridge Construction 
Big Bend Creek 7.0 Bridge Construction 
Cluculz Creek 5.0 Culvert Replacement 
Greer Creek 7.0 Bridge Construction 
Mugaha Creek 10.0 Bridge Washout 

Table 4. Summary information of the eight case studies. 
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2.7 Case study site description 
The eight sites selected for case study were located within the central interior of British 
Columbia in the Prince George, Vanderhoof, and Mackenzie Forest Districts (Fig. 7). All 
streams were fish-bearing systems with active channel widths ranging between 4 and 12 m 
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 Stream Channel Width (m) Activity 
Spruce Creek 9.0 Ditch Erosion 
Government Creek 8.0 Bridge Construction 
Youngs Creek 11.6 Historical Crossing 
Nithi River 4.5 Bridge Construction 
Big Bend Creek 7.0 Bridge Construction 
Cluculz Creek 5.0 Culvert Replacement 
Greer Creek 7.0 Bridge Construction 
Mugaha Creek 10.0 Bridge Washout 

Table 4. Summary information of the eight case studies. 
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Fig. 7. Location of the eight case study sites in the British Columbia central interior. 

3. Case study results  
Seven of the eight case studies had significantly higher levels of fine sediment depositing 
downstream of the selected forest road activity for one or all of the techniques used (Table 
5). The Greer Creek study did not show a significant increase in fine sediment downstream 
of bridge construction. This is likely the result of a decrease in discharge during our study 
period and the application of sediment control measures by the construction crew, which 
consisted of hay bales and geo-textile. For brevity the complete  findings from each of the 
creeks will not be presented, instead details will be presented for one study site, Cluculz 
Creek. 

3.1 Case study example: Cluculz Creek  
Cluculz Creek is a 5 m wide fish bearing stream in the Vanderhoof Forest District. Its 
fisheries population includes the Kokanee salmon (Oncorhynchus nerka) and rainbow trout 
(O. mykiss). This site was selected because the crossing was undergoing road improvements 
consisting of culvert replacement and channel bank revetment. The culverts had repeatedly 
failed to accommodate spring flows often resulting in a road washout. So, the culverts were 
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being replaced and the channel bank was being reinforced with boulders to direct flow 
through the new pipe arch (Fig. 8). 
The culvert replacement was a large scale disturbance to Cluculz Creek below the crossing. 
Baseline samples were collected on July 25 and the construction activities occurred between 
August 15-21. The creek was redirected through a temporary channel for several hours on 
August 18 while the culverts were pulled out and the pipe arch was installed. Construction 
period samples were collected with gravel buckets. Post-construction samples were 
collected with some or all techniques on September 23, October 22, and November 16. 
Construction activities were found to cause a significant increase in fine sediment depositing 
downstream of the road crossing for the total period. 
 

Study Area Technique Sample Number 
per Visit Results 

Big Bend Creek McNeil Core 
Gravel Buckets 

4 and 6 
4 and 6 

Higher sand downstream 
Higher sand and clay 
downstream 

Cluculz Creek  
McNeil Core 
Gravel Bucket 
Infiltration Bag 

3, 4, 6, and 6  
4, 6, and 6 
4 and 4 

Higher sand and clay 
downstream 
Higher sand and clay 
downstream  
Higher very fine gravel 
upstream 

Government 
Creek McNeil Core 3  Higher sand downstream 

Greer Creek McNeil Core 
Gravel Bucket 

4 and 6 
4 

No site differences 
No site differences 

Mugaha Creek 
McNeil Core 
Gravel Bucket 
Infiltration Bags 

6, 6, and 6 
6 and 6 
4 and 4 

Higher sand downstream 
Higher sand downstream 
Higher sand downstream 

Nithi River McNeil Core 
Gravel Bucket 

3 and 4 
4 

Higher sand downstream 
No site differences 

Spruce Creek McNeil Core 
Gravel Bucket 

6, 6, and 6 
6 and 6 

No site differences 
Higher sand downstream 

Young’s Creek 
McNeil Core 
Gravel Bucket 
Infiltration Bag 

3, 4, and 6 
4 and 6 
3 

Higher sand downstream 
Higher sand downstream 
No site differences 

Table 5. Sampling technique, sample number per visit, and a result summary for each of the 
eight case studies. 

The most dramatic increase at the downstream site was observed for the construction period 
bucket samples, which were retrieved on August 21 three days after the creek was 
redirected. Bucket sample weights for each grain size were up to threefold greater at the  
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being replaced and the channel bank was being reinforced with boulders to direct flow 
through the new pipe arch (Fig. 8). 
The culvert replacement was a large scale disturbance to Cluculz Creek below the crossing. 
Baseline samples were collected on July 25 and the construction activities occurred between 
August 15-21. The creek was redirected through a temporary channel for several hours on 
August 18 while the culverts were pulled out and the pipe arch was installed. Construction 
period samples were collected with gravel buckets. Post-construction samples were 
collected with some or all techniques on September 23, October 22, and November 16. 
Construction activities were found to cause a significant increase in fine sediment depositing 
downstream of the road crossing for the total period. 
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Table 5. Sampling technique, sample number per visit, and a result summary for each of the 
eight case studies. 

The most dramatic increase at the downstream site was observed for the construction period 
bucket samples, which were retrieved on August 21 three days after the creek was 
redirected. Bucket sample weights for each grain size were up to threefold greater at the  
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a) 
 

 
b) 

Fig. 8. Upstream view of Cluculz Creek showing a) two culverts and channel before 
construction and b) post-construction pipe arch and bank revetment. 

downstream site (Fig. 9). Although this signal response is clearly shown in the gravel bucket 
samples, it is interesting to note that a similar response was not identified for the McNeil 
core samples. An important aspect of the sampling protocol is identified in these results 
because the lack of correspondence between techniques may have nothing to do with their 
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sensitivity but instead be a function of operator bias and/or the specific sample location. 
That is, the first gravel buckets were installed in McNeil core sampling locations during the 
July  baseline 25 visit (pre-construction sampling date). Upon our return on August 21, the 
streambed in this area had changed from its original charcoal grey colour to tan as a result 
of the high amount of sediment deposited in the area. Despite this obvious increase in 
deposited sediment, McNeil core samples were not collected there because that area was 
sampled during the previous visit. Instead, samples were collected downstream of the 
buckets, outside of the high deposition area. 
McNeil core data showed a significant difference in the sand and silt/clay fractions between 
the up and downstream locations four and ten weeks after the culvert replacement (Fig. 10 
and 11) as the sand moved along the bed downstream from the originally effected area due 
to increasing fall flow volumes.  
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Fig. 9. Gravel bucket mean weights and their upper 95% confidence limits from samples 
collected at Cluculz Creek during the construction period. An asterisk highlights those grain 
sizes where there is a significant difference between sites. 
 

Grain Size Class
Fine Gravel V.Fine Gravel Coarse Sand Medium Sand Fine Sand V.Fine Sand Silt/Clay

P
er

ce
nt

 C
om

po
si

tio
n

0

10

20

30

40

50

60

Upstream 
Downstream 

*

* * *

 
Fig. 10. McNeil core sample means and their upper 95% confidence limits  five weeks after 
culvert replacement at Cluculz Creek. Asterisks highlight significant differences between sites. 
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construction and b) post-construction pipe arch and bank revetment. 
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Fig. 9. Gravel bucket mean weights and their upper 95% confidence limits from samples 
collected at Cluculz Creek during the construction period. An asterisk highlights those grain 
sizes where there is a significant difference between sites. 
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Fig. 10. McNeil core sample means and their upper 95% confidence limits  five weeks after 
culvert replacement at Cluculz Creek. Asterisks highlight significant differences between sites. 
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Some of the gravel bucket and infiltration bag samplers were lost at the downstream site 
during October as a result of high flows. Neither the buckets nor bags show a significant 
difference between sites, possibly due to the low number of samples at the downstream site. 
Six gravel buckets were used for sampling, whereas eight are recommended for this stream 
width (Table 2). Eleven weeks following construction, buckets show that the crossing was 
still acting as a sediment source for the sand and silt/clay fractions (Fig. 12). Although the 
infiltration bag samples for November 16 captured higher sands and silt/clay at the 
downstream location, the difference was not statistically significant but it does point to an 
increase in infiltrating fines at that site (Fig. 13).  
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Fig. 11. McNeil core sample means and their upper 95% confidence limits 11 weeks after culvert 
replacement  in Cluculz Creek. Asterisks highlight significant differences between sites. 
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Fig. 12. Gravel bucket sample means and their upper 95% confidence limits for November 6 
(11 weeks after culvert replacement  in Cluculz Creek). Asterisks highlight significant 
differences between sites. 
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Fig. 13. Infiltration sample bag means and their upper 95% confidence limits for November 6. 
(11 weeks after culvert replacement on Cluculz Creek) 

4. Discussion  
The objective of this project was to design and evaluate a sampling protocol to quantify 
increases in the storage of fine sediments downstream of forest road construction and 
maintenance activities. Forest roads were highlighted in this study because they are the 
predominant type of unpaved road within the central interior of British Columbia. The 
study results confirm that the protocol described here is capable of detecting these increases. 
One or all of the techniques employed were able to detect significant increases in the fine 
sediment concentration for seven of the eight case studies presented.  
It is suggested that this protocol would be useful for investigating unpaved roads used for 
other activities including agricultural development, oil and gas exploration, or mining. 
The latter, may be of particular interest because of high vehicular weight and traffic over 
wet and dry seasons during the mine’s operating life. Mine haul roads support traffic 
with vehicular weights upwards of 290 tons and deterioration of the road can be 
accelerated by high traffic volumes and wear-resistance of road materials (Thompson and 
Visser, 2006).  
Observations gathered during this study complement the literature, which often highlights 
unpaved roads as a major contributor of sediment to streams. Sediment delivery pathways 
include road and ditch runoff during road construction or following significant road bed 
deterioration (Cafferata and Spittler, 1998). Beschta (1978) demonstrated that road 
construction activities increased sediment load to a magnitude similar that of mass wasting 
in coastal Oregon streams. Bilby et al. (1989) determined in their study of a southwestern 
watershed that 34% of surveyed road drainage points entered streams directly. Further, in 
most cases fine sand (< 0.25 mm) was delivered to the streams by these roads but as 
gradient increased there was a shift to the larger grain sizes of sand. Sediment contribution 
from roads may vary based upon particle size composition of the road, with roads 
composed of finer sediment contributing more sediment from surface erosion. Turton et al. 
(2009) calculated that 35% of the sediment yield from Stillwater Creek, Oklahoma was 
generated from sandy loam to clay loam roads that comprise only 1.3% of the watershed 
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Some of the gravel bucket and infiltration bag samplers were lost at the downstream site 
during October as a result of high flows. Neither the buckets nor bags show a significant 
difference between sites, possibly due to the low number of samples at the downstream site. 
Six gravel buckets were used for sampling, whereas eight are recommended for this stream 
width (Table 2). Eleven weeks following construction, buckets show that the crossing was 
still acting as a sediment source for the sand and silt/clay fractions (Fig. 12). Although the 
infiltration bag samples for November 16 captured higher sands and silt/clay at the 
downstream location, the difference was not statistically significant but it does point to an 
increase in infiltrating fines at that site (Fig. 13).  
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Fig. 11. McNeil core sample means and their upper 95% confidence limits 11 weeks after culvert 
replacement  in Cluculz Creek. Asterisks highlight significant differences between sites. 
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Fig. 12. Gravel bucket sample means and their upper 95% confidence limits for November 6 
(11 weeks after culvert replacement  in Cluculz Creek). Asterisks highlight significant 
differences between sites. 
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Fig. 13. Infiltration sample bag means and their upper 95% confidence limits for November 6. 
(11 weeks after culvert replacement on Cluculz Creek) 

4. Discussion  
The objective of this project was to design and evaluate a sampling protocol to quantify 
increases in the storage of fine sediments downstream of forest road construction and 
maintenance activities. Forest roads were highlighted in this study because they are the 
predominant type of unpaved road within the central interior of British Columbia. The 
study results confirm that the protocol described here is capable of detecting these increases. 
One or all of the techniques employed were able to detect significant increases in the fine 
sediment concentration for seven of the eight case studies presented.  
It is suggested that this protocol would be useful for investigating unpaved roads used for 
other activities including agricultural development, oil and gas exploration, or mining. 
The latter, may be of particular interest because of high vehicular weight and traffic over 
wet and dry seasons during the mine’s operating life. Mine haul roads support traffic 
with vehicular weights upwards of 290 tons and deterioration of the road can be 
accelerated by high traffic volumes and wear-resistance of road materials (Thompson and 
Visser, 2006).  
Observations gathered during this study complement the literature, which often highlights 
unpaved roads as a major contributor of sediment to streams. Sediment delivery pathways 
include road and ditch runoff during road construction or following significant road bed 
deterioration (Cafferata and Spittler, 1998). Beschta (1978) demonstrated that road 
construction activities increased sediment load to a magnitude similar that of mass wasting 
in coastal Oregon streams. Bilby et al. (1989) determined in their study of a southwestern 
watershed that 34% of surveyed road drainage points entered streams directly. Further, in 
most cases fine sand (< 0.25 mm) was delivered to the streams by these roads but as 
gradient increased there was a shift to the larger grain sizes of sand. Sediment contribution 
from roads may vary based upon particle size composition of the road, with roads 
composed of finer sediment contributing more sediment from surface erosion. Turton et al. 
(2009) calculated that 35% of the sediment yield from Stillwater Creek, Oklahoma was 
generated from sandy loam to clay loam roads that comprise only 1.3% of the watershed 
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area. Although glacial till roads have higher erosion rates than coarser roads constructed 
from metamorphic rock, erosion rates are also influenced by road slope and time since the 
road was last graded (Sugden and Woods, 2007).  
During the data analysis process and subsequent presentation of results, two other issues 
were identified that require more detailed discussion. These include technique sensitivity 
and error analysis.  

4.1 Technique sensitivity 
Technique sensitivity as defined here refers to the ability of a sampling technique to detect a 
difference in sediment storage between sites and for it to provide repeatable results. Prior to 
assessing sensitivity it is necessary to review the sampling protocol for each technique to 
highlight external influences on sample collection and to clarify each technique’s strength 
and weakness. 

4.1.1 McNeil corer 
The McNeil corer is a sediment corer that penetrates the streambed and provides a bulk 
sample of the bed to the depth that the core is driven. It is the most environmentally 
representative sampling technique presented here because the natural streambed is sampled 
directly. Further, Young et al. (1991) determined in laboratory trials with known sediment 
mixtures that the McNeil core provided more accurate and precise samples than the single 
or tri-probe freeze corer and shovels.  
A potential problem with the McNeil core is the under-sampling of fine sediments due to 
the disturbance of interstitial fines during the coring process (Young et al., 1991). Similar to 
other coring techniques, this disturbance of interstitial fines may bias the sampler to larger 
grain sizes. Further, the coarser fine sediments (e.g. sands) that have settled out at the 
bottom of the core may not be adequately suspended or they can settle out again just prior 
to collection of the 1 L core water sample. However, by ensuring the consistency of 
sampling personnel and procedure it is defensible to compare sediment concentrations 
between sites using this technique. 
The McNeil core has distinct advantages over other corers and the trap techniques including 
its ease of use, portability, and adaptability. The core tube can be exchanged for narrower or 
broader tubes to best suit the range of particle sizes the researcher wants to collect. It collects 
natural streambed material making it a better measure of streambed conditions than 
sediment traps.  

4.1.2 Gravel buckets 
Gravel buckets are impermeable walled containers that trap depositing and/or saltating 
sediment that settles on the reference gravel’s surface. They provide a standardized measure 
of sedimentation within a known grain size matrix as related to a specific monitored 
activity. The gravel bucket is a trap and so it may not be representative of the natural 
environment because the bucket walls prevent exchange with the surrounding streambed. 
Further, if the reference gravel has a different grain size composition than the natural 
substrate, their trapping efficiencies will differ so bucket results may not be indicative of the 
retained portion of settled solids in the sample area. However, it is important to recognize 
that the gravel bucket is not meant to simulate the streambed. Instead, its purpose is to 
measure the contribution of a specific activity to the depositing sediment load within a 
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stream. It quantifies the addition of sediment to the streambed and not streambed alteration. 
To assess streambed alteration the bucket should be deployed with another sampler that 
samples the streambed directly such as the McNeil corer. 

4.1.3 Infiltration bags 
Infiltration bags are also traps but unlike the buckets they are collapsed and buried at the 
bottom of a column of reference gravel within the streambed. They have an advantage over 
gravel buckets because the column of reference gravel is open to exchange with the 
surrounding streambed and therefore collects sediment depositing from above as well as 
moving vertically or horizontally through the streambed. The reference gravel is clean and its 
size and shape ensures that pore spaces are numerous and capable of retaining settled fines by 
reducing interstitial flow, all of which make it an effective sampler. Assuming that the sample 
collected when the bag is removed from the streambed represents the fine sediment burden at 
that location and time, this technique may be best applied over short periods before and after 
an event. When it is left for longer periods the reference gravel may come to equilibrium with 
the fine sediment composition of the bed but this time will be unknown. 

4.1.4 Summary 
Each technique focuses on sampling a different portion of the depositing sediment load and 
as such it can be expected that they may provide different results for the same site as shown 
in table 5. As previously stated, the McNeil core may be biased toward sampling of the 
larger grain sizes (> 1 mm) and so may not show increases in finer sediments while the traps 
do detect a difference in the smaller size range. This was observed at Big Bend, Cluculz, and 
Spruce Creek sample locations. Infiltration bags incorporate subsurface and surface 
sediment movement and can therefore differ from gravel buckets as shown in Young’s 
Creek. Further, McNeil core samples and gravel buckets can show a significant increase in 
fine sediments due to surface loading whereas the infiltration bags can receive surface 
inputs but lose stored material via intergravel flows because they are open to horizontal and 
vertical exchange. Fine sediment can move further downstream with intergravel flow so 
bags may return lower fine sediment mass than buckets. This was observed at Young’s 
Creek where both buckets and cores showed higher fine sediment loads than the bags.  
Insufficient sample numbers may also explain the apparent discrepancy between the data 
collected by different samplers. Many of the case studies did not have sufficient sample 
numbers collected as was later determined by the sample number estimate program 
initiated in Cluculz, Spruce, and Youngs Creek. For example, four McNeil cores and three 
buckets were originally collected at Nithi River but according to our sample size estimates, 
six cores and eight buckets would have been more representative for that stream width 
(Tables 2 and 5). Although neither the McNeil or gravel bucket data set consistently has the 
appropriate number of replicates, the McNeil core sample number was often closer than the 
buckets, which may explain why cores determined there to be higher sand concentrations 
downstream and the gravel buckets did not (Table 5).  
The sample size requirement information indicates that the infiltration bag will return the 
least variable data with the fewest number of samples for the 5 m wide stream while the 
McNeil core will do so for the 9 and 11 m wide streams (Table 2). Generally however, the 
sample numbers are comparable across techniques indicating that each is capable of 
returning repeatable and complementary data with relatively few replicates. Where it is not 
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area. Although glacial till roads have higher erosion rates than coarser roads constructed 
from metamorphic rock, erosion rates are also influenced by road slope and time since the 
road was last graded (Sugden and Woods, 2007).  
During the data analysis process and subsequent presentation of results, two other issues 
were identified that require more detailed discussion. These include technique sensitivity 
and error analysis.  

4.1 Technique sensitivity 
Technique sensitivity as defined here refers to the ability of a sampling technique to detect a 
difference in sediment storage between sites and for it to provide repeatable results. Prior to 
assessing sensitivity it is necessary to review the sampling protocol for each technique to 
highlight external influences on sample collection and to clarify each technique’s strength 
and weakness. 

4.1.1 McNeil corer 
The McNeil corer is a sediment corer that penetrates the streambed and provides a bulk 
sample of the bed to the depth that the core is driven. It is the most environmentally 
representative sampling technique presented here because the natural streambed is sampled 
directly. Further, Young et al. (1991) determined in laboratory trials with known sediment 
mixtures that the McNeil core provided more accurate and precise samples than the single 
or tri-probe freeze corer and shovels.  
A potential problem with the McNeil core is the under-sampling of fine sediments due to 
the disturbance of interstitial fines during the coring process (Young et al., 1991). Similar to 
other coring techniques, this disturbance of interstitial fines may bias the sampler to larger 
grain sizes. Further, the coarser fine sediments (e.g. sands) that have settled out at the 
bottom of the core may not be adequately suspended or they can settle out again just prior 
to collection of the 1 L core water sample. However, by ensuring the consistency of 
sampling personnel and procedure it is defensible to compare sediment concentrations 
between sites using this technique. 
The McNeil core has distinct advantages over other corers and the trap techniques including 
its ease of use, portability, and adaptability. The core tube can be exchanged for narrower or 
broader tubes to best suit the range of particle sizes the researcher wants to collect. It collects 
natural streambed material making it a better measure of streambed conditions than 
sediment traps.  

4.1.2 Gravel buckets 
Gravel buckets are impermeable walled containers that trap depositing and/or saltating 
sediment that settles on the reference gravel’s surface. They provide a standardized measure 
of sedimentation within a known grain size matrix as related to a specific monitored 
activity. The gravel bucket is a trap and so it may not be representative of the natural 
environment because the bucket walls prevent exchange with the surrounding streambed. 
Further, if the reference gravel has a different grain size composition than the natural 
substrate, their trapping efficiencies will differ so bucket results may not be indicative of the 
retained portion of settled solids in the sample area. However, it is important to recognize 
that the gravel bucket is not meant to simulate the streambed. Instead, its purpose is to 
measure the contribution of a specific activity to the depositing sediment load within a 
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stream. It quantifies the addition of sediment to the streambed and not streambed alteration. 
To assess streambed alteration the bucket should be deployed with another sampler that 
samples the streambed directly such as the McNeil corer. 

4.1.3 Infiltration bags 
Infiltration bags are also traps but unlike the buckets they are collapsed and buried at the 
bottom of a column of reference gravel within the streambed. They have an advantage over 
gravel buckets because the column of reference gravel is open to exchange with the 
surrounding streambed and therefore collects sediment depositing from above as well as 
moving vertically or horizontally through the streambed. The reference gravel is clean and its 
size and shape ensures that pore spaces are numerous and capable of retaining settled fines by 
reducing interstitial flow, all of which make it an effective sampler. Assuming that the sample 
collected when the bag is removed from the streambed represents the fine sediment burden at 
that location and time, this technique may be best applied over short periods before and after 
an event. When it is left for longer periods the reference gravel may come to equilibrium with 
the fine sediment composition of the bed but this time will be unknown. 

4.1.4 Summary 
Each technique focuses on sampling a different portion of the depositing sediment load and 
as such it can be expected that they may provide different results for the same site as shown 
in table 5. As previously stated, the McNeil core may be biased toward sampling of the 
larger grain sizes (> 1 mm) and so may not show increases in finer sediments while the traps 
do detect a difference in the smaller size range. This was observed at Big Bend, Cluculz, and 
Spruce Creek sample locations. Infiltration bags incorporate subsurface and surface 
sediment movement and can therefore differ from gravel buckets as shown in Young’s 
Creek. Further, McNeil core samples and gravel buckets can show a significant increase in 
fine sediments due to surface loading whereas the infiltration bags can receive surface 
inputs but lose stored material via intergravel flows because they are open to horizontal and 
vertical exchange. Fine sediment can move further downstream with intergravel flow so 
bags may return lower fine sediment mass than buckets. This was observed at Young’s 
Creek where both buckets and cores showed higher fine sediment loads than the bags.  
Insufficient sample numbers may also explain the apparent discrepancy between the data 
collected by different samplers. Many of the case studies did not have sufficient sample 
numbers collected as was later determined by the sample number estimate program 
initiated in Cluculz, Spruce, and Youngs Creek. For example, four McNeil cores and three 
buckets were originally collected at Nithi River but according to our sample size estimates, 
six cores and eight buckets would have been more representative for that stream width 
(Tables 2 and 5). Although neither the McNeil or gravel bucket data set consistently has the 
appropriate number of replicates, the McNeil core sample number was often closer than the 
buckets, which may explain why cores determined there to be higher sand concentrations 
downstream and the gravel buckets did not (Table 5).  
The sample size requirement information indicates that the infiltration bag will return the 
least variable data with the fewest number of samples for the 5 m wide stream while the 
McNeil core will do so for the 9 and 11 m wide streams (Table 2). Generally however, the 
sample numbers are comparable across techniques indicating that each is capable of 
returning repeatable and complementary data with relatively few replicates. Where it is not 
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possible to collect the suggested number of replicates due to site restrictions the sample size 
should be no less than three samples, which was shown in the  Nithi River, Big Bend, and 
Government Creek site to be sufficient enough to determine a difference between sites.  
To summarize, technique sensitivity is subjective because each technique was found to 
return repeatable data with similar sample numbers per given stream width. Further, there 
was general agreement between sample results for deployed techniques in each of the eight 
case studies. Sensitivity then is a consideration best decided upon by the sampler and the 
monitoring requirements of the project. For example, it is likely that the trapping techniques 
will be more sensitive to subtle increases in the depositing sediment load when the source is 
constant because their reference gravels have been cleaned and are of a size that optimizes 
trapping of fine sediments (Meehan and Swanston, 1977). However, while they may be 
more sensitive to increased fine sediments the data collected by them may not represent a 
similar change to the natural streambed and so the information gathered may be more 
relevant if partnered with the McNeil corer. Finally, the McNeil core and infiltration bag 
techniques may be a more sensitive measure of compositional changes with depth. The core 
will detect changes over the depth of the tube and the infiltration bag is open to horizontal 
and vertical exchange to the depth it is buried. 

4.2 Potential errors 
Two sources of error have the potential to affect project results, namely sampling and 
measurement error. Sampling error refers to errors in the sampling method, which is the 
selection of sites and techniques. Measurement error refers to error in sampling extraction 
and analysis.  
Sampling error was addressed in two manners, 1) site establishment data ensured could be 
consistency in sample site conditions between sampling locations within the study area and 
2) techniques were deployed in accordance with available standards. The site establishment 
data assured maximum sample site similarity given available field conditions. Although it 
may have been possible to find more comparable sites further up or downstream of the 
selected study area, there was a spatial sampling constraint. Specifically, if similar sites were 
chosen that were more than a couple of reach lengths from each other data interpretation is 
made more complex because we would have to account for the influence of tributaries, 
springs, or any sites of increased streambank erosion and sedimentation between the 
stations. Finally, where the number of sample locations within a site were limited and a 
sample had to be collected in a location having depth and velocity levels well outside the 
mean for that site, its data might have to be could be excluded from future analysis should it 
be shown to be an outlier.  
There was limited information to draw from when developing this sampling protocol. 
Specifically, there was no sampling guidebook that discussed the theoretical and practical 
considerations necessary to design an effective sampling program. As such, the design and 
sampling process provided educational opportunities to improve the protocol. Starting with 
basic information available from the literature on how to use these sampling techniques, we 
were able to modify the technique to suit our specific needs and the assumptions behind 
these modifications were verified in the field. For example, the McNeil core has steel teeth 
that must be driven into the streambed by exerting pressure from above. It appears that the 
best approach is to torque the handles forcing the teeth to cut the streambed. When 
sampling in the field it is immediately obvious that when you torque the handles the core 
can rock, particularly on coarse substrate. This rocking results in the formation of fine 
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sediment plumes behind the corer due to bed disturbance. To counteract this condition two 
adjustments were needed. First, sampling was conducted in an upstream manner to 
minimize contamination of sample sites downstream with excess fines caused by streambed 
disturbance during the sampling process. Secondly, to maximize capture of fines during the 
coring process the operator had to be tall enough to rest their body on top of the core and 
also had to be sufficiently strong so as to force a good seal between the core tube and the 
streambed. 
Measurement error refers specifically to sample analysis procedures and field instruments. 
A commercial laboratory analyzed sediment samples in accordance to ASTM standards for 
gravimetric sieving. In addition to the adherence of this sampling protocol 5-10% of the 
samples sent were re-sieved and the values compared. If the original and re-sieved values 
were more than 5% different from each other the sample was again re-sieved and if the 
difference held true, the samples from that batch were excluded. Fortunately, no re-sieved 
samples lay outside the acceptable level of difference.  
Field instruments included a measuring tape, velocity meter, clinometer, and ruler. The 
same field equipment was used throughout the study to ensure consistency between sample 
stations within and between streams. The velocity meter was calibrated prior to the field 
season and its maintenance procedures were adhered to throughout the study period. The 
combination of these activities ensured that collected data were of good quality. 

5. Conclusion and recommendations 
The results of this program show that forest road construction and maintenance activities 
can increase downstream streambed concentrations of sediment less than 6 mm. Further, it 
was confirmed that these increases can be quantified with the use of the McNeil core, gravel 
buckets, and infiltration bags. Although each technique was found to have environmental 
limitations and sampling situations to which they are best applied, it is reasonable to 
conclude that each of them can detect forestry affected increases in depositing sediment but 
that they are more robust when used in combination. 
Incorporating a geochemical analysis of captured sediments will enhance findings generated 
from the fine sediment monitoring protocol. Geochemical fingerprinting can increase the 
reliability of sampling results and may broaden sampling possibilities (Taylor and Owens, 
2009). Fletcher and Christie (1999) used inductively coupled plasma mass-
spectrophotometry (ICP-MS) to identify tracer elements for several newly formed sediment 
sources in six small streams (<5 m wide) in the Baptiste Watershed near Fort St. James, BC. 
They identified an element as useful when there are substantial differences between the 
sediment source being traced and the streambed sediment. Element composition differences 
between stream sediment and tracked sources were evaluated using the geochemical 
contrast (ratio) between concentration of the element within a sediment source and stream 
sediment above the source as well as by testing mean values of the sediment and source for 
significant differences.  
Several elements were found to be acceptable tracers for the studied basins including 
calcium, chromium, iron, manganese, nickel, phosphorous, strontium, and titanium. 
Although not originally identified as a tracer, zinc was also found to be useful because it 
gave very high concentrations downstream of new stream crossings. They concluded this to 
be a result of sediment abrading the new galvanized culverts. Once identified, tracer 
elements were used to determine mixing or dilution of the new sediment into the streambed 
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possible to collect the suggested number of replicates due to site restrictions the sample size 
should be no less than three samples, which was shown in the  Nithi River, Big Bend, and 
Government Creek site to be sufficient enough to determine a difference between sites.  
To summarize, technique sensitivity is subjective because each technique was found to 
return repeatable data with similar sample numbers per given stream width. Further, there 
was general agreement between sample results for deployed techniques in each of the eight 
case studies. Sensitivity then is a consideration best decided upon by the sampler and the 
monitoring requirements of the project. For example, it is likely that the trapping techniques 
will be more sensitive to subtle increases in the depositing sediment load when the source is 
constant because their reference gravels have been cleaned and are of a size that optimizes 
trapping of fine sediments (Meehan and Swanston, 1977). However, while they may be 
more sensitive to increased fine sediments the data collected by them may not represent a 
similar change to the natural streambed and so the information gathered may be more 
relevant if partnered with the McNeil corer. Finally, the McNeil core and infiltration bag 
techniques may be a more sensitive measure of compositional changes with depth. The core 
will detect changes over the depth of the tube and the infiltration bag is open to horizontal 
and vertical exchange to the depth it is buried. 

4.2 Potential errors 
Two sources of error have the potential to affect project results, namely sampling and 
measurement error. Sampling error refers to errors in the sampling method, which is the 
selection of sites and techniques. Measurement error refers to error in sampling extraction 
and analysis.  
Sampling error was addressed in two manners, 1) site establishment data ensured could be 
consistency in sample site conditions between sampling locations within the study area and 
2) techniques were deployed in accordance with available standards. The site establishment 
data assured maximum sample site similarity given available field conditions. Although it 
may have been possible to find more comparable sites further up or downstream of the 
selected study area, there was a spatial sampling constraint. Specifically, if similar sites were 
chosen that were more than a couple of reach lengths from each other data interpretation is 
made more complex because we would have to account for the influence of tributaries, 
springs, or any sites of increased streambank erosion and sedimentation between the 
stations. Finally, where the number of sample locations within a site were limited and a 
sample had to be collected in a location having depth and velocity levels well outside the 
mean for that site, its data might have to be could be excluded from future analysis should it 
be shown to be an outlier.  
There was limited information to draw from when developing this sampling protocol. 
Specifically, there was no sampling guidebook that discussed the theoretical and practical 
considerations necessary to design an effective sampling program. As such, the design and 
sampling process provided educational opportunities to improve the protocol. Starting with 
basic information available from the literature on how to use these sampling techniques, we 
were able to modify the technique to suit our specific needs and the assumptions behind 
these modifications were verified in the field. For example, the McNeil core has steel teeth 
that must be driven into the streambed by exerting pressure from above. It appears that the 
best approach is to torque the handles forcing the teeth to cut the streambed. When 
sampling in the field it is immediately obvious that when you torque the handles the core 
can rock, particularly on coarse substrate. This rocking results in the formation of fine 
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sediment plumes behind the corer due to bed disturbance. To counteract this condition two 
adjustments were needed. First, sampling was conducted in an upstream manner to 
minimize contamination of sample sites downstream with excess fines caused by streambed 
disturbance during the sampling process. Secondly, to maximize capture of fines during the 
coring process the operator had to be tall enough to rest their body on top of the core and 
also had to be sufficiently strong so as to force a good seal between the core tube and the 
streambed. 
Measurement error refers specifically to sample analysis procedures and field instruments. 
A commercial laboratory analyzed sediment samples in accordance to ASTM standards for 
gravimetric sieving. In addition to the adherence of this sampling protocol 5-10% of the 
samples sent were re-sieved and the values compared. If the original and re-sieved values 
were more than 5% different from each other the sample was again re-sieved and if the 
difference held true, the samples from that batch were excluded. Fortunately, no re-sieved 
samples lay outside the acceptable level of difference.  
Field instruments included a measuring tape, velocity meter, clinometer, and ruler. The 
same field equipment was used throughout the study to ensure consistency between sample 
stations within and between streams. The velocity meter was calibrated prior to the field 
season and its maintenance procedures were adhered to throughout the study period. The 
combination of these activities ensured that collected data were of good quality. 

5. Conclusion and recommendations 
The results of this program show that forest road construction and maintenance activities 
can increase downstream streambed concentrations of sediment less than 6 mm. Further, it 
was confirmed that these increases can be quantified with the use of the McNeil core, gravel 
buckets, and infiltration bags. Although each technique was found to have environmental 
limitations and sampling situations to which they are best applied, it is reasonable to 
conclude that each of them can detect forestry affected increases in depositing sediment but 
that they are more robust when used in combination. 
Incorporating a geochemical analysis of captured sediments will enhance findings generated 
from the fine sediment monitoring protocol. Geochemical fingerprinting can increase the 
reliability of sampling results and may broaden sampling possibilities (Taylor and Owens, 
2009). Fletcher and Christie (1999) used inductively coupled plasma mass-
spectrophotometry (ICP-MS) to identify tracer elements for several newly formed sediment 
sources in six small streams (<5 m wide) in the Baptiste Watershed near Fort St. James, BC. 
They identified an element as useful when there are substantial differences between the 
sediment source being traced and the streambed sediment. Element composition differences 
between stream sediment and tracked sources were evaluated using the geochemical 
contrast (ratio) between concentration of the element within a sediment source and stream 
sediment above the source as well as by testing mean values of the sediment and source for 
significant differences.  
Several elements were found to be acceptable tracers for the studied basins including 
calcium, chromium, iron, manganese, nickel, phosphorous, strontium, and titanium. 
Although not originally identified as a tracer, zinc was also found to be useful because it 
gave very high concentrations downstream of new stream crossings. They concluded this to 
be a result of sediment abrading the new galvanized culverts. Once identified, tracer 
elements were used to determine mixing or dilution of the new sediment into the streambed 
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downstream. They found that within 200 m of the new sediment source the added sediment 
concentrations had fallen to less than 10% on these small streams. This technique would 
benefit assessment sampling around specified forest harvesting activities because it would 
be possible to designate the source material of the increased sediment. Further, by sampling 
at distances downstream from the investigated activity it would be possible to determine the 
total streambed area affected and the period of effect. 
Once increases in fine sediment are documented it is possible to hypothesize biological 
effects with reference to water quality criteria and the available literature (Culp et al., 1986; 
Shaw and Richardson, 2001; Cover et al., 2008). Although possible to infer biotic response, it 
is recommended that these sediment infiltration studies be conducted in conjunction with 
biological monitoring programs to determine the susceptibility of monitored populations to 
any observed increases in fine sediment deposition. Candidate populations include 
periphyton and invertebrates but if fish are the resource concern it is suggested that redds, 
eggs, or survival-to emergence of fry be used because unlike the more transient adults these 
forms reside in the streambed and will be more greatly effected by temporally constrained 
sediment pulses. Periphyton and invertebrate populations can be collected relatively quickly 
and interpreted with reference to accepted techniques including the rapid bio-assessment 
protocols of the U.S. EPA or other biologic indices such as the index of biological integrity 
(Karr and Chu, 1998). When used in combination, the results of the sedimentation and 
biological community assessment will be more conclusive. 
Finally, this protocol should not be limited to assessing forest harvesting effects alone. 
Instead, it should be applied to assess the effect of all unpaved roads and any land use 
activity that can increase fine sediment deposition in streambeds. The protocol may also 
prove useful where the study goal is to capture sediment for the analysis of sediment bound 
contaminants. This includes those programs focusing on the quantification of pesticides, 
hydrocarbons, heavy metals, organo-chlorines and other substances that may be released 
from industrial activities such as agricultural activities, mining, and pulp mills.  
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downstream. They found that within 200 m of the new sediment source the added sediment 
concentrations had fallen to less than 10% on these small streams. This technique would 
benefit assessment sampling around specified forest harvesting activities because it would 
be possible to designate the source material of the increased sediment. Further, by sampling 
at distances downstream from the investigated activity it would be possible to determine the 
total streambed area affected and the period of effect. 
Once increases in fine sediment are documented it is possible to hypothesize biological 
effects with reference to water quality criteria and the available literature (Culp et al., 1986; 
Shaw and Richardson, 2001; Cover et al., 2008). Although possible to infer biotic response, it 
is recommended that these sediment infiltration studies be conducted in conjunction with 
biological monitoring programs to determine the susceptibility of monitored populations to 
any observed increases in fine sediment deposition. Candidate populations include 
periphyton and invertebrates but if fish are the resource concern it is suggested that redds, 
eggs, or survival-to emergence of fry be used because unlike the more transient adults these 
forms reside in the streambed and will be more greatly effected by temporally constrained 
sediment pulses. Periphyton and invertebrate populations can be collected relatively quickly 
and interpreted with reference to accepted techniques including the rapid bio-assessment 
protocols of the U.S. EPA or other biologic indices such as the index of biological integrity 
(Karr and Chu, 1998). When used in combination, the results of the sedimentation and 
biological community assessment will be more conclusive. 
Finally, this protocol should not be limited to assessing forest harvesting effects alone. 
Instead, it should be applied to assess the effect of all unpaved roads and any land use 
activity that can increase fine sediment deposition in streambeds. The protocol may also 
prove useful where the study goal is to capture sediment for the analysis of sediment bound 
contaminants. This includes those programs focusing on the quantification of pesticides, 
hydrocarbons, heavy metals, organo-chlorines and other substances that may be released 
from industrial activities such as agricultural activities, mining, and pulp mills.  
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1. Introduction  
Estuaries are submitted to a natural filling caused by the settling of cohesive sediments ( < 
63 µm). Those sediments, coming mostly from the sea, are transported in estuaries by the 
tidal currents during ebb and flood flows. During slack water, fluid velocities vanish and 
particles are no more suspended by turbulent dispersion. Sediment particles settle towards 
the bottom, and then deposit on the bed and consolidate. Those particles could be 
resuspended by erosion when velocities are maximal. Flocculation processes (aggregation), 
erosion, deposition and compaction are major phenomena that must be considered for an 
accurate prediction of long term behaviour of estuarine sedimentary dynamics.  
 

 
Fig. 1. A mudflat located in the up-stream part of the Rance estuary (France).  
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Several modelling approaches exist. A common way is based on the calculation of diluted 
particles-water mixture motion with a transport equation for the sediment concentration 
considered as passive (classical approach). A supplementary model is then used to model 
the phenomena in the sedimentary bed (i.e. the layer of mud with a high sediment 
concentration). A second way consists in modelling the behaviour of the particles and the 
water as two interacting effective fluids from the consolidated rigid bed to the water free 
surface: this is the two-phase approach. 
The aim of this chapter is to summarise the main hydrosedimentary processes that take 
place in estuaries and to present different approaches for their modelling. Section 2 is 
dedicated to the description of the physical processes involved in estuaries. Section 3 
presents the classical (single phase) approach focussing on different ways to model the bed 
evolutions; the rheological and erosion properties of mud are discussed. Section 4 deals with 
the two-phase model for sediment transport. Several applications are presented. Finally, the 
shortcomings of each modelling strategy are discussed and the perspectives are given in 
section 5.  

2. Physical processes in estuaries 
Cohesive sediments are constituted of granular organic and mineral solids. They are 
qualified of sticky or muddy materials (Winterwerp & Van Kesteren, 2004, and references 
herein).  Cohesive sediments, or mud, are a mixture of clay, silt, fine sand, water, organic 
materials and colloidal particles. Sometimes the colloidal fraction is treated as a part of the 
clay. The percentages of all these fractions determine the specific properties of the mud. Due 
mainly to the size and shape of the particles as well as the electrical charge distribution, the 
clay minerals are largely responsible for cohesion. The clay particles are bound together 
because of the neutralisation of negative electrical charges on the particles by the sodium 
ions in seawater: Van Der Vaals attractive forces become predominant then. In presence of 
water, cohesive sediment particles aggregate and form flocs. A floc is constitued by 
thousands of clay particles and has high water content.  
Particles agglomerate to produce flocs of greater size inducing a modification of the settling 
velocity. Flocculation process results from the mutual collisions and adherences during 
Brownian, settling or turbulent motions. The latter has the highest effect (Verney et al., 
2006). High shears produced by turbulence lead to break up of flocs. The settling velocity of 
cohesive sediment is difficult to estimate because it is highly dependent on the time 
evolution of the flocs’ sizes, their spatial and size distributions.  
Fluvial water and seawater have different characteristics especially in terms of density. The 
mixing of those two types of waters creates a particular circulation that favours the 
appearance of very turbid zones called « turbidity maximums ». When the cohesive 
sediment contained in these zones settles rapidly on the bottom, mainly during slack 
periods, a layer called « fluid mud » is formed. It is a highly concentrated suspension that 
sometimes moves on the cohesive bed according to its slope or by entrainment by the 
current.  
When the flocs reach the bottom, they are crushed by the flocs that deposit above them and 
the water contained in is putting out. A structuration appears which changes the properties 
of the material. This is the consolidation. The mud becomes a material close to a saturated 
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soil. It is more resistant to erosion. The main hydrosedimentary processes of cohesive 
sediments are schematized in Figure 2. According to their concentration, the different types 
of water-sediment mixtures can be classified into 3 types: mobile suspension, fluid mud and 
cohesive bed (Ross & Metha, as cited in Winterwerp & Van Kesteren, 2004). Mud 
suspensions with a concentration smaller than 10 g/l are called “mobile suspension”. This 
type of mixture corresponds to the blue zone in Figure 2. The upper limit (10 g/l) 
corresponds to a value that can be reached in turbidity maximum. Mobile suspensions can 
be considered as Newtonian fluids. Values of the order of the gel-point concentration (Cgel ≈ 
100 g/l) are generally encountered near the bottom. Typically, mass concentration between 
20 and 200g/l are reported for the fluid mud. Fluid mud appears frequently in navigation 
channel or in harbour basins. It can be horizontally mobile or stationary. Fluid mud is a 
plastic and shear thinning material (Coussot, 1997). 
 

 
Fig. 2. Macroscopic description of the cohesive sediment transport processes.  

For concentration higher than the gelling concentration, the water-sediment mixture has a 
solid (weak) structure. Its compaction under gravity effect is driven by consolidation 
process. Such a mixture is referred as consolidating bed or cohesive bed. Pore water is 
expulsed from the cohesive bed while the solid structure strengthens: this is the self-weight 
consolidation leading to a slow compaction/densification of the bed. The consolidated bed 
is a pseudo plastic or a viscoelastic material.  
Depending on the nature of the bed, four major types of erosion are distinguished. Erosion 
of a soft mud layer by turbulent water flow is called “entrainment”. It concerns the fluid 
mud. “Floc erosion” appears when flocs or part of flocs from the bed are individually 
disrupted or broken-up. It appears when there are peaks of shear stresses (Burst or sweep). 
“Surface erosion” is a consequence of a drained failure process (swelling of the surface) and 
of the liquefaction of the top of the bed. With the “mass erosion”, lumps of material are 
removed.    
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3. Modelling estuarine morphodynamics: The classical approach 
The classic approach used to model estuarine morphodynamics consists in dividing the 
calculation domain into subdomains corresponding to different types of water-sediment 
mixtures. Each subdomain is associated to particular processes. The level of complexity and 
the realism of the model depend on the number of subdomains and on the way the 
interactions between them are accounted for. Following Ross and Metha, a description in 
three subdomains can be used. The first one is the mobile suspension (C < 10 g/l) in which 
the cohesive particles are transported by the water flow. The second one is the fluid mud. It 
can be considered as a buffer that plays an important role in the exchanges between the 
suspension and the cohesive bed (erosion, deposition). The horizontal displacement of the 
fluid mud can be neglected in certain estuarine configurations. The lower subdomain is the 
cohesive bed. The dynamics of the bed is governed by the consolidation process. It is 
important to model consolidation because it modifies the resistance to erosion (the higher is 
the bed concentration, the higher is its erosion threshold) and because it determines the 
thickness of the bed (compaction).  Under the cohesive bed, the non-erodible bed (or rigid 
bed) defines the lower limit of the calculation domain. The cohesive bed and the fluid mud 
layer constitute the stock of sedimentary materials which could be resuspended by erosion. 

3.1 Modelling the mobile suspension dynamics 
In the mobile suspension, the actions of the sediments on the fluid are neglected. Fluid 
motion is therefore calculated using Navier-Stokes Equations or Shallow Water Equations. 
Then the suspended sediment transport is modelled by the equation (1) where Cs represents 
the sediment concentration, u  is the water velocity, sw , is the vertical settling velocity, 


 is 

the gradient operator, Dcs is the diffusivity coefficient (horizontal and vertical diffusivities 
can be used), S is the source term, t is the time. The boundary conditions at the surface and 
the bottom are given by equations (2). The flux at the surface is nil whereas the flux between 
mobile suspension and fluid mud is equal to the sedimentation flux given by the difference 
between the deposition and the erosion fluxes Fd and Fe. Classically, those fluxes are 
modelled using the Krone’s (1962) and the Partheniades’ (1965) formulas respectively (4) 
and (5) where b is the bed shear stress, cd  and ce  are the critical shear stress for deposition 
and erosion respectively. The latter depends on the properties of the material to erode 
(density, structuration, rheology …). The flocculation and the hindered settling processes 
are basically accounted for by linking the settling velocity to the concentration. The 
formulation of Thorn (1981) is an example of such a formulation (3). When the concentration 
is low, the fall velocity increases with the concentration as a consequence of flocculation 
whereas for higher concentrations, the fall velocity decreases as a consequence of hindered 
settling. Linking the settling velocity to the concentration only is a rough approximation 
because flocculation is known to depend on other parameters especially the salinity or the 
turbulence effects (Verney et al., 2006). Further investigations are required concerning the 
parameterisation of the settling velocity of cohesive sediments. 
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3.2 Modelling the fluid mud dynamics 
In some estuaries (e.g. the Loire estuary in France), the fluid mud is known to move 
horizontally. In that case the motion of the fluid mud on the cohesive bed should be 
considered in the modelling. The fluid mud can be seen as a dense mixture layer with a 
moving free surface and specific rheological properties. A model based on the Saint-Venant 
Equations (depth averaged equations) was proposed by Le Normant (2000). It uses the 
system of equations (6), in which 

fmh  is the thickness of the fluid mud layer, 
w  and 

fm , the 
water density and fluid mud density, 

cbz and 
sz , the positions of the cohesive bed and of the 

free surface flow, 
fm , the viscosity coefficient of the fluid mud, 

cf


, the Coriolis force, 
cb  

and 
s
 , the shear stresses at the interface cohesive bed – fluid mud and at the interface 

mobile suspension - fluid mud. dtdMfm/  represents the rate of mass exchange with the 
mobile suspension and with the cohesive mud. 
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The concentration of the layer Cfm is assumed to be constant vertically. In estuaries where 
the fluid mud does not move horizontally, there is no need to use such a model. Then only 
vertical exchanges with the mobile suspension and the cohesive bed must be taken into 
account.  

3.3 Modelling the cohesive bed 
Various strategies can be used to model the bed evolution. The simplest strategy consists in 
neglecting the consolidation. In this case, the cohesive bed is a sedimentary stock with a 
homogeneous concentration along the vertical. Basically, the thickness of the bed evolves 
according to erosion and deposition only. Using such a simple model, the compaction of the 
bed by consolidation is not accounted for. Moreover, the erosion threshold is described very 
roughly because it is assumed to be constant. A more precise approach is used by Teisson 
(1991), Teisson et al. (1993) and Lumborg & Windelin (2003). It consists in discretising the 
bed using a stack of layers having a fixed concentration and a variable thickness. The bed is 
divided into several layers characterized by their concentration Cc their residence time Ts 
(time after which the sediment passes to the layer of higher concentration) and their critical 
shear stress for erosion. These parameters are fixed. When deposition occurs, the mud 
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3. Modelling estuarine morphodynamics: The classical approach 
The classic approach used to model estuarine morphodynamics consists in dividing the 
calculation domain into subdomains corresponding to different types of water-sediment 
mixtures. Each subdomain is associated to particular processes. The level of complexity and 
the realism of the model depend on the number of subdomains and on the way the 
interactions between them are accounted for. Following Ross and Metha, a description in 
three subdomains can be used. The first one is the mobile suspension (C < 10 g/l) in which 
the cohesive particles are transported by the water flow. The second one is the fluid mud. It 
can be considered as a buffer that plays an important role in the exchanges between the 
suspension and the cohesive bed (erosion, deposition). The horizontal displacement of the 
fluid mud can be neglected in certain estuarine configurations. The lower subdomain is the 
cohesive bed. The dynamics of the bed is governed by the consolidation process. It is 
important to model consolidation because it modifies the resistance to erosion (the higher is 
the bed concentration, the higher is its erosion threshold) and because it determines the 
thickness of the bed (compaction).  Under the cohesive bed, the non-erodible bed (or rigid 
bed) defines the lower limit of the calculation domain. The cohesive bed and the fluid mud 
layer constitute the stock of sedimentary materials which could be resuspended by erosion. 

3.1 Modelling the mobile suspension dynamics 
In the mobile suspension, the actions of the sediments on the fluid are neglected. Fluid 
motion is therefore calculated using Navier-Stokes Equations or Shallow Water Equations. 
Then the suspended sediment transport is modelled by the equation (1) where Cs represents 
the sediment concentration, u  is the water velocity, sw , is the vertical settling velocity, 


 is 

the gradient operator, Dcs is the diffusivity coefficient (horizontal and vertical diffusivities 
can be used), S is the source term, t is the time. The boundary conditions at the surface and 
the bottom are given by equations (2). The flux at the surface is nil whereas the flux between 
mobile suspension and fluid mud is equal to the sedimentation flux given by the difference 
between the deposition and the erosion fluxes Fd and Fe. Classically, those fluxes are 
modelled using the Krone’s (1962) and the Partheniades’ (1965) formulas respectively (4) 
and (5) where b is the bed shear stress, cd  and ce  are the critical shear stress for deposition 
and erosion respectively. The latter depends on the properties of the material to erode 
(density, structuration, rheology …). The flocculation and the hindered settling processes 
are basically accounted for by linking the settling velocity to the concentration. The 
formulation of Thorn (1981) is an example of such a formulation (3). When the concentration 
is low, the fall velocity increases with the concentration as a consequence of flocculation 
whereas for higher concentrations, the fall velocity decreases as a consequence of hindered 
settling. Linking the settling velocity to the concentration only is a rough approximation 
because flocculation is known to depend on other parameters especially the salinity or the 
turbulence effects (Verney et al., 2006). Further investigations are required concerning the 
parameterisation of the settling velocity of cohesive sediments. 
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3.2 Modelling the fluid mud dynamics 
In some estuaries (e.g. the Loire estuary in France), the fluid mud is known to move 
horizontally. In that case the motion of the fluid mud on the cohesive bed should be 
considered in the modelling. The fluid mud can be seen as a dense mixture layer with a 
moving free surface and specific rheological properties. A model based on the Saint-Venant 
Equations (depth averaged equations) was proposed by Le Normant (2000). It uses the 
system of equations (6), in which 

fmh  is the thickness of the fluid mud layer, 
w  and 

fm , the 
water density and fluid mud density, 

cbz and 
sz , the positions of the cohesive bed and of the 

free surface flow, 
fm , the viscosity coefficient of the fluid mud, 

cf


, the Coriolis force, 
cb  

and 
s
 , the shear stresses at the interface cohesive bed – fluid mud and at the interface 

mobile suspension - fluid mud. dtdMfm/  represents the rate of mass exchange with the 
mobile suspension and with the cohesive mud. 
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The concentration of the layer Cfm is assumed to be constant vertically. In estuaries where 
the fluid mud does not move horizontally, there is no need to use such a model. Then only 
vertical exchanges with the mobile suspension and the cohesive bed must be taken into 
account.  

3.3 Modelling the cohesive bed 
Various strategies can be used to model the bed evolution. The simplest strategy consists in 
neglecting the consolidation. In this case, the cohesive bed is a sedimentary stock with a 
homogeneous concentration along the vertical. Basically, the thickness of the bed evolves 
according to erosion and deposition only. Using such a simple model, the compaction of the 
bed by consolidation is not accounted for. Moreover, the erosion threshold is described very 
roughly because it is assumed to be constant. A more precise approach is used by Teisson 
(1991), Teisson et al. (1993) and Lumborg & Windelin (2003). It consists in discretising the 
bed using a stack of layers having a fixed concentration and a variable thickness. The bed is 
divided into several layers characterized by their concentration Cc their residence time Ts 
(time after which the sediment passes to the layer of higher concentration) and their critical 
shear stress for erosion. These parameters are fixed. When deposition occurs, the mud 
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remains in the upper layer m until the time Ts(m) is reached. Then the mud is transferred to 
the layer located beyond (m-1) which has a higher concentration (more consolidated).  
The thickness of the layer m increases as: E(m-1) = E(m-1) + E(m) Cc(m) / Cc(m-1) and the 
thickness of the layer m-1 is then modified accordingly E(m) = 0. The residence time and the 
layers’ concentrations are obtained from the consolidation curve (mean concentration versus 
the time; this curve is obtained from settling curve experiments). The critical shear stress for 
erosion associated with each layer follows a law deduced from experiment. One layer can be 
eroded only if all the upper layers are empty. The concentration of the deposition layer is set 
to 100 g/l corresponding to the fluid mud layer. This model was applied by Denot & Lang 
(2000) for the Rance estuary and by Le Normant (2000) for the Loire estuary. 
Gibson’s (1967) theory (7) constitutes the reference for soft soil consolidation modelling 
(Toorman, 1996) where k is the permeability, σ’ is the effective stress, Cc is the sediment mass 
concentration, t is the time, ρw and ρs are the water and solid particle densities, g is the 
gravity acceleration, Eulerian coordinate z is taken as positive in the upward direction. 
Gibson’s theory consists in describing the upward water flow using Darcy - Gersevanov’s 
law and in characterizing the strength of the mud skeleton using Terzaghi’s principle. 
Hypothesis is made that both the permeability k and the effective stress ’ depend on the 
sediment concentration only. Gibson’s models require the constitutive relationships k(Cc) 
and σ’(Cc) to be determined. Equations (8) are commonly used. The Ai and Bi coefficients are 
dependent on the mud characteristics and should be determined from experiments 
following the technique proposed by Been & Sills (1981). The optimisation method of 
Thiébot et al. (2010) can be also used. Gibson’s theory has been used in many consolidation 
models (Townsend & Mc Vay, 1990; Toorman, 1999; Bürger, 2000; Lee et al., 2000; Le 
Normant, 2000; Bürger & Hvistendahl, 2001; Bartholomeeusen, 2003; De Boer et al., 2007, 
Jeeravipoolvarn et al., 2009; Thiébot et al., 2010).   
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The MDM (Mud Deposit Model) has been designed to simulate the evolution of 
homogeneous mud deposits in hydro-sedimentary simulations (Thiébot & Guillou, 2006). 
The MDM uses the same physics as Gibson’s theory but the equations have been rewritten 
to account for the multilayer discretisation. In the MDM the mud deposit is represented by a 
stack of layers of specified concentrations Cci (low concentrated layers on top of the deposit) 
and variable thicknesses Epi(t). At each time step, Epi(t) varies according to the solid mass 
fluxes at the boundaries of the layer i: Fi(t) and Fi+1(t). Fi is negative as it is downward-
oriented. The evolution of the thicknesses is given by equation (9). The calculation of the 
mass flux between two layers is made with relation (10). Interested readers should refer to 
Thiébot et al. (2010).  
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The MDM was originally developed to simulate the vertical dynamics of the cohesive bed 
under consolidation effect. However, it can also be used to simulate the sedimentation of 
particles in the fluid mud. Been & Sills (1981) pointed out that Gibson’s equation becomes a 
sedimentation equation when the effective stress is neglected. This is used in the MDM. A 
sediment concentration value Ct is used to distinguish sedimentation from consolidation. In 
the layers where Cc is smaller than Ct, the effective stress is neglected and the MDM resolves 
a sedimentation equation. Otherwise, the MDM resolve a consolidation equation. From a 
physical point of view, Ct is the representative value of the transition between a fluid-
supported suspension and a (soft) soil which has a solid structure (i.e. the concentration is 
greater than the gelling concentration). So, in the MDM, the flux is linked to the solid 
particle velocities in layers i and i-1 which are estimated with relation (11) during the 
sedimentation process (when Cc < Ct) and with the relation (12) during the consolidation 
process (when Cc > Ct).  
 

 
Fig. 3. Dynamic response of a mud sample of the Rance estuary: Evolution of the storage 
module G' and of the loss module G” relating to the imposed deformation for one 
concentration (left); Evolution of the storage modulus plateau G'0 at low deformation for 
different concentrations (right). 

For the mud of Rance, the existence of Ct has been justified using rheometric tests performed 
with samples of mud collected from the Rance estuary (Thiébot et al., 2006). 
Dynamic oscillation tests have been performed. This type of experiments aims at 
characterising the viscoelastic behaviour of materials. When the material is submitted to 
oscillatory solicitations, a part of the energy is transmitted to the structure of the material (it 
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remains in the upper layer m until the time Ts(m) is reached. Then the mud is transferred to 
the layer located beyond (m-1) which has a higher concentration (more consolidated).  
The thickness of the layer m increases as: E(m-1) = E(m-1) + E(m) Cc(m) / Cc(m-1) and the 
thickness of the layer m-1 is then modified accordingly E(m) = 0. The residence time and the 
layers’ concentrations are obtained from the consolidation curve (mean concentration versus 
the time; this curve is obtained from settling curve experiments). The critical shear stress for 
erosion associated with each layer follows a law deduced from experiment. One layer can be 
eroded only if all the upper layers are empty. The concentration of the deposition layer is set 
to 100 g/l corresponding to the fluid mud layer. This model was applied by Denot & Lang 
(2000) for the Rance estuary and by Le Normant (2000) for the Loire estuary. 
Gibson’s (1967) theory (7) constitutes the reference for soft soil consolidation modelling 
(Toorman, 1996) where k is the permeability, σ’ is the effective stress, Cc is the sediment mass 
concentration, t is the time, ρw and ρs are the water and solid particle densities, g is the 
gravity acceleration, Eulerian coordinate z is taken as positive in the upward direction. 
Gibson’s theory consists in describing the upward water flow using Darcy - Gersevanov’s 
law and in characterizing the strength of the mud skeleton using Terzaghi’s principle. 
Hypothesis is made that both the permeability k and the effective stress ’ depend on the 
sediment concentration only. Gibson’s models require the constitutive relationships k(Cc) 
and σ’(Cc) to be determined. Equations (8) are commonly used. The Ai and Bi coefficients are 
dependent on the mud characteristics and should be determined from experiments 
following the technique proposed by Been & Sills (1981). The optimisation method of 
Thiébot et al. (2010) can be also used. Gibson’s theory has been used in many consolidation 
models (Townsend & Mc Vay, 1990; Toorman, 1999; Bürger, 2000; Lee et al., 2000; Le 
Normant, 2000; Bürger & Hvistendahl, 2001; Bartholomeeusen, 2003; De Boer et al., 2007, 
Jeeravipoolvarn et al., 2009; Thiébot et al., 2010).   
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The MDM (Mud Deposit Model) has been designed to simulate the evolution of 
homogeneous mud deposits in hydro-sedimentary simulations (Thiébot & Guillou, 2006). 
The MDM uses the same physics as Gibson’s theory but the equations have been rewritten 
to account for the multilayer discretisation. In the MDM the mud deposit is represented by a 
stack of layers of specified concentrations Cci (low concentrated layers on top of the deposit) 
and variable thicknesses Epi(t). At each time step, Epi(t) varies according to the solid mass 
fluxes at the boundaries of the layer i: Fi(t) and Fi+1(t). Fi is negative as it is downward-
oriented. The evolution of the thicknesses is given by equation (9). The calculation of the 
mass flux between two layers is made with relation (10). Interested readers should refer to 
Thiébot et al. (2010).  
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The MDM was originally developed to simulate the vertical dynamics of the cohesive bed 
under consolidation effect. However, it can also be used to simulate the sedimentation of 
particles in the fluid mud. Been & Sills (1981) pointed out that Gibson’s equation becomes a 
sedimentation equation when the effective stress is neglected. This is used in the MDM. A 
sediment concentration value Ct is used to distinguish sedimentation from consolidation. In 
the layers where Cc is smaller than Ct, the effective stress is neglected and the MDM resolves 
a sedimentation equation. Otherwise, the MDM resolve a consolidation equation. From a 
physical point of view, Ct is the representative value of the transition between a fluid-
supported suspension and a (soft) soil which has a solid structure (i.e. the concentration is 
greater than the gelling concentration). So, in the MDM, the flux is linked to the solid 
particle velocities in layers i and i-1 which are estimated with relation (11) during the 
sedimentation process (when Cc < Ct) and with the relation (12) during the consolidation 
process (when Cc > Ct).  
 

 
Fig. 3. Dynamic response of a mud sample of the Rance estuary: Evolution of the storage 
module G' and of the loss module G” relating to the imposed deformation for one 
concentration (left); Evolution of the storage modulus plateau G'0 at low deformation for 
different concentrations (right). 

For the mud of Rance, the existence of Ct has been justified using rheometric tests performed 
with samples of mud collected from the Rance estuary (Thiébot et al., 2006). 
Dynamic oscillation tests have been performed. This type of experiments aims at 
characterising the viscoelastic behaviour of materials. When the material is submitted to 
oscillatory solicitations, a part of the energy is transmitted to the structure of the material (it 
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is characterised with the elastic modulus G’), the other part is dissipated (it is characterised 
with the loss module G”). Basically, a dynamic oscillation test involving cohesive sediments 
consists in studying the response of the materials for increasing strain where the sediment 
changes from having predominantly solid-like properties immediately after a rest period, to 
having predominantly liquid-like properties once set. The test represented in Figure 3 is an 
example. For lower strains, the response of the material is mostly elastic which gives rise to 
a plateau on the storage modulus (regime 1 in Fig. 3a). For intermediate strains, the storage 
module decreases revealing a weakening of the structure (regime 2 in Fig. 3a). One deals 
with rearrangements but the strength of 3D network is not broken. Finally, for great strain, 
the structure of the material is destroyed: it is a liquefaction process (regime 3 in Fig. 3a). 
For the present purpose, we intend to find a transition behaviour for a given mass 
concentration value. The aim is to justify the use of a concentration which characterises the 
appearance of effective stress. Dynamical oscillation tests have been performed with 
samples of increasing concentrations. For each sample, the storage module during the 
regime 1 (i.e. when the solid structure is intact) has been estimated: it is G’0. The results are 
presented in Figure 3b. G’0 becomes significant and increases steeply when the 
concentration exceeds approximately 200 g/l. The change in the trend of G’0(C) indicates an 
evolution of the material structure when a given concentration value is exceeded. From a 
physical point of view, the 200 g/l value is interpreted as the appearance of a “sufficiently 
stiff” solid structure. This justifies the use of a concentration transition Ct in our 
sedimentation-consolidation model. 
The MDM has been validated using the experimental data of Bartholomeeusen et al. (2002). 
An example of comparison between numerical and experimental results is represented in 
Figure 4.  
 

 
Fig. 4. Experimental (“Exp”) and simulated (“Num”) settling curves (left) and mass 
concentration profiles (right) along the time. The initial height of the settling test is H0 = 0.57 
m; the initial concentration is C0 = 879 kg/m3. The relations (8) where used with following 
parameters:   A1 = 7.28; A2 = 0.298; B1 = 2590 kg/m/s2; B2 = 3.31 and B3 = 9.25. 

3.4 Modelling the filling the Rance estuary: An example 
In this section, a way of modelling the filling of estuary is presented. The Rance estuary 
model is used to illustrate. The Rance estuary (20 km long) is located in the north of Brittany 
(France). A tidal power station was built in the sixties. It modifies the hydrodynamic regime 
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and the sedimentary processes (Bonnot-Courtois et al., 2002). As the silting up is intense in 
the most upstream part of the Rance estuary, dredging works are regularly carried out. 
Originally, the hydro-sedimentary model of the Rance aims at optimizing these operations 
(Denot & Lang, 2000). Simulations are performed with the modelling system Telemac 
(Hervouet, 2007). The mesh contains 6250 nodes. The mesh contains 6250 nodes.  Telemac2d 
and Subief2d are used. The hydrodynamics is calculated from the flows given at the 
Châtelier lock (upstream boundary of the calculation domain) and at the tidal power plant 
(downstream boundary of the calculation domain).  
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In the Rance model, the erosion flux is calculated with the widely used Partheniades (1962) 
formula (5). The use of this formula implies to define a critical shear stress for erosion. 
Equation (13) is used. It has been determined from experiments on the mud of Rance 
following Migniot (1968). The Partheniades formula (5) also involves a parameter M which 
has to be tuned according the mud characteristics. Several values have been tested until the 
concentration of suspended sediment calculated by the model fits well to the suspended 
sediment concentration measured in-situ. Using M = 1.875 10-3 kg m-2 s-1, the mean 
concentration reaches 200 mg/l in the turbidity maximum which is consistent with 
measurements (Thiébot, 2008). In our model, the settling velocity of suspended sediment Ws 
is supposed to be constant and equals 0.1 mm/s. The sediment concentrations at the 
boundaries of the domain are set to 0 because turbidity measurements indicate that the 
sediment inputs are quasi-negligible except for particular meteorological conditions. 
The suspended sediment concentrations in the Rance estuary (typically smaller than  
200 mg/l) are small in comparison to many estuaries. As a consequence, the fluid mud layer 
is generally thin and appears only during slack periods. During the ebb and flood flows, the 
fluid mud rapidly disappears by erosion. In such configuration, the horizontal movements 
of the fluid mud can be neglected and therefore the fluid mud can be considered as a part of 
the bed. In the Rance model, the bed evolution is simulated with the MDM: ten layers are 
used. The upper layer corresponds to the fluid mud; its concentration is set to 100 g/l which 
is consistent with the earlier works of Ross & Metha. The concentrations in the other layers 
vary uniformly from 200 g/l to 1000 g/l. The constitutive relationships k(Cc) and ’(Cc), given 
by (14), have been determined from experimental results obtained with mud of Rance 
following the method presented in Thiébot et al. (2010). The effective stress ’ is set to zero 
in the fluid mud layer because this material does not have any solid structure (according to 
the rheological tests, the solid structure appears for a concentration value of approximately 
200 g/l). The maximum concentration of the multilayer bed is 1000 g/l. This value is the 
concentration beyond which the mud does not evolve much neither by consolidation nor by 
erosion.  
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is characterised with the elastic modulus G’), the other part is dissipated (it is characterised 
with the loss module G”). Basically, a dynamic oscillation test involving cohesive sediments 
consists in studying the response of the materials for increasing strain where the sediment 
changes from having predominantly solid-like properties immediately after a rest period, to 
having predominantly liquid-like properties once set. The test represented in Figure 3 is an 
example. For lower strains, the response of the material is mostly elastic which gives rise to 
a plateau on the storage modulus (regime 1 in Fig. 3a). For intermediate strains, the storage 
module decreases revealing a weakening of the structure (regime 2 in Fig. 3a). One deals 
with rearrangements but the strength of 3D network is not broken. Finally, for great strain, 
the structure of the material is destroyed: it is a liquefaction process (regime 3 in Fig. 3a). 
For the present purpose, we intend to find a transition behaviour for a given mass 
concentration value. The aim is to justify the use of a concentration which characterises the 
appearance of effective stress. Dynamical oscillation tests have been performed with 
samples of increasing concentrations. For each sample, the storage module during the 
regime 1 (i.e. when the solid structure is intact) has been estimated: it is G’0. The results are 
presented in Figure 3b. G’0 becomes significant and increases steeply when the 
concentration exceeds approximately 200 g/l. The change in the trend of G’0(C) indicates an 
evolution of the material structure when a given concentration value is exceeded. From a 
physical point of view, the 200 g/l value is interpreted as the appearance of a “sufficiently 
stiff” solid structure. This justifies the use of a concentration transition Ct in our 
sedimentation-consolidation model. 
The MDM has been validated using the experimental data of Bartholomeeusen et al. (2002). 
An example of comparison between numerical and experimental results is represented in 
Figure 4.  
 

 
Fig. 4. Experimental (“Exp”) and simulated (“Num”) settling curves (left) and mass 
concentration profiles (right) along the time. The initial height of the settling test is H0 = 0.57 
m; the initial concentration is C0 = 879 kg/m3. The relations (8) where used with following 
parameters:   A1 = 7.28; A2 = 0.298; B1 = 2590 kg/m/s2; B2 = 3.31 and B3 = 9.25. 

3.4 Modelling the filling the Rance estuary: An example 
In this section, a way of modelling the filling of estuary is presented. The Rance estuary 
model is used to illustrate. The Rance estuary (20 km long) is located in the north of Brittany 
(France). A tidal power station was built in the sixties. It modifies the hydrodynamic regime 
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and the sedimentary processes (Bonnot-Courtois et al., 2002). As the silting up is intense in 
the most upstream part of the Rance estuary, dredging works are regularly carried out. 
Originally, the hydro-sedimentary model of the Rance aims at optimizing these operations 
(Denot & Lang, 2000). Simulations are performed with the modelling system Telemac 
(Hervouet, 2007). The mesh contains 6250 nodes. The mesh contains 6250 nodes.  Telemac2d 
and Subief2d are used. The hydrodynamics is calculated from the flows given at the 
Châtelier lock (upstream boundary of the calculation domain) and at the tidal power plant 
(downstream boundary of the calculation domain).  
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In the Rance model, the erosion flux is calculated with the widely used Partheniades (1962) 
formula (5). The use of this formula implies to define a critical shear stress for erosion. 
Equation (13) is used. It has been determined from experiments on the mud of Rance 
following Migniot (1968). The Partheniades formula (5) also involves a parameter M which 
has to be tuned according the mud characteristics. Several values have been tested until the 
concentration of suspended sediment calculated by the model fits well to the suspended 
sediment concentration measured in-situ. Using M = 1.875 10-3 kg m-2 s-1, the mean 
concentration reaches 200 mg/l in the turbidity maximum which is consistent with 
measurements (Thiébot, 2008). In our model, the settling velocity of suspended sediment Ws 
is supposed to be constant and equals 0.1 mm/s. The sediment concentrations at the 
boundaries of the domain are set to 0 because turbidity measurements indicate that the 
sediment inputs are quasi-negligible except for particular meteorological conditions. 
The suspended sediment concentrations in the Rance estuary (typically smaller than  
200 mg/l) are small in comparison to many estuaries. As a consequence, the fluid mud layer 
is generally thin and appears only during slack periods. During the ebb and flood flows, the 
fluid mud rapidly disappears by erosion. In such configuration, the horizontal movements 
of the fluid mud can be neglected and therefore the fluid mud can be considered as a part of 
the bed. In the Rance model, the bed evolution is simulated with the MDM: ten layers are 
used. The upper layer corresponds to the fluid mud; its concentration is set to 100 g/l which 
is consistent with the earlier works of Ross & Metha. The concentrations in the other layers 
vary uniformly from 200 g/l to 1000 g/l. The constitutive relationships k(Cc) and ’(Cc), given 
by (14), have been determined from experimental results obtained with mud of Rance 
following the method presented in Thiébot et al. (2010). The effective stress ’ is set to zero 
in the fluid mud layer because this material does not have any solid structure (according to 
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Fig. 5. Thicknesses of the solid bed in the Rance estuary: left) initial deposit in the complete 
estuary; right) evolution of the bed thickness in the up-stream part after 1, 2, 5 and 10 lunar 
cycles. 
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For the morphodynamics modelling of the estuary, a preliminary simulation is used in 
order to introduce the sediment in the system and to obtain a configuration 
representative of the actual state of the estuary. This state is characterised by a greater 
stock of cohesive sediment in the upstream part of the estuary and by a turbidity 
maximum with sediment concentration of the order of 200 mg/l. At the beginning of the 
preliminary simulation, the sediment is introduced in the 500 g/l -layer. A variable 
thickness has been used to account for the fact that the sediment stock is greater in the 
upstream part of the estuary. At the beginning of the preliminary simulation, the bed 
thickness varies from 0 to 1 m from the downstream to the upstream boundaries of the 
estuary. The preliminary simulation lasts a lunar cycle (≈ 29.5 days). At the end of this 
simulation, we consider that the influence of the initial procedure vanishes and start to 
simulate a 10 lunar cycles period.    
Figure 5 shows the evolution of the bed thickness during the simulation. The model 
shows that the sediment is progressively re-distributed within the estuary. In the 
middle of the estuary, the channel progressively widens while in the most upstream 
part, the channel and the mudflat accrete. This evolution is consistent with the in-situ 
observations. Additional investigations are required in order to validate the model 
results quantitatively. 

4. Two-phase model for sediment transport  
In the two-phase approach, the flow is composed of two phases: the fluid phase and the 
solid phase (sediment). Continuity and momentum equations are solved for each phase 
with the introduction of interaction terms between the two phases (fluid-solid particles, 
particle-particle interactions, particle-wall collision). Wallis (1969) was the first, who 
applied two-phase equations to the sedimentation problem in the late 60s. More 
recently, Toorman (1996) has presented a unifying theory of sedimentation-
consolidation derived from the two-phase equations that allows to recover Kynch's 
sedimentation theory at low sediment concentration and Gibson's consolidation theory 
at high sediment concentration. 
The two-phase approach was then applied to modelling sediment transports in the 90s 
(Teisson et al., 1992, Vilaret & Davis, 1995, Greimann et al., 1999, Barbry et al., 2000). The key 
idea is that the computing domain extends from the "true" non-erodible bottom to the free 
water surface which is a great advantage compared with the classical three-layer approach. 
More recently, the interest in this approach has increased and led to numerous publications 
mainly for non-cohesive sediment transport (i.e. sand) (Greimann & Holly, 2001, Dong & 
Zhang, 2002, Hsu et al., 2003, Hsu & Liu, 2004, Jiang et al., 2004, Amoudry et al., 2005, 2008, 
Longo, 2005, Chauchat & Guillou, 2008, Nguyen et al., 2009). These studies show 
encouraging results concerning the suspended-load transport mainly by integrating the 
influence of the sediment particles on the fluid turbulence and the collisions between 
particles (two-way and four-way coupling). Hsu et al. (2007) and Torres –Freyermuth & Hsu 
(2010) have applied a simplified two-phase flow model to boundary layer and gravity-
driven fine sediment transport under tidal and wave forces. At the same time, first 
applications of 2-D X/Z two-phase model for fine-sediment transport in estuaries (Nguyen 
et al., 2009) have been published.  
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4.1 Mathematical modelling 
In an Eulerian-Eulerian or two-fluid formulation, a set of equations (continuity and 
momentum equations) are written for each phase. If k is the index of the phase (k is “f” for 
the fluid phase and “s” for the solid phase), they are:  
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where k  represents the volume fraction of the k-phase, with s+f=1, k is the averaged 
density, and ku  is the  averaged velocity vector of k-phase. g  is the gravity acceleration and 

kM


is the momentum exchanged between these two phases. pk is the pressure, k   is the shear 
stress tensor and Re

k   is the turbulent Reynolds stress tensor for k-phase. The viscous shear 
stresses depend on the strains of the fluid and of the solid ( fD  and sD ) by relation (18). ff, fs, 
sf and ss designate effective viscosity coefficients (17), which are proportional to the fluid’s 
viscosity f . β is the amplification factor of viscous stresses and depends (18) on  - the 
distance between solid particles. Where s,max  is equivalent to the maximum value of the solid-
particle concentration.  The interactions between the phases are given by the transfer laws (20). 
pki and ki  are the pressure and the shear-stress tensor of k-phase at the interface (21). 

' 's fM M 
 

 represents all the forces exerted by the fluid on the solid particles. For application 
to sediment particles in water the Drag force is dominant and given by (22), in which ru  is the 
relative velocity of fluid-particles, and fs is the particle relaxation time, which represents the 
time needed by a particle initially at rest submitted to a constant fluid velocity to reach its 
steady state. The relative velocity of fluid-particles is defined as r s f du u u u  

     where 
'

d f s
u u
  , the drift velocity,   represents the correlation between the fluctuating velocity of the 

fluid phase and the instantaneous spatial distribution of the solid phase (Deutch & Simonin, 
1991). A complete description of the model was made in Nguyen et al. (2009). A study of 
several turbulence models was made by Chauchat & Guillou (2008). 
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4.2 Applications to non-cohesive sediment transport 
Dredging operations of navigation channels and harbours are regularly planned to maintain 
the nautical depth and ensure therefore the navigation safety. The dumping operation of 
dredged sediment could affect the environment by increasing the turbidity of water or 
burying the biological habitats. After the release, the sediments settle under a cloud of very 
high concentration (more than 350 g/l at the beginning). This settling step is followed after 
impact on the bed by the formation of turbidity current. In Guillou et al. (2011), we used our 
two-phase model to study this phenomenon by performing simulations of the experiment of 
Villaret et al. (1998).  In this paper only sand release with no horizontal current is considered 
(Fig. 6). The initial concentration was 350 g/l with an injection velocity of 0.6m/s. The 
different steps of the process are qualitatively simulated by the model such as the formation 
and the displacement of the turbidity current.  
 

 

 
Fig. 6. Isoconcentration of sand for several instants (test e6).  

One application was tried in the Seine estuary (Chauchat et al., 2009) to simulate motion of 
the turbidity maximum dynamics. The computational domain extends from the extremity of 
the semi-submersible dykes to the dam of Poses (160 km). A mixing length model is used to 
model the turbulence. The particle’s diameter is equal to 16 m with a density of 1700 kg/m3. 
The simulations have been performed over a semi-lunar cycle with a river discharge of     
300 m3/s. A one meter thickness layer with a concentration of 25 g/l between 20 and 60 km 
from the river mouth is imposed initially. The hydrodynamics is well reproduced. A 
Turbidity Maximum is simulated in the estuary. Its location is in coherence with 
observations. One main interest of this simulation is the appearance of a very high 
concentration layer close to the bottom with concentrations in relation with the one of a 
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fluid mud and with a horizontal motion (Fig. 7). One major default of this model is its 
computational cost. 
 

 
Fig. 7. Zoom near the bottom during spring tide (High water). 

The concentration in the TM is not as high as in the reality. This may be in relation with the 
turbulent model used. Thus Chauchat & Guillou (2008) have shown that the way the 
turbulence is modelled had a very important impact on the capacity of the flow to keep in 
suspension particles. A better modelling of the turbulence in estuarine application could 
certainly overcome this problem. Other phenomena, not considered here, such as 
flocculation or consolidation processes should provide more realistic results.  
 

 
Fig. 8. Sedimentation of spherical particles: Left) Time evolution of the interface clear water 
and mixture and of the lutocline; right)  instantaneous profiles of the solid volume fraction 
at different times. Comparison with the experimental data of Pham Van Bang et al. (2006). 

A way to consider the latter is to study sedimentation in settling column. Nguyen et al. 
(2009) have published some results about the sedimentation of suspended polystyrene 
particles (diameters of 290 ± 30 μm, density of 1.05 kg.m-3), falling through a tank of silicon 
oil (viscosity of 20 mPa.s-1, density of 0.95 kg.m-3). It initial solid volume fraction was 0.48. 
The process in that case is well reproduced (Fig. 8). 

4.3 Study of cohesive sediment transport 
In the case of cohesive particles, the previous formulation of the two-phase flow model fails 
to simulate the hindered settling process as well as the consolidation process. Only the 
hindered settling regime is usually considered and parameterized using a hindrance 
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function (Richardson & Zaki, 1954). Improvements in modelling sedimentation and 
consolidation processes are needed for progressing two-phase modelling of sediment 
transport in estuaries. In particular, closure laws for the two-phase equations are required 
and need to be checked by comparison with experiments. The consistency of the excess pore 
pressure calculated from the two-phase equations should be checked as well.  
In a recent work, Chauchat et al. (2011) proposed closure law for the two-phase flow model 
that allows to capture the essential features of sedimentation-consolidation processes.  
 

 
Fig. 9. Comparison of two-phase model results (____) with experiments (xxx) (Pham Van 
Bang, 2007) for initial concentrations s0=1.2 %:  a) Settling curves: time evolution of the 
mud-clear water interface position and b) solid volume fraction profiles. 

In a dense mixture the pressure of the solid phase ps is the sum of the fluid pressure, the so-
called pore pressure pf, and of a particle pressure or effective stress ’ induced by inter-
particle contacts in the solid network (23) (Concha et al., 1996, Burger, 2000). The particle 
pressure exists when the solid volume fraction exceeds a percolation value: it is the 
maximum packing s,max for non-cohesive particles, and is the gelling point for cohesive 
ones. The particle pressure should vanish rapidly when s decreases below this percolation 
threshold. For a high value of the volume fraction of solid-particles, the fluid flow can be 
viewed as the flow in a porous media constituted by the particles network. In this case, the 
total pressure of the mixture p is partially supported by the solid skeleton and partially by 
the fluid filling the pores, and leads to the relation (24) corresponding to the principle of 
Terzahi. 
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Following Toorman (1996) the Darcy-Gersevanov's semi-empirical expression for the drag 
force (25) is used in the two-phase model, where K (in m/s) represents the permeability. 
Therefore the closure issue consists in finding closure laws for the permeability and the 
effective stress. The effective stress represents both permanent contacts between particles in 
concentrated suspension and inter-particle collisions during sedimentation. The relation (26) 
is proposed. The permeability is fixed regarding the settling velocity which can be estimated 
following the method proposed by Camenen & Pham Van Bang (2011). The results 
presented in Figure 9 indicate that the two-phase model is able to reproduce almost 
quantitatively the experimental. This work is still in progress and will be implemented in a 
2D vertical two-phase model to study mud-flow interactions in estuaries.  

5. Shortcomings of the modelling and perspectives  
With the classic approach the different kind of estuarial water - sediment mixtures are 
represented by three subdomains associated with a given range of sediment concentration 
(mobile suspension, fluid mud and cohesive bed). When the horizontal displacements of the 
fluid mud can be neglected, the fluid mud can be treated in the same manner as the cohesive 
bed. The simulation of the consolidation processes in the cohesive bed is of importance. A 
convenient way of modelling the vertical evolution of the fluid mud and the cohesive bed 
consists in considering the bed as a stack of layers having fixed concentrations and having 
thicknesses that vary according to erosion, deposition, sedimentation and consolidation. The 
MDM is a model of that type. It has recently been introduced in the Sisyphe model (Villaret 
et al., 2010).  
The major shortcoming of the classic approach is that a lot of parameters have to be 
determined for the formulation of the settling velocity, the permeability, the effective stress, 
the erosion flux … Those parameters are specific for a given type of mud that is why, their 
determination requires us to collect experimental data from either from laboratory 
experiments (rheology, settling experiments) or field measurements (turbidity 
measurements). Furthermore, the results of the model are often much sensitive to the values 
of the parameters. Modelling the estuarine morphodynamics in an operational manner is 
still a challenge. Additional investigations are therefore required especially regarding the 
link between the erosive properties of the mud and the structuration of the material, i.e., and 
the rheological behaviour of the mud (Thiébot et al., 2006). Current experimental works are 
focussed on that link (Pouv et al., 2010). 
Two-phase models provide a priori a more general framework that allows the representation 
of the physical processes involved from the suspension to the consolidating bed such as 
interactions between fluid-solid particles, fluid-bottom as well as particle-particle 
interactions. No erosion/deposition fluxes are needed to be empirically prescribed.  
First development about two-phase sediment transport model was one dimensional vertical. 
Recent improvements tend to develop 2D and 3D models. These models are based on the 
theory of granular flows. Then, the great majority of them suppose the sediment as non-
cohesive. Due to this physics, the motions of very high concentrated suspension can be 
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simulated realistically. It is interesting to note that fluid mud could be simulated by this 
modelling. New achievement must concern the simulation of cohesive sediments. Our 
recent works (Chauchat et al., 2011) show that it is necessary to introduce appropriate 
closure laws to simulate correctly the consolidation process in a settling column test (Darcy 
drag expression and effective stress). In particular, the explicit calculation of the fluid 
pressure from the suspension to the consolidated bed represents a major advantage of the 
two-phase approach compared with the classical Kynch or Gibson approach. 
The flocculating and deflocculating processes must be also introduced. Attentions must be 
paid to fractal description of mud (Merckelbach & Kranenburg, 2004). Turbulent modelling 
in two-phase models is really complex even for mono-disperse non-cohesive particles 
(Chauchat & Guillou, 2008). It is a challenge for the future in the case of cohesive particles 
(Hsu et al., 2007; Torres-Freyermuth & Hsu, 2010). Finally, these two-phase models are very 
time consuming even in a 2D case (Nguyen et al., 2009). At this time it is not possible to use 
them as operational tools for studying sediment transport in an open estuary. Nevertheless, 
it is a powerful tool to study the interaction of particles and turbulence (fluid-particles 
turbulent interactions, flocculation, structuration of sediment bed, mud-flow interactions).   
 

 
Fig. 10. Snap shots at different time steps of the sedimentation of 128 solid particles in water 
with Direct Numerical Simulation. The density of particles is 1.5. 

Both single and two-phase models need some closure relationships for each process. Those 
relationships are based either on theoretical basis (e.g. kinetic theory of granular flows) or 
empirical considerations (e.g. permeability, effective stress). Thanks to the constant 
improvements in computer sciences, it is now possible to simulate directly the motion of the 
particles in a fluid. “Direct” numerical simulations for particulate flows have received a 
great attention for fifteen years in various domains like chemical engineering, petroleum 
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Following Toorman (1996) the Darcy-Gersevanov's semi-empirical expression for the drag 
force (25) is used in the two-phase model, where K (in m/s) represents the permeability. 
Therefore the closure issue consists in finding closure laws for the permeability and the 
effective stress. The effective stress represents both permanent contacts between particles in 
concentrated suspension and inter-particle collisions during sedimentation. The relation (26) 
is proposed. The permeability is fixed regarding the settling velocity which can be estimated 
following the method proposed by Camenen & Pham Van Bang (2011). The results 
presented in Figure 9 indicate that the two-phase model is able to reproduce almost 
quantitatively the experimental. This work is still in progress and will be implemented in a 
2D vertical two-phase model to study mud-flow interactions in estuaries.  

5. Shortcomings of the modelling and perspectives  
With the classic approach the different kind of estuarial water - sediment mixtures are 
represented by three subdomains associated with a given range of sediment concentration 
(mobile suspension, fluid mud and cohesive bed). When the horizontal displacements of the 
fluid mud can be neglected, the fluid mud can be treated in the same manner as the cohesive 
bed. The simulation of the consolidation processes in the cohesive bed is of importance. A 
convenient way of modelling the vertical evolution of the fluid mud and the cohesive bed 
consists in considering the bed as a stack of layers having fixed concentrations and having 
thicknesses that vary according to erosion, deposition, sedimentation and consolidation. The 
MDM is a model of that type. It has recently been introduced in the Sisyphe model (Villaret 
et al., 2010).  
The major shortcoming of the classic approach is that a lot of parameters have to be 
determined for the formulation of the settling velocity, the permeability, the effective stress, 
the erosion flux … Those parameters are specific for a given type of mud that is why, their 
determination requires us to collect experimental data from either from laboratory 
experiments (rheology, settling experiments) or field measurements (turbidity 
measurements). Furthermore, the results of the model are often much sensitive to the values 
of the parameters. Modelling the estuarine morphodynamics in an operational manner is 
still a challenge. Additional investigations are therefore required especially regarding the 
link between the erosive properties of the mud and the structuration of the material, i.e., and 
the rheological behaviour of the mud (Thiébot et al., 2006). Current experimental works are 
focussed on that link (Pouv et al., 2010). 
Two-phase models provide a priori a more general framework that allows the representation 
of the physical processes involved from the suspension to the consolidating bed such as 
interactions between fluid-solid particles, fluid-bottom as well as particle-particle 
interactions. No erosion/deposition fluxes are needed to be empirically prescribed.  
First development about two-phase sediment transport model was one dimensional vertical. 
Recent improvements tend to develop 2D and 3D models. These models are based on the 
theory of granular flows. Then, the great majority of them suppose the sediment as non-
cohesive. Due to this physics, the motions of very high concentrated suspension can be 
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simulated realistically. It is interesting to note that fluid mud could be simulated by this 
modelling. New achievement must concern the simulation of cohesive sediments. Our 
recent works (Chauchat et al., 2011) show that it is necessary to introduce appropriate 
closure laws to simulate correctly the consolidation process in a settling column test (Darcy 
drag expression and effective stress). In particular, the explicit calculation of the fluid 
pressure from the suspension to the consolidated bed represents a major advantage of the 
two-phase approach compared with the classical Kynch or Gibson approach. 
The flocculating and deflocculating processes must be also introduced. Attentions must be 
paid to fractal description of mud (Merckelbach & Kranenburg, 2004). Turbulent modelling 
in two-phase models is really complex even for mono-disperse non-cohesive particles 
(Chauchat & Guillou, 2008). It is a challenge for the future in the case of cohesive particles 
(Hsu et al., 2007; Torres-Freyermuth & Hsu, 2010). Finally, these two-phase models are very 
time consuming even in a 2D case (Nguyen et al., 2009). At this time it is not possible to use 
them as operational tools for studying sediment transport in an open estuary. Nevertheless, 
it is a powerful tool to study the interaction of particles and turbulence (fluid-particles 
turbulent interactions, flocculation, structuration of sediment bed, mud-flow interactions).   
 

 
Fig. 10. Snap shots at different time steps of the sedimentation of 128 solid particles in water 
with Direct Numerical Simulation. The density of particles is 1.5. 

Both single and two-phase models need some closure relationships for each process. Those 
relationships are based either on theoretical basis (e.g. kinetic theory of granular flows) or 
empirical considerations (e.g. permeability, effective stress). Thanks to the constant 
improvements in computer sciences, it is now possible to simulate directly the motion of the 
particles in a fluid. “Direct” numerical simulations for particulate flows have received a 
great attention for fifteen years in various domains like chemical engineering, petroleum 
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industry. In these methods the flow field around each particle is resolved and 
hydrodynamical forces between particles and fluid are results of simulation (Glowinsky et 
al., 1999, Peskin, 2002, Yu & Shao, 2007). Of course, it will not be possible to apply this 
method to an estuary, but it can be useful to better understand the physic at the scale of the 
particles (collision, flocculation …) and then to improve Eulerian models: classical models or 
two-phase flow models. Figure 10 provides an example of sedimentation of a cloud of 
particles with our model (Verjus et al., 2011). 
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1. Introduction 
The knowledge of transport of sediments in coastal ecosystems is relevant to understand 
forms of marine life. Many marine species find refuge and food in benthic substrates like 
rocky, sandy and muddy intertidal coastal areas. On the other side, and from an economical 
point of view, sands dynamics has a large influence on the design of harbors and on the 
development of industry zones along the coastline like installations for oil storage, 
refineries, vessel traffic and beach management. One of the principal problems is to find a 
balance among the conservation of the marine ecosystems and the needs for an additional 
development of coastal engineering structures like design of dikes and breakwaters, 
navigation channels and beach protection (Herbich, 2000). Strong mobility of sediments is 
observed in satellite imagery of many coastal areas of the world. It is an indication of the 
sediment dynamics and of the complexity of this kind of processes. Fundamentally, the 
transport of sediments has to do with erosion and accretion phenomena and with the 
transport of particles in suspension as a consequence of hydrodynamic forces acting on the 
single particles (Julien, 1998). In fact, these particles are fragmental material accumulated in 
the geological time as result of physical and chemical disintegration of rocks (Van Rijn, 
1993). The continuous erosion, transport and deposition of these particles have modified 
their geometrical form and through hydrodynamic processes there is a tendency to be 
separated in particle sizes (very coarse, coarse, medium, fine, very fine). The analysis of 
source material has revealed that it is dominantly conformed of clay, quartz, silt and sand, 
among others.  
The circulation in the ocean that causes the transport of sediment is the result of several 
forcing mechanisms; wind induced currents, baroclinic circulation and tidal currents. The 
dynamics generated by wind stress is an intermittent process but very effective in 
modifying sediment patterns through the induced currents and surface waves. Baroclinic or 
density induced currents vary seasonally and may contribute, together with changing wind 
systems, to reverse the transport of sediment along the coast, the so called littoral transport. 
Tidal currents are caused by the gravitational force of sun and moon. In the oceans and seas, 
the intensity of tidal currents varies from a water body to another, but a characteristic of 
tides is that they are always acting on the marine ecosystems, principally in diurnal, 
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semidiurnal and fortnightly cycles. Since the transport of sediments depends on the 
intensity of currents (or near bottom currents), regions, where tidal amplitudes are large and 
there is a sandy sea bottom, are of particular interest. In the North Sea, the Gulf of 
California, the English Channel, the Bohai Sea, the Patagonian Shelf, etc., tidal currents are 
very intense. The interaction of tidal currents and a sandy sea bottom may lead to the 
development of wave-like regular patterns of different spatial and temporal scales 
(Hulscher, 1995). A series of analytical studies on the formation of sandbanks, sand waves 
and other rhythmic patterns have been carried out (Hulscher, 1996a; Kamorova & Hulscher, 
2000). They apply equations for the transport of sediments which have been derived 
experimentally (Van Rijn, 1993). They consider the generation of morphological features as a 
process of instability when currents and the sandy sea bottom interact. The range of scales of 
these rhythmic sea bottom patterns varies from ripples (0.1 – 1) m, beach cusps (1-100) m, 
nearshore bars (50-500) m, sand waves (300-700) m, shoreface-connected sand ridges (5-8) 
km, tidal sandbanks (2-10 ) km (Dodd et al, 2003). There are manifestation of sandbanks, 
sand waves and other rhythmic seabed features in important seas of the world. Sandbanks 
and sand waves formation in the North Sea has been investigated intensively (Huthnance, 
1982; Hulscher, 1996a; Hulscher, 1996b; Komarova & Hulscher, 2000). The influence of 
geometry on the generation of groups of sandbanks in the North Sea was also investigated 
(Carbajal et. al, 2005). The scale of sandbanks and the presence of sand waves in the Gulf of 
California has also been investigated (Meckel, 1975, Carbajal & Montaño, 1999). In spite of 
the findings on the formation process of sandbanks, like the understanding of instability 
mechanisms, the prediction of wavelengths and other very interesting characteristics of 
seabed features, many of these studies suppose an infinite sea, i.e. they do not consider 
boundaries in the calculations. Bottom and geographical boundaries of a water body should 
play a fundamental role in the sediments dynamics, since satellite imagery of coastal areas 
of many parts of the world reveals sand features with a wide range of scales. Along the 
coasts of the world there are a lot of water bodies like semi-enclosed seas, bays, estuaries, 
inlets and coastal lagoons where a strong mobility of sediments occurs. It suggests that the 
geometry (geography and bathymetry) is an important factor in the generation of regular 
and irregular areas of erosion and accretion of sediments. The analytical study of rhythmic 
seabed features with consideration of realistic boundaries is, of course, extremely difficult. 
Therefore, numerical models are an important alternative tool to investigate the transport of 
sediments in complex coastal areas. We believe that a complementary work of experimental, 
theoretical and numerical research on transport of sediments is necessary. 

2. Study area 
The Gulf of California is a marginal sea with a length of about 1100 km and an averaged 
width of approximately 200 km (figure 1). In the central part of the gulf there is an 
archipelago formed by the islands of Angel de la Guarda, Tiburón, San Esteban, San 
Lorenzo, Salsipuedes and Partida. In the northernmost part is located the Colorado River 
Delta, a triangular shallow platform where the water discharge took place in the past. The 
huge quantities of discharged sediment and the combined tidal and water discharge 
dynamics led to the formation of the islands of Montague and Gore. The northern part can 
be considered as a continental shelf with maximum depths of 200 m. In the southern part of 
the gulf, depths of more than 3000 m can be found. In the Gulf of California, satellite 
imagery reveals an intense mobility of sediments in the area of the Colorado River Delta and 
in water bodies along the eastern coast like the bays of Adair, San Jorge and Yavaros and the 
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coastal lagoons of Topolobampo, Santa María la Reforma, among others (figure 1). Tides are 
very important in the dynamics of the Gulf of California. In the central part, tides have a 
mixed character but with dominant diurnal signals and maximum tidal ranges of about 1.6 
m. In the southern part, mixed tides govern the sea level change, but with a dominance of 
semidiurnal signals and tidal ranges of approximately 2 m. In the northern part, tides have a 
semidiurnal character and the tidal ranges reach the largest values of the gulf. We are going 
to document the bedload sediment transport in the Gulf of California with the numerical 
study of two representative water bodies: the Colorado River Delta and the Yavaros Bay 
(see figure 1). These calculations will give an idea of the enormous work which has to be 
done to study the transport of sediment in all water bodies of the Gulf of California. 
 

 
Fig. 1. Some water bodies in the Gulf of California where transport of sediments occurs 
(Landsat Image). 

3. The model 
We estimated the bedload sediment transport in several water bodies of the Gulf of 
California applying a vertically integrated two-dimensional, non-linear, semi-implicit 
numerical model. The model has been used previously for the study of tidal dynamics and 
transport of sediments in the Colorado River Delta (Montaño & Carbajal, 2008) and the 
dynamics of coastal lagoons like Topolobampo (Montaño-Ley et.al, 2007). The model is 
coupled with a semi-empirical bedload sediment transport equation (Van Rijn 1993). The 
applied vertically integrated equations of motion are 
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The used equation of continuity is 

 0U V
t x y
  
  

  
 (3) 

In this system of equations, U  and V   are the transports in the x  and y  directions 
respectively 2 1(m  s ) , v  is the velocity vector  -1(m s ) , t  is time (s) , g is the gravitational 
acceleration -2(m s ) , H  is the water depth (m) ,   is the sea surface elevation (m) , 

2 sinf     is the Coriolis parameter -1(s ) ,   is the angular velocity of the Earth -1(s ) ,   is 
the latitude and HA  is the horizontal coefficient of Eddy viscosity 2 1(m  s ) .  
At the open boundary, the sea surface elevation is given by 

    0, , cosx y t A t    (4) 

where   is the angular frequency of the M2 tidal component. 0A  and   are the observed 
amplitudes and phases. The boundary condition for the velocity vector v  at the closed sides 
is 0 v n , where n  is a unit vector normal to the coast. At the open side the condition is  

 0n

n

v
x





  

where the velocity nv  and the coordinate nx  are perpendicular to the boundary.  
The transport of sediment by a flow of water takes place in the form of bedload and 
suspended load. It depends on the particles size and on the intensity of the flows. The 
motion of the bed material particles occurs basically in three ways; rolling and sliding 
motion, saltation motion and suspended particle motion (Van Rijn, 1993). There are different 
mathematical formulae for the transport of bedload and suspended load. One of them is 
when the volumetric sediment flux, ( , )x yS SS S , is proportional to the velocities, i.e. 

 m

cr S v v , where v  is the depth-averaged velocity, crv  is the depth-averaged critical 
velocity and 3 5m  . Another form is  n

cr S τ τ , i.e. it is a function of the bed shear 
stress τ , with 1.5n  . We used the following conservation equation for bedload sediment 
transport, 

 0H
t


  


S  (5) 
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And we applied an equation where the volumetric sediment flux S  is proportional to the 
depth-averaged velocities (van Rijn, 1993; Hulscher, 1996a). 

 
b

b
c

k H
u

 
 

    
 

v vS
v

 (6) 

The volumetric sediment flux is given in 2 -1(m  s ) (cubic meters of sediment per meter of sea 
bottom width per second) and xS  and yS  are the flux components in the x and y directions. 

610   is a function of the sediment properties 2 -1(m  s ) , 3.0b   is the potency of the 
transport, 2.0k   is a coefficient for bed slope correction and cu  1(m s )  is the critical 
velocity for bedload sediment transport, i.e. if cuv  then no bedload sediment transport 
occurs. 

4. Results 
4.1 Colorado River Delta 
In the Colorado River Delta, tidal ranges reach values of about 10 m at spring tides, with a 
dominant semidiurnal signal (Carbajal & Backhaus, 1998). Tidal currents of the order of 3 
m/s have been estimated in areas where the water is channeled by the presence of 
sandbanks or islands. In figure 2, the distribution of sediments in the Colorado River Delta 
is shown at the time between neap and spring tides. The sediments mobility is very strong 
and occurs in form of filaments that extend more than 60 km to the south. This sediment 
was deposited principally by the discharge of the Colorado River in the geological time. It is 
important to mention that since the construction of the Hoover Dam in the thirties of the last 
century, the water and sediments discharge through the Colorado River came to an end 
(Carbajal et al., 1997). The large concentration of suspended sediments, visible in satellite 
imagery, has been previously discussed by the same authors. Since satellite imagery 
(LANDSAT TM5, March 2011) clearly shows evidences of high concentrations of suspended 
sediments (figure 2), it suggests a long-term changing sea-bottom morphology caused by a 
heavy suspended and bedload sediment transport. 
Considerable efforts have been carried out to understand the sedimentation process in the 
Colorado River Delta. Baba et al. (1991) suggests that sediments in the wide and shallow 
platforms of the Northern Gulf of California are being intensely reworked, re-suspended 
and also transported southwards. Based mostly on north-migrating bed-forms and coastal 
sand bars, Meckel (1975) described a dominant sediment transport along the Sonora coast. 
Filloux (1960) described a dominant north to south sediment transport along the Baja 
California coast. Baumgartner et al. (1991) suggest that other sources of sediment have 
become important such as aeolian input from the northern Mexican desert. Applying 
principles of analytical geometry and vector analysis of textural data, Carriquiry and 
Sanchez (1999) estimated the direction of the mean transport vectors. Their results indicate 
the existence of two opposing littoral transport components along the Sonoran and Baja 
California coasts. With a few local exceptions, sediment transport occurs from SE to NW 
along the coast of the State of Sonora and from NW to SW along the Baja California. 
According to them, sediment supplied to the area comes from three different sources: (1) 
sediment derived from the actual delta structure (2) sediment provided by the adjacent La 
Mesa deposits that becomes exposed along the Sonora coastline, and (3) sediment supplied 
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The used equation of continuity is 
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In this system of equations, U  and V   are the transports in the x  and y  directions 
respectively 2 1(m  s ) , v  is the velocity vector  -1(m s ) , t  is time (s) , g is the gravitational 
acceleration -2(m s ) , H  is the water depth (m) ,   is the sea surface elevation (m) , 

2 sinf     is the Coriolis parameter -1(s ) ,   is the angular velocity of the Earth -1(s ) ,   is 
the latitude and HA  is the horizontal coefficient of Eddy viscosity 2 1(m  s ) .  
At the open boundary, the sea surface elevation is given by 

    0, , cosx y t A t    (4) 

where   is the angular frequency of the M2 tidal component. 0A  and   are the observed 
amplitudes and phases. The boundary condition for the velocity vector v  at the closed sides 
is 0 v n , where n  is a unit vector normal to the coast. At the open side the condition is  
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where the velocity nv  and the coordinate nx  are perpendicular to the boundary.  
The transport of sediment by a flow of water takes place in the form of bedload and 
suspended load. It depends on the particles size and on the intensity of the flows. The 
motion of the bed material particles occurs basically in three ways; rolling and sliding 
motion, saltation motion and suspended particle motion (Van Rijn, 1993). There are different 
mathematical formulae for the transport of bedload and suspended load. One of them is 
when the volumetric sediment flux, ( , )x yS SS S , is proportional to the velocities, i.e. 

 m

cr S v v , where v  is the depth-averaged velocity, crv  is the depth-averaged critical 
velocity and 3 5m  . Another form is  n

cr S τ τ , i.e. it is a function of the bed shear 
stress τ , with 1.5n  . We used the following conservation equation for bedload sediment 
transport, 
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And we applied an equation where the volumetric sediment flux S  is proportional to the 
depth-averaged velocities (van Rijn, 1993; Hulscher, 1996a). 
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The volumetric sediment flux is given in 2 -1(m  s ) (cubic meters of sediment per meter of sea 
bottom width per second) and xS  and yS  are the flux components in the x and y directions. 

610   is a function of the sediment properties 2 -1(m  s ) , 3.0b   is the potency of the 
transport, 2.0k   is a coefficient for bed slope correction and cu  1(m s )  is the critical 
velocity for bedload sediment transport, i.e. if cuv  then no bedload sediment transport 
occurs. 
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by the coast of Baja California. Other studies concerning sedimentation on the Colorado 
River Delta were carried out by Baba et al (1991), Carriquiry (1993), Cupul (1994) and 
Zamora (1993). Most of the above studies have been based on geologic considerations, 
satellite imagery and textural data as well as measurements of suspended sediment 
concentration.  
 

 
Fig. 2. Sediments distribution in the Colorado River Delta (LANDSAT TM5 March 2011), 
RGB321. 

In figure 3, the bathymetry and the deltaic configuration of the studied area is displayed. 
The most important features are the mouth of the Colorado River, the islands of Montague 
and Gore and the Wagner basin in the south. The triangular form and the bathymetric 
convergence contribute notably trough the continuity equation to increase the tidal 
amplitudes. To investigate the dynamics and the transport of sediments in the Colorado 
River Delta and in other areas of the Gulf of California, we applied the vertically integrated 
numerical model described above.   
In the northern part of the Gulf of California, the dominant signal is the 2M  tide (Principal 
lunar constituent). In figure 4, the calculated sea surface elevation at four different times of a 

2M  tidal cycle is shown. Around the island Montague, amplitudes of more than 2 m are 
found. These large tidal amplitudes are associated to strong tidal currents that cause a 
bedload transport of sediments through the equations (5) and (6). In our simulations, the 
bathymetry evolves at each time step, maintaining completely the non linearity of the 
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calculations. Tidal currents in the Gulf of California and particularly in the Colorado River 
Delta have been investigated in several research works (Carbajal et. al, 1997; Carbajal & 
Backhaus, 1998); Salas et.al, 2003). We focus here our interest in the bedload transport of 
sediments. 
 

 
Fig. 3. Bathymetry and the deltaic structure of the northernmost part of the Gulf of 
California. 

To give an idea how the process of erosion and accretion occurs in the Colorado River Delta, 
we show time series of the bottom evolution at the points A and B whose positions are 
indicated in figure 3. We simulated the bedload transport of sediments for one year. The 
variation during two 

2M  tidal periods of the accumulated sediment, instantaneous bedload 
sediment transport, the instantaneous tidal velocities and the tidal elevation are displayed in 
figures 5a and 5b. All these variables are separated in the x-component (left side) and y-
component (right side). The accumulated sediment indicate, at every time step, how much 
sediment has been built up separately by the x and y components of the volumetric 
sediment flux vector ( , )x yS SS S . We note that at point A, the x-component and the y-
component are out of phase and their contribution cancels each other to some extent. At the 
point B, the accumulated sediment indicates a decreasing tendency in the x-component and 
a growing trend in the y-component. The behavior of the accumulated sediment at these 
two points gives us an idea about the complexity of the transport of sediment process. The 
instantaneous rate of bedload sediment transport, the components of the velocity vector and 
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the sea surface elevation reflects the nonlinearity of this kind of phenomena. A tidal 
distortion is observed in the bedload sediment transport, in the accumulated bedload 
sediment transport and in the two components of the velocity vector. Observe that the 
curves of these variables deviate clearly from a sinusoidal shape. When all net effects at all 
grid points are quantified, a general morphological change is then visualized. The largest 
accumulative sediment transport rate was found in the neighborhood of the island 
Montague, with a value of about 0.0005  2 /m s . But we have to remember that this 
parameter is oscillating continuously, sometimes it has a growing character and sometimes 
it has a decreasing trend.   
 
 

 
 
 

Fig. 4. The calculated sea surface elevation at four different times of a 2M  tidal cycle is 
shown. The sea surface elevation is given in meters.  
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Fig. 5a. Sediment transport and hydrodynamic parameters obtained for two tidal periods at 
control point A.  

 

 
Fig. 5b. Sediment transport and hydrodynamic parameters obtained for two tidal periods at 
control point B. 
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Fig. 5a. Sediment transport and hydrodynamic parameters obtained for two tidal periods at 
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Fig. 5b. Sediment transport and hydrodynamic parameters obtained for two tidal periods at 
control point B. 
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In figure 6, the net morphological change caused by the 
2M  tide after one year of numerical 

simulation is displayed. The major morphological evolution takes place around the islands 
of Montague and Gore, in the northernmost part of the Colorado River Delta. Changes due 
to erosion and accretion processes larger than 0.1 m were observed. The presence of 
sandbanks in the Colorado River Delta has been detected by bathymetric measurements 
(Meckel, 1975; Alvarez et al., 2009). It is interesting to observe that in our calculation there is 
a tendency to the formation of sandbanks to the south of Montague Island. Although we 
carried out calculations for the bedload sediment transport alone, there are some dynamic 
similarities among the distribution of suspended sediment shown in figure 2 and the pattern 
of the morphological change by bedload sediment transport after one year of simulation of 
the 2M  tide. The modeled areas of erosion and accretion show a similar tendency like the 
direction of the sediment filaments depicted in figure 2. The general morphological pattern 
calculated in this research work agrees with that showed by Montaño and Carbajal (2008). 
However, we make here emphasis in the morphological changes described in the time series 
of the accumulated sediment and of the instantaneous sediment transport (Figure 5). 
 

 
Fig. 6. Areas of erosion and accretion caused by the 2M  tide after one year of simulation. 

4.2 Yavaros Bay 
The Yavaros Bay is located in the central-eastern coast of the Gulf of California, between 26° 
40´ N and 26° 45´ 33” N and 109° 25´ 21” W and 109° 34´ 31” W. The region is characterized 
by a semi-arid climate with winds predominantly from the southwest in the summer 
months and from the northeast in winter. As many coastal lagoons, this water body arose by 
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the developing of sand bars, keeping on an opening of about 1.7 km. The Yavaros Bay can 
be considered a well connected coastal lagoon with the adjacent Gulf of California. The 
formation of coastal lagoons in the Gulf of California was investigated by Lankford (1976). 
He stated that most of these water bodies are shallow embayments associated with deltaic 
systems. Yavaros Bay is located in a region where the rivers Yaqui, Mayo and El Fuerte have 
discharged huge quantities of sediment to this part the Gulf of California. Located not so far 
away from the tropic of cancer, the direct solar radiation is intense with large evaporation 
rates.  In this region, evaporation exceeds precipitation by far, since average annual 
evaporation values from 1500 to 2000 mm have been estimated whereas the average annual 
rainfall varies among 300 and 500 mm (Dworak & Gómez-Valdés, 2003). With exception of 
the months from July to September, rainfall is in general scarce.  The bottom topography of 
the Yavaros Bay is very complex with a dominant navigation channel from the mouth to the 
northwest direction (figure 7). Maximum depths of about 8 meters are found and very 
shallow areas of one meter or less are situated on the northeastern side.  
 

 
Fig. 7. Bathymetry of the Yavaros Bay.  

The central part of the Gulf of California is characterized by mixed tides with predominance 
of diurnal signals.  Tides in the Yavaros Bay have been studied in detail (Dworak & Gómez-
Valdés, 2003; Dworak & Gómez-Valdés,  2005). Through non-linear processes, the 
propagation of tides in very shallow areas leads to generation of high harmonics that are 
controlled by astronomical configurations. The generation and behavior of tides in shallow 
waters like this coastal lagoon is affected, for example, by the lunar and solar declination 
effects. Since tides in this coastal lagoon have a mixed character, semidiurnal, diurnal and 
fortnightly oscillations can be distinguished in measurements. Semidiurnal tides are 
dominantly originated by the principal solar ( 2S ) and lunar ( 2M ) constituents, by solar and 
lunar declination effects ( 2K ) and by longer lunar elliptic effect ( 2N ). Diurnal tides are due 
to solar and lunar declination effects ( 1K ), to main lunar ( 1O ) and solar ( 1P ) contributions 
and to lunar elliptic effect ( 1Q ). Fortnightly oscillations are due to the phases of the Moon 
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(synodic), declinational variations (tropical), and the time taken for the Moon to move from 
perigee to perigee (anomalistic) (Dworak & Gómez-Valdés, 2005). The numerical modeling 
of tides and, of course, measurements indicate velocities of the order of 1 m/s. In figure 8, 
tidal currents produced by the soli-lunar declinational 1K are displayed. Velocities larger 
than 0.3 m/s are found in the navigation channel and adjacent areas.  
 

 
Fig. 8. Numerical modeling of currents produced by the soli-lunar declinational 1K  tide in 
the Yavaros Bay.  

As an example, we document the bedload transport of sediment with a calculation where 
the   1K tidal constituent is forcing the dynamics in the Yavaros Bay. The amplitude of the 

1K  tide at the entrance of the lagoon system is 0.249 m. Although recent research work on 
tides in the Yavaros Bay reveal that 13 tidal constituents ( sfM , 1O , 1K , 2M , 2S , 2N , 3MK , 

3SK , 4M , 4MS , 52SK , 6M  and 62SM ) (Dworak and Gómez-Valdés, 2003), are of relative 
importance,  the amplitude of the 1K  is the largest and to some extent, the dominant signal.  
In figure 9, the morphological changes after one year of simulation are shown. Areas of 
erosion (blue) and accretion (red) reach for one year heights of a few centimeters. If one 
considers that the time scale of sandbanks formation is of centuries, then a linear 
extrapolation to one century of the results shown in figure 9 would reach heights of a few 
meters. However, this linear extrapolation is, of course, not correct due to the intrinsic non-
linearity of the hydrodynamic and transport of sediment processes. An accretion or erosion 
area, formed by the hydrodynamics, modifies the flow and the flow modifies again the 
transport of sediment and so on. The area of intense mobility of sediment is at the entrance 
of this coastal lagoon, therefore it is very important to understand the sedimentation process 
and to develop mathematical models to predict correctly the evolution of the morphology in 
this kind of coastal lagoons.  

 
Transport of Sediments in Water Bodies of the Gulf of California 

 

159 

 
Fig. 9. Morphological changes caused by 13 tidal constituents in the yavaros Bay after one 
year of simulation. 

5. Conclusions 

In general terms, we have described the problematic associated with the transport of 
sediments in coastal areas. We commented several methods (theoretical, experimental and 
numerical) to investigate the mechanisms involved in transport of sediments. We mentioned 
several seas of the world where tidal amplitudes and the transport of sediment are large. We 
have shown that satellite imagery reveals large sand patterns in the northernmost part and 
along the eastern coast of the Gulf of California, where an important number of water 
bodies (Bays of Adair, San Jorge, Yavaros) and coastal lagoons (Topolobampo and Santa 
María la Reforma) are located. We presented a methodology to investigate the transport of 
sediments based on the application of a vertically-integrated two-dimensional numerical 
model together with the use of a volumetric sediment flux vector and an equation of 
conservation of sediment. We documented the application of this methodology with the 
numerical modeling of the bedload sediment transport in two water bodies of the Gulf of 
California, namely the Colorado River Delta and the Yavaros Bay. For the Colorado River 
Delta, we calculated a morphological change (figure 6) which is similar to the distribution of 
suspended sediment depicted in figure 2. In time series of accumulated bedload sediment 
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transport and of instantaneous bedload sediment transport we explained the complexity 
associated with this kind of non-linear processes. Erosion and accretion areas arise as a 
consequence of the interaction of the tidal induced flow and a sandy bottom. These areas 
may grow or decrease with the time, or even the rate of grow. We presented results of the 
bedload sediment transport in the Yavaros Bay caused by the diurnal tide 1K . We 
calculated the morphological change after one year of numerical simulation, finding 
changes of the order of a few centimeters. These grow rates are in concordance with 
observed and theoretically calculated grow rates. Finally, there is a huge quantity of 
research work to be done to understand and to quantify the transport of sediments in the 
Gulf of California. There are many water bodies, particularly along the eastern coast, 
interacting with the littoral transport of sediments, or simply coastal lagoons interacting or 
exchanging sediment with Gulf of California.  
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1. Introduction 
Currently it is of great concern the morphological changes observed at distinct coastal 
systems. Frequently, drastic episodes of coastal erosion, threatening the houses built near 
the shore, and land loss are reported. At coastal lagoons and estuaries, increasing accretion 
can interfere with the water renewal and therefore with the local ecosystems. At inland 
harbors, the accretion of inlet and channels can restrict the navigation and consequently the 
harbor conditions and its management. 
The sediment transport, identified by patterns of erosion or accretion, can be evaluated by 
single formulae that compute the bedload and suspended load or by sediment transport 
models.  
In the literature are published formulae for bed-load transport of sediments in conditions 
characteristic of coastal waters, covering current alone, current plus symmetrical waves, 
current plus asymmetrical waves alone and integrated longshore transport.  
Due to the fact that sand transport models are often based on semi-empirical equilibrium 
transport formulae that relate sediment fluxes to physical properties, such as velocity, depth 
and grain size, it is crucial to perform sensitivity analysis of the formulae used. 
Pinto et al. (2006) compared four sediment transport formulations considering only the tidal 
current only: Ackers and White (1973); Engelund and Hansen (1967); van Rijn (1984a,b,c) 
and Karim and Kennedy (1990). The authors concluded that the van Rijn formula is the most 
sensitive to basic physical properties. Hence, it should only be used when physical 
properties are known with precision. 
The sediment transport modules, coupled with hydrodynamic and wave modules compose 
the morphodynamic models, resulting in very complex systems emergent in the last years. 
In the past 30 years, morphodynamic models have been developed (Nicholson et al., 1997). 
Among them the MIKE21, developed by the Danish Hydraulic Institute - DHI (Warren and 
Bach, 1992) and DELFT3D, by WL|Delft Hydraulics - DH (Roelvink and Banning, 1994), are 
the most popular. Most of the morphodynamic studies are generally related on engineering 
methods and techniques for coastal defense. 
The DELFT3D model was applied by several authors, such as Grunnet et al. (2004), Xie et al. 
(2009) and Tung et al. (2009), between others. Grunnet et al. (2004) applied DELF3D to 
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hindcast the morphological development of shoreface nourishment along the barrier island 
of Terschelling, The Netherlands. The morphodynamic results showed a dependency on the 
spatial scale: on the scale of the bed level evolution with respect to bar migration and 
growth, model predictions are poor as the nearshore bars are predicted to flatten out. On the 
other hand, the model satisfactory predicted the overall effects of the nourishment taking 
into account the mass volumes integrated over larger spatial scales.  
Successful results were obtained by Xie et al. (2009) in the analysis of the physical processes 
and mechanisms essential to the formation and evolution of a tidal channel in the macro-tidal 
Hangzhou Bay, China. This work shows that the model results reproduced accurately the real 
morphological features. The results showed that spatial gradients of flood dominance, caused 
by boundary enhancement via current convergences, are responsible for the formation of the 
channel system, due to, between other effects, the funnel-shaped geometry. 
DELFT3D was also applied to model inlets morphodynamics. Tung et al. (2009) investigate 
the migration and closure of an idealized tidal inlet system due to wave driven longshore 
sediment transport. The authors reproduced a typical example of a migrating tidal inlet due 
to oblique waves that include features such as ebb channel formation, migration and 
welding to the downdrift barrier. It was also reproduced the inlet closure due to the 
prolongation of the inlet channel and infilling with littoral-drift material.  
Other morphodynamic modeling systems were developed and applied to coastal lagoons 
and inlets. For example, Ranasinghe et al. (1999) developed a morphodynamic model 
capable of simulating the seasonal closure of inlets, including both longshore and cross-
shore transport processes. This model was successfully applied to two idealized scenarios 
demonstrating its ability to produce realistic results. Later, Ranasinghe and Pattiaratchi 
(2003) used field experiments and this numerical model to study a real case, the Wilson Inlet 
at Western Australia. With this study they identified the morphodynamic processes 
governing seasonal inlet closure and determined the effect of the seasonal closure of the 
inlet on the morphodynamic characteristics of the adjacent estuary/lagoon. These authors 
concluded that the inlet closure is due to the onshore sediment transport induced by 
persisting swell wave conditions during summer. 
Cayocca (2001) developed and applied a two-dimensional horizontal morphodynamic 
model, combining modules for hydrodynamics, waves, sediment transport and bathymetry 
updates, to Arcachon lagoon, at the French coast. The results showed that the tide is 
responsible for the opening of a new channel at the extremity of the sand pit, while waves 
induce a littoral transport responsible for the longshore drift of sand bodies across the inlet. 
Work et al. (2001) described and applied a modeling system (Mesoscale Inlet Morphology, 
MIM) that include coupled modules of hydrodynamic, wave transformation, shoreline 
change and sediment transport, to the undredged and unstabilized Price Inlet, South 
California. The predicted bathymetric changes were similar in sign and location to the 
observations, but the model tends to underpredict the magnitude of changes.  
Silvio et al. (2010) used a long term model of planimetric and bathymetric evolution of 
Venice lagoon. These authors applied this model to a schematic system consisting of an inlet 
area and a lagoon basin and considering the interactions between tidal currents, longshore 
currents and sea waves. It was found that the planimetric evolution of the channel network 
was much faster than the bathymetric evolution of the lagoon. 
One aspect that contributes to the patterns of the sediment transport in a tidal inlet is the 
ebb/flood dominance. The processes that contribute to determine this dominance were 
studied by Robins and Davies (2010) through a 2D model (TELEMAC modeling system) 
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applied to Dyfi estuary in Wales, UK. The authors concluded that shallow water depths lead 
to flood dominance in the inner estuary whilst tidal flats and deep channels cause ebb 
dominance in the outer estuary. 
Two morphodynamic modeling systems developed in Portugal are described in the 
literature: MOHID and MORSYS2D. 
MOHID model simulates the non-cohesive sediment-dynamics in lagoons driven by tide, 
waves and river flows (Malhadas et al., 2009). It integrates MOHID hydrodynamic (Aires et 
al., 2005; Neves et al., 2000), sand transport modules (Silva et al., 2004) and the wave model 
STWAVE (Smith et al., 2001). This model was applied to Óbidos lagoon in order to evaluate 
the effect of the bathymetric changes on the hydrodynamic and residence time, suggesting 
strategies to avoid the lagoon's accretion and to prevent the safety of local houses at the 
lagoon margins. The conclusions confirmed that tidal propagation depends strongly on the 
bathymetric configuration. 
The MORSYS2D model is composed by the hydrodynamic models ADCIRC or ELCIRC, the 
wave model SWAN and the sediment transport and bottom update model SAND2D 
(Fortunato and Oliveira, 2003, 2007; Bertin et al., 2009b). The performance of MORSYS2D 
was assessed in the morphodynamic simulation forced both by current and waves of the 
Óbidos lagoon and is described in Oliveira et al. (2004). The morphodynamic of this lagoon 
and its inlet have been studied and published in several works: Fortunato and Oliveira 
(2006, 2007); Bertin et al. (2007, 2009a,b); Fortunato et al. (2009). In these studies the authors 
concluded, that the sediment grain size and the choice of the empirical sediment transport 
formulae affect the morphological predictions. The development of a meander and the 
formation of sandbars in the wave dominated inlet of Óbidos lagoon had been successfully 
simulated also with the recently partially parallelized MORSYS2D (Bruneau et al., 2010). 
Besides Óbidos, other inlets morphodynamics were also studied with this model, the Ancão 
inlet in Ria Formosa (Bertin et al., 2009c) and the Ria de Aveiro lagoon inlet (Oliveira et al., 
2007, Plecha et al., 2007,2010,2011). Other studies have been performed with this modeling 
system: scenario test cases of an idealized dredged sandpit (Ramos et al., 2005), a dredged 
area evolution in southern Portugal (Rosa et al., 2011), the Aljezur coastal stream 
morphological variability (Guerreiro et al., 2010).  
This work presents a sensitivity analysis of several formulations usually applied for 
estimating the sediment transport rates in coastal lagoons and estuaries. Morphodynamic 
simulations are then performed at a study case inlet, the northwest coastal lagoon inlet of 
Ria de Aveiro, considering the selected formulations to compute the sediment transport 
rates with the MORSYS2D modeling system. The numerical results are analyzed concerning 
the morphological changes (erosion and accretion areas) induced at that site.  

2. Sediment transport 
The sediment transport processes are very important in estuaries and inlets being essential 
to describe their morphologic changes. These processes are generally complex and are 
function of the hydrodynamic circulation and sediment characteristics of the bed. 
When describing the sediment balance at an inlet, it has to be taken into account the 
longshore currents induced by the waves that approach the coast at an oblique angle and 
the tidal currents alone or coupled with waves. The following subsections present several 
formulations to compute the longshore and load sediment transport rates published in 
literature and used frequently by researchers. 
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observations, but the model tends to underpredict the magnitude of changes.  
Silvio et al. (2010) used a long term model of planimetric and bathymetric evolution of 
Venice lagoon. These authors applied this model to a schematic system consisting of an inlet 
area and a lagoon basin and considering the interactions between tidal currents, longshore 
currents and sea waves. It was found that the planimetric evolution of the channel network 
was much faster than the bathymetric evolution of the lagoon. 
One aspect that contributes to the patterns of the sediment transport in a tidal inlet is the 
ebb/flood dominance. The processes that contribute to determine this dominance were 
studied by Robins and Davies (2010) through a 2D model (TELEMAC modeling system) 
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applied to Dyfi estuary in Wales, UK. The authors concluded that shallow water depths lead 
to flood dominance in the inner estuary whilst tidal flats and deep channels cause ebb 
dominance in the outer estuary. 
Two morphodynamic modeling systems developed in Portugal are described in the 
literature: MOHID and MORSYS2D. 
MOHID model simulates the non-cohesive sediment-dynamics in lagoons driven by tide, 
waves and river flows (Malhadas et al., 2009). It integrates MOHID hydrodynamic (Aires et 
al., 2005; Neves et al., 2000), sand transport modules (Silva et al., 2004) and the wave model 
STWAVE (Smith et al., 2001). This model was applied to Óbidos lagoon in order to evaluate 
the effect of the bathymetric changes on the hydrodynamic and residence time, suggesting 
strategies to avoid the lagoon's accretion and to prevent the safety of local houses at the 
lagoon margins. The conclusions confirmed that tidal propagation depends strongly on the 
bathymetric configuration. 
The MORSYS2D model is composed by the hydrodynamic models ADCIRC or ELCIRC, the 
wave model SWAN and the sediment transport and bottom update model SAND2D 
(Fortunato and Oliveira, 2003, 2007; Bertin et al., 2009b). The performance of MORSYS2D 
was assessed in the morphodynamic simulation forced both by current and waves of the 
Óbidos lagoon and is described in Oliveira et al. (2004). The morphodynamic of this lagoon 
and its inlet have been studied and published in several works: Fortunato and Oliveira 
(2006, 2007); Bertin et al. (2007, 2009a,b); Fortunato et al. (2009). In these studies the authors 
concluded, that the sediment grain size and the choice of the empirical sediment transport 
formulae affect the morphological predictions. The development of a meander and the 
formation of sandbars in the wave dominated inlet of Óbidos lagoon had been successfully 
simulated also with the recently partially parallelized MORSYS2D (Bruneau et al., 2010). 
Besides Óbidos, other inlets morphodynamics were also studied with this model, the Ancão 
inlet in Ria Formosa (Bertin et al., 2009c) and the Ria de Aveiro lagoon inlet (Oliveira et al., 
2007, Plecha et al., 2007,2010,2011). Other studies have been performed with this modeling 
system: scenario test cases of an idealized dredged sandpit (Ramos et al., 2005), a dredged 
area evolution in southern Portugal (Rosa et al., 2011), the Aljezur coastal stream 
morphological variability (Guerreiro et al., 2010).  
This work presents a sensitivity analysis of several formulations usually applied for 
estimating the sediment transport rates in coastal lagoons and estuaries. Morphodynamic 
simulations are then performed at a study case inlet, the northwest coastal lagoon inlet of 
Ria de Aveiro, considering the selected formulations to compute the sediment transport 
rates with the MORSYS2D modeling system. The numerical results are analyzed concerning 
the morphological changes (erosion and accretion areas) induced at that site.  

2. Sediment transport 
The sediment transport processes are very important in estuaries and inlets being essential 
to describe their morphologic changes. These processes are generally complex and are 
function of the hydrodynamic circulation and sediment characteristics of the bed. 
When describing the sediment balance at an inlet, it has to be taken into account the 
longshore currents induced by the waves that approach the coast at an oblique angle and 
the tidal currents alone or coupled with waves. The following subsections present several 
formulations to compute the longshore and load sediment transport rates published in 
literature and used frequently by researchers. 
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2.1 Longshore sediment transport 
The sediment transport induced by longshore currents along the coast is easily identified 
through coastal erosion or accretion around structures. Along the coast, considerable 
amounts of sediment are transported, depending on the height, period and direction of the 
waves. Additionally, the sediment size and the bottom slope are important parameters that 
determine the longshore transport. 
The longshore sediment transport can be calculated by means of several longshore sediment 
transport formulations. Herein are presented six of them. The first one was presented by 
Vongvisessomjai et al. (1983) (Chonwattana et al., 2005), and was adapted from the Coastal 
Engineering Manual (2002) formula. In this formulation the longshore sediment transport is 
proportional to the wave characteristics in deep water. The remaining five formulations are 
published in literature (e.g. Larangeiro and Oliveira (2003)) and are proportional to the 
wave characteristics in the breaker line, with different dependences in wave breaker height, 
wave period and incident wave breaker angle. 

2.1.1 Formulation CERC 
This formulation is based on the assumption that the longshore transport rate depends on 
the longshore component of wave energy flux in the surf zone: 
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where H0 is the wave height in deep water, α0 is the wave angle in deep water and f is the 
wave frequency. 

2.1.2 Formulation C2 
Valle et al. (1993) proposed a formulation for the longshore transport rate given by: 
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with 502.51.4 dk e , the medium particle diameter is d50 in mm and ' 1a n   is the breaker 
index, ρs is the sand density, ρ is the water density, g is the gravity, αb is the wave angle at 
breaker point and n is the sediment porosity. The wave height in this formulation is the root 
mean square wave height Hrms given by: 
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where Hs is the significant wave height. 
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2.1.3 Formulation K&I 
Komar and Inman (1970) proposed a formulation for the longshore transport rate given by: 
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where K’ is a dimensionless coefficient, E is the wave energy, cg is the wave group velocity 
and i is the bottom slope. By the Coastal Engineering Manual (2002): 
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2.1.4 Formulation Kr88 
Kraus et al. (1988) proposed a formulation for the longshore transport rate given by: 

 2.7( )cI R R   (10) 

With bR V WH  , being W the total width of the cross section and Rc a constant. By Kraus et 
al. (1988) it is known that Iℓ has units of N s-1 and the coefficient 2.7 is not adimensional. By 
Larangeiro et al. (2005): 
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2.1.5 Formulation K86 
Kamphuis et al. (1986) proposed a formulation for the longshore transport rate given by: 
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2.1.6 Formulation K91 
Kamphuis (1991) proposed a formulation for the longshore transport rate given by: 
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2.1 Longshore sediment transport 
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where Hs is the significant wave height. 
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2.1.3 Formulation K&I 
Komar and Inman (1970) proposed a formulation for the longshore transport rate given by: 
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where K’ is a dimensionless coefficient, E is the wave energy, cg is the wave group velocity 
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2.1.4 Formulation Kr88 
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2.1.5 Formulation K86 
Kamphuis et al. (1986) proposed a formulation for the longshore transport rate given by: 
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2.1.6 Formulation K91 
Kamphuis (1991) proposed a formulation for the longshore transport rate given by: 
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where the peak period is  2.07 4.02p zT T  and Tz is the zero-upcrossing wave period. 

2.2 Sensitivity analysis to longshore sediment transport formulations 
To choose which one of the previous formulations is the most adequate to use in a study 
case, it is mandatory to perform a sensitivity analysis of the sediment transport formulations 
to several characteristics: sediment size d50 and bottom slope i. The analysis of the results 
should be performed knowing à priori a range of longshore transport values in order to 
compare the values obtained. 
In this case, the longshore sediment transport is calculated by means of the six longshore 
sediment transport formulations presented in the previous subsection. Each one of this 
formulation has a different dependency on the wave height and angle at the breaker line 
and on d50 and bottom slope. These dependencies are presented in Table 1. 
 

Formulation 
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Table 1. Longshore sediment transport formulations. 

It should be noted that all these formulae make use of significant wave height, except the C2 
formulation which accounts for the root mean square wave height, Hrms. The K&I, Kr88, K86 
and K91 formulations depend on the bottom slope and only the C2, K86 and K91 have 
dependencies on the sediment size d50.  The longshore sediment transport is computed 
considering a wave regime of 11 years long of the study area and typical values for the 
sediment size d50 and bottom slope, presented in bibliography or measured in situ. 
However, as these two parameters are not known accurately, a sensitivity analysis of the 
several formulations to typical values of d50 and i was performed. Figure 1 illustrated the 
results obtained for the formulations presented for typical ranges of d50 and bottom slope of 
the northwest Portuguese nearshore  
It is observed that there is a wide spread of results for the longshore sediment transport. The 
K86 formulation revealed to be highly sensitive to the value of d50 considered, due to its 
inverse dependency on the sediment size. Also, the C2 formulation, with an exponential 
dependency on d50 revealed a strong dependency to this parameter. Analyzing the results of 
the dependency of longshore sediment transport to the bottom slope, again the K86 
formulation shows the higher dependency due to the linear dependency on slope i. The 
same dependency and sensible behavior is obtained when using the K&I formulation to 
compute the longshore sediment transport. 
The reference value for the longshore sediment transport of the Portuguese Aveiro west 
coast considered was presented by Larangeiro and Oliveira (2003) and is Q =1106 m3year-1. 
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Analyzing the values obtained in Figure 1, it is concluded that the longshore sediment 
transport computed for the complete wave regime by all transport formulae is 
overestimated when compared with the reference value.  
 

 
(a) 

 

 
(b) 

Fig. 1. Sensitivity analysis of the longshore sediment transport formulations to (a) d50 (mm) 
and (b) the bottom slope (m). 

2.3 Sediment transport formulations 
Usually the sediment load is subdivided into bedload and suspended load. The bedload is 
defined as the part of the total load that is in more or less continuous contact with the bed 
during the transport. It primarily includes grains that roll, slide or jump along the bed. The 
suspended load is the part of the total load that is moving without continuous contact with 
the bed as a result of the agitation of fluid turbulence (Fredsoe and Deigaard, 1992). 
The nonlinear dependency of the sediment transport to the current velocity makes the net 
transport through inlets very sensitive to ebb/flood tidal asymmetries. 
The initiation of bed sediments movement occurs when the bottom shear stress exceeds a 
critical shear stress defined by the gravitational force, the frictional forces on the bed and the 
sediment size.  
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Analyzing the values obtained in Figure 1, it is concluded that the longshore sediment 
transport computed for the complete wave regime by all transport formulae is 
overestimated when compared with the reference value.  
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Fig. 1. Sensitivity analysis of the longshore sediment transport formulations to (a) d50 (mm) 
and (b) the bottom slope (m). 

2.3 Sediment transport formulations 
Usually the sediment load is subdivided into bedload and suspended load. The bedload is 
defined as the part of the total load that is in more or less continuous contact with the bed 
during the transport. It primarily includes grains that roll, slide or jump along the bed. The 
suspended load is the part of the total load that is moving without continuous contact with 
the bed as a result of the agitation of fluid turbulence (Fredsoe and Deigaard, 1992). 
The nonlinear dependency of the sediment transport to the current velocity makes the net 
transport through inlets very sensitive to ebb/flood tidal asymmetries. 
The initiation of bed sediments movement occurs when the bottom shear stress exceeds a 
critical shear stress defined by the gravitational force, the frictional forces on the bed and the 
sediment size.  
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The rates of sediment transport can be computed by several formulations that compute the 
total load considering the forcing of tidal currents or the coupled effect of tidal currents and 
waves. Herein are presented 8 formulations. A sensitivity analysis of these formulations is 
performed in subsection 2.4. These formulations integrate the morphodynamic modelling 
system used in this study (MORSYS2D), as presented in Section 3.  

2.3.1 Formulation Bha 
Bhattacharya et al. (2007) proposed a formulation to compute the total transport directly, for 
the tidal current forcing: 
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where ( ' ) /cr crT      , is the transport stage parameter, θ0 is the mobility parameter 
relative to grain roughness, θcr is the Shield critical shear stress,   2 1/3

* 50(( 1) / )dd d s g  is 
the dimensionless grain size, d50 is the medium particle diameter and ν is the cinematic 
viscosity of the water. 

2.3.2 Formulation EH 
Engelund and Hansen (1967) proposed a formulation that computes the total load directly. 
The threshold for initiation of motion is not considered. The sediment flux forced by tidal 
currents is given by: 
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where C is the Chézy coefficient given by /fc g , with cf the friction coefficient and U is the 
modulus of the depth-averaged velocity. 

2.3.3 Formulation kk 
Karim and Kennedy (1990) proposed a formulation that computes the total load transport 
directly considering the effect of tidal currents. The sediment flux is given by: 
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Where 1 50/ ( 1)U s gd    and 1 * * 50( ) / ( 1)cru u s gd    . U* is the stress velocity and u*cr 
is the critical stress velocity.  

2.3.4 Formulation MPM 
Meyer-Peter and Muller (1948) proposed a formulation based on experimental studies only 
valid for bed-load transport. Carmo (1995) improved this formulation in order to include the 
influence of bed-slope. The bed load sand flux forced by tidal currents is then given by: 
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where s is the dimensionless sand density, θc is the critical Shields parameter and ρs is the 
sand density.  

2.3.5 Formulation vR 
van Rijn (1984a,b,c) proposed a formulation valid for bed load and suspended load 
transport. 
The bottom slope is considered in the evaluation of the threshold for initiation of motion. 
The sediment flux forced by tidal currents is given by: 
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where Tsp is a transport stage parameter     2
*( ( / ) /( / ))c cu , ca is the reference 

concentration  1.5 0.3
50 *( 0.015 /( ))spd T ad  where a is the reference level given by: 
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With 0.3
500.11 ( / ) (1 exp( / 2))(25 )sp spH d H T T      is the dune height and 7.3H   is the 

dune length. 
A minimum value of a is set to H/100. In equation 2.21 F is given by: 
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Where */( )Z u      is the suspension parameter, where κ is the von Karman constant 
(=0.4), 2 2

*1 2( / )u     and 1   if * 100u    and 0.8 0.4
*2.5( / ) ( /0.65)au c    if * 100u    .  

2.3.6 Formulation AW 
The formulation presented herein is an adaptation by van de Graaff and van Overeem 
(1979) of the Ackers and White (1973) formulation for currents to take into account the effect 
of waves. The total load is given by: 
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The rates of sediment transport can be computed by several formulations that compute the 
total load considering the forcing of tidal currents or the coupled effect of tidal currents and 
waves. Herein are presented 8 formulations. A sensitivity analysis of these formulations is 
performed in subsection 2.4. These formulations integrate the morphodynamic modelling 
system used in this study (MORSYS2D), as presented in Section 3.  
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where ( ' ) /cr crT      , is the transport stage parameter, θ0 is the mobility parameter 
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viscosity of the water. 

2.3.2 Formulation EH 
Engelund and Hansen (1967) proposed a formulation that computes the total load directly. 
The threshold for initiation of motion is not considered. The sediment flux forced by tidal 
currents is given by: 

 4

2 3
50

0.05
sq U u

s d C g


 
 (15) 

where C is the Chézy coefficient given by /fc g , with cf the friction coefficient and U is the 
modulus of the depth-averaged velocity. 

2.3.3 Formulation kk 
Karim and Kennedy (1990) proposed a formulation that computes the total load transport 
directly considering the effect of tidal currents. The sediment flux is given by: 

 2.821 3.369log( 0.84log ) 3
50

1 1110 ( 1)s

uq s gd
U

     


 (16) 
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is the critical stress velocity.  

2.3.4 Formulation MPM 
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where s is the dimensionless sand density, θc is the critical Shields parameter and ρs is the 
sand density.  

2.3.5 Formulation vR 
van Rijn (1984a,b,c) proposed a formulation valid for bed load and suspended load 
transport. 
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The sediment flux forced by tidal currents is given by: 

 
2.1

2.150
0.3
*

0.053 s
s sp a

dq g T FHc u
U d

   
    

 
 (18) 

where Tsp is a transport stage parameter     2
*( ( / ) /( / ))c cu , ca is the reference 

concentration  1.5 0.3
50 *( 0.015 /( ))spd T ad  where a is the reference level given by: 

 
  90

90

3 1.1 1 exp 25 25
3 25

sp

sp

d T
a

d T

        


 (19) 

With 0.3
500.11 ( / ) (1 exp( / 2))(25 )sp spH d H T T      is the dune height and 7.3H   is the 

dune length. 
A minimum value of a is set to H/100. In equation 2.21 F is given by: 
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Where */( )Z u      is the suspension parameter, where κ is the von Karman constant 
(=0.4), 2 2

*1 2( / )u     and 1   if * 100u    and 0.8 0.4
*2.5( / ) ( /0.65)au c    if * 100u    .  

2.3.6 Formulation AW 
The formulation presented herein is an adaptation by van de Graaff and van Overeem 
(1979) of the Ackers and White (1973) formulation for currents to take into account the effect 
of waves. The total load is given by: 
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where λ is the sediment porosity, d35 the particle diameter exceeded by 65% of the  
weight and 0.23 / 0.14grA d  , 1 0.2432 ln( )grn d  , 9.66 / 1.34grm d  , 

2exp(2.86ln 0.4343[ln ] 8.128)dgr gr grC d d   . In Equation 2.23, Ucw and U*cw are the current 
velocity and shear velocity modified and are given by: 
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where r is the bed roughness and fw and fw’ are the wave friction coefficient using r and d35 as 
bed roughness, respectively. 

2.3.7 Formulation Bi 
Bijker (1971) derived a formulation for bedload transport where the total load is expressed 
as the sum of a bedload qsb term and a suspended load qss term, considering the coupled 
effect of tidal currents and wave regime: 
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where Cb is a wave breaking parameter (1.0 for non breaking waves and 5.0 for breaking 
waves with a ramp function between the two situations), C is the Chézy coefficient based on 
d50, µ is a ripple factor (= (C/C90)1.5, where C90 is the Chézy coefficient based on d90), I1, I2 are 
integrals and τcw is the combined shear stress due to waves and currents given by: 
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where τc is the bed shear stress due to currents only, Uw the wave orbital velocity, 
/(2 )C f g   is a parameter for wave-current interaction, fw a wave friction factor and Uc 

is the current velocity. 

2.3.8 Formulation SvR 
The formulation of Soulsby and van Rijn (Soulsby, 1997) compute sediment transport under 
the combined action of wave and currents. The total load is given by: 
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where Uwrms is the root mean square wave orbital velocity and β is the local bottom slope, Cd 
is a drag coefficient and Ucr is the threshold velocity. As = Asb + Ass with Asb and Ass the terms 
for bedload and suspended load, respectively, given by: 
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where Cd is the drag coefficient 2
0( (0.40 /(ln( / ) 1)) )H z  , where z0 is the bed roughness 

length. In Equation 2.28, Ucr is the threshold current velocity equal to 0.1
50 900.19 log(4 / )d H d if 

0.1 mm ≤ d50 < 0.5 mm and to 0.6
50 908.5 log(4 / )d H d  if 0.5 mm ≤ d50 ≤ 2.0 mm. 

2.4 Sensitivity analysis of the sediment transport formulations 
A sensitivity analysis of the sediment transport rates (qs), computed from the 
aforementioned formulae, to the median sediment grain size d50, the water depth h, and 
depth-averaged velocity U, is performed to better understand the response of the numerical 
solutions concerning bathymetric changes. These computations are made using a single 
point formulation that was retrieved from the numerical module of MORSYS2D that 
computes the sediment transport (Silva et al., 2009) and considering values for d50, h and U 
characteristics of inlets.  
In Figure 2(a) is illustrated the transport rate qs as a function of the medium sediment grain 
size, d50, for a constant water depth of 2, 10 and 20 m and considering a steady current with 
a depth-averaged velocity value of 1.0, 1.5 and 2.0 ms-1. In Figure 2(b) the added effect of a 
single wave with significant height of 1 m and 7 s of wave period was considered. 
The SvR, EH, kk, vR and AW formulations show a decrease of the transport rate with 
increasing d50, either in presence of tidal currents only (Figure 2(a)) or coupled with a 
monochromatic wave (Figure2(b)). Therefore, the dependency of these formulae in d50 is 
very similar. It can be noted that this dependency is non-linear; the range of variation of qs 
for the fine and medium grain sizes is higher than for the coarser sand. 
In Figure 2(a) is visible that the formulation by Bha predicts higher transport rates, except 
for the higher velocities (U = 2 ms-1) or lower depths, where the results are close to those 
obtained with the other formulations. 
The MPM formulation predicts systematically lower values of qs, and changes with d50 are not 
very significant. Note that this formulation only takes into account the bed load transport. 
The transport rates computed from Bi (in Figure 2(a) and (b)) and vR formulations present 
some oscillations with d50 that are not observed with any other formulae, in particular, for 
the finer sediments. When compared to formulae SvR, EH, kk and AW, the vR formula 
over-predicts the transport rates for finer sediments. The results predicted by all the 
formulations and from the ensemble of tests considered show a larger spread for the lowest 
values of U and finer sand than for the highest velocities and coarser sand, respectively. 
These results stand equally valid for the large range of depth-average tidal flow velocities 
observed within the inlet. 
As an example, Figure 3 represents the computed net transport rates for a tidal cycle (for a 
neap and spring tide periods) for a local mean depth of 10 m and 20 m. The depth-averaged 
velocity intensity considered is illustrated in the upper panel of Figure 3, characteristic of this 
inlet. The transport rates were computed considering two values for the d50: 0.3 and 1.5 mm.  
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where λ is the sediment porosity, d35 the particle diameter exceeded by 65% of the  
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where r is the bed roughness and fw and fw’ are the wave friction coefficient using r and d35 as 
bed roughness, respectively. 

2.3.7 Formulation Bi 
Bijker (1971) derived a formulation for bedload transport where the total load is expressed 
as the sum of a bedload qsb term and a suspended load qss term, considering the coupled 
effect of tidal currents and wave regime: 
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where Cb is a wave breaking parameter (1.0 for non breaking waves and 5.0 for breaking 
waves with a ramp function between the two situations), C is the Chézy coefficient based on 
d50, µ is a ripple factor (= (C/C90)1.5, where C90 is the Chézy coefficient based on d90), I1, I2 are 
integrals and τcw is the combined shear stress due to waves and currents given by: 
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where τc is the bed shear stress due to currents only, Uw the wave orbital velocity, 
/(2 )C f g   is a parameter for wave-current interaction, fw a wave friction factor and Uc 

is the current velocity. 

2.3.8 Formulation SvR 
The formulation of Soulsby and van Rijn (Soulsby, 1997) compute sediment transport under 
the combined action of wave and currents. The total load is given by: 
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where Uwrms is the root mean square wave orbital velocity and β is the local bottom slope, Cd 
is a drag coefficient and Ucr is the threshold velocity. As = Asb + Ass with Asb and Ass the terms 
for bedload and suspended load, respectively, given by: 
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where Cd is the drag coefficient 2
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0.1 mm ≤ d50 < 0.5 mm and to 0.6
50 908.5 log(4 / )d H d  if 0.5 mm ≤ d50 ≤ 2.0 mm. 

2.4 Sensitivity analysis of the sediment transport formulations 
A sensitivity analysis of the sediment transport rates (qs), computed from the 
aforementioned formulae, to the median sediment grain size d50, the water depth h, and 
depth-averaged velocity U, is performed to better understand the response of the numerical 
solutions concerning bathymetric changes. These computations are made using a single 
point formulation that was retrieved from the numerical module of MORSYS2D that 
computes the sediment transport (Silva et al., 2009) and considering values for d50, h and U 
characteristics of inlets.  
In Figure 2(a) is illustrated the transport rate qs as a function of the medium sediment grain 
size, d50, for a constant water depth of 2, 10 and 20 m and considering a steady current with 
a depth-averaged velocity value of 1.0, 1.5 and 2.0 ms-1. In Figure 2(b) the added effect of a 
single wave with significant height of 1 m and 7 s of wave period was considered. 
The SvR, EH, kk, vR and AW formulations show a decrease of the transport rate with 
increasing d50, either in presence of tidal currents only (Figure 2(a)) or coupled with a 
monochromatic wave (Figure2(b)). Therefore, the dependency of these formulae in d50 is 
very similar. It can be noted that this dependency is non-linear; the range of variation of qs 
for the fine and medium grain sizes is higher than for the coarser sand. 
In Figure 2(a) is visible that the formulation by Bha predicts higher transport rates, except 
for the higher velocities (U = 2 ms-1) or lower depths, where the results are close to those 
obtained with the other formulations. 
The MPM formulation predicts systematically lower values of qs, and changes with d50 are not 
very significant. Note that this formulation only takes into account the bed load transport. 
The transport rates computed from Bi (in Figure 2(a) and (b)) and vR formulations present 
some oscillations with d50 that are not observed with any other formulae, in particular, for 
the finer sediments. When compared to formulae SvR, EH, kk and AW, the vR formula 
over-predicts the transport rates for finer sediments. The results predicted by all the 
formulations and from the ensemble of tests considered show a larger spread for the lowest 
values of U and finer sand than for the highest velocities and coarser sand, respectively. 
These results stand equally valid for the large range of depth-average tidal flow velocities 
observed within the inlet. 
As an example, Figure 3 represents the computed net transport rates for a tidal cycle (for a 
neap and spring tide periods) for a local mean depth of 10 m and 20 m. The depth-averaged 
velocity intensity considered is illustrated in the upper panel of Figure 3, characteristic of this 
inlet. The transport rates were computed considering two values for the d50: 0.3 and 1.5 mm.  
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(a) 

 
(b) 

Fig. 2. Computed transport rate qs (kgm-1s) in function of d50 (mm), considering (a) only the 
tidal currents and (b) tidal currents coupled to a wave. 

For any sediment grain size and any sediment transport formulation, the maximum values 
of qs increase as the maximum depth-average velocities increase from neap to spring tides, 
and for small velocities, the transport is null. An exception to this behavior is with EH 
formulation, because it does not include a threshold velocity for sediment motion. Also, the 
sediment transport rates computed from the Bi and vR formulations present some 
perturbations for the highest velocities. 
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Fig. 3. Computed transport rate qs (kgm-1s) in function of d50 (millimetre) for velocity tidal 
flow computed by a hydrodynamic model forced by tidal currents only (a) and (b) and 
forced by tidal currents coupled with a wave regime (c) and (d), for a depth of (a) and (c) 10 
m and (b) and (d) 20 m. The left (right) columns in (a), (b), (c) and (d) represent the transport 
rates at neap (spring) tide condition. 

Analyzing Figure 2(b) it is possible to perceive that the presence of a monochromatic wave 
induce continuous sediment transport for lower depths (10 m in this example). For this water 
depth, the generated currents have the capacity to move coarser sediments, even in neap tide 
conditions. For Bi formulation, are observed higher instabilities in the sediment transport rates. 
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For the deeper water case, the effect of the wave is not strongly noticeable. However, for neap 
tide condition exists a slightly increasing in the capacity of transporting finer sediments. 

3. Morphodynamic simulations 
To the study presented herein, the morphodynamic modelling system used is the 
MORSYS2D (Fortunato and Oliveira, 2004, 2007; Bertin et al., 2009c). This modelling system 
integrates the hydrodynamic model ELCIRC (Zhang et al., 2004), which calculates tidal 
elevations and currents, the wave model SWAN (Booij et al., 1999), which computes wave 
propagation and the model SAND2D (Fortunato and Oliveira, 2004, 2007; Bertin et al., 2009c) 
that computes sand transports and updates the bottom topography. 
This model was applied to an inlet and adjacent nearshore of a coastal lagoon in the 
northwest of the Iberian Peninsula, the Ria de Aveiro.  
Due to the different response of the several sediment transport formulations on the 
sediment size and water depth as presented in the previous section, it is important to 
analyze the morphodynamicof the study area itself, with d50, depths and currents variable in 
space and time. 

3.1 Dependency on sediment transport formulation 
In order to compare the numerical predictions using all the sediment transport formulations 
mentioned in Subsection 2.3, numerical simulations for a period of 1 year were performed, 
considering a variable d50 distribution, a tidal current and a wave regime variable in time. In 
this work a comparison of the residual sediment fluxes obtained by averaging the sand 
fluxes for two MSf constituent periods (214.78 days) was performed. 
For the simulations forced only by tidal currents, the SvR, EH, kk and AW formulations 
predict similar patterns, contrary to the obtained with Bha (Figure 4(a)), vR (Figure 4(b)) and 
MPM (Figure 4(c)). The residual sediment fluxes obtained with Bha formulation, Figure 4(a), 
differ substantially from the other numerical solutions, predicting strong residual sediment 
fluxes that will induce over-prediction of the bathymetric variations and an unrealistic 
bathymetry. This over-prediction is consistent with previous studies presented by Fortunato 
et al. (2009) and Silva et al. (2009) and with that obtained in Figure 2(a). 
For the vR and Bi formulations are expected oscillations in the sediment fluxes due to the 
patterns illustrated in Figure 3 for finer sediments and intermediate tidal velocities. In 
Figure 4(b) are illustrated the residual sediment fluxes computed with vR formulation, 
where are visible the oscillations that induce instabilities in the bathymetric predictions. On 
the other hand, when considering the Bi formulation, the oscillations are not easily 
noticeable in the residual sediment fluxes (not presented here). However, due to its 
sensitivity to sediment size d50, this formulation should be used carefully and only when 
physical properties are known with precision. 
In contrast to the previous results, the solutions obtained with MPM formulation (Figure 
4(c)) under-predict the sediment fluxes and consequently will under-predict the bathymetric 
changes. This under-prediction is consistent with that obtained in Figure 3. 
The numerical results obtained with the other four formulations are similar between them 
(SvR, EH, kk and AW (Figure 4(d))) and more realistic. The sediment fluxes at the inlet and 
offshore area, at the center of the navigation channel and at the beginning of the bifurcation 
channel, are all outward, denoting ebb dominance. Also, the residual sediment fluxes 
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pattern observed identifies four regions with higher values: at the inlet and offshore area, at 
the center of the navigation channel and at the beginning of the channels at the right side of 
the domain. The two first patterns referred are located in areas of strong bathymetric 
changes. The first one, which present the more intense flux obtained, is located in the 
transition from the deepest zone located between the breakwaters to shallow zones offshore. 
At the centre of the navigation channel, it is also observed an intense residual sediment flux, 
although with low intensity when compared to the former. Once again, the transition from 
deeper to shallower bottom originates convergence and consequently an intensification of 
the residual sediment flux. 
 
 

 
 

 

 
Fig. 4. Residual sediment fluxes (m2s-1) induced by tidal currents for a coastal lagoon inlet 
and adjacent nearshore, computed with (a) bha, (b) vR, (b) MPM and (d) AW 
formulations. 
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pattern observed identifies four regions with higher values: at the inlet and offshore area, at 
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the domain. The two first patterns referred are located in areas of strong bathymetric 
changes. The first one, which present the more intense flux obtained, is located in the 
transition from the deepest zone located between the breakwaters to shallow zones offshore. 
At the centre of the navigation channel, it is also observed an intense residual sediment flux, 
although with low intensity when compared to the former. Once again, the transition from 
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Fig. 4. Residual sediment fluxes (m2s-1) induced by tidal currents for a coastal lagoon inlet 
and adjacent nearshore, computed with (a) bha, (b) vR, (b) MPM and (d) AW 
formulations. 
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For the simulations forced by tidal currents coupled to a wave regime, the formulations 
predict similar patterns. Despite this, and for the reason pointed earlier for the case when 
only tidal currents forcing was considered, the Bi formulation should be used with care. The 
SvR formulation predicts higher residual fluxes intensities. The more realistic results were 
obtained with AW formulation, for the case of coupled forcing of tidal currents and wave 
regime. The residual sediment fluxes obtained for the AW formulation are illustrated in 
Figure 5.  
 

 
Fig. 5. Residual sediment fluxes (m2s-1) due to the forcing of tidal currents coupled with a 
wave regime, for a coastal lagoon inlet and adjacent nearshore, computed with the AW 
formulation. 

When compared with the results obtained only for the tidal current forcing, it is observed 
that a wave regime induces one order magnitude higher sediment transport rates. In the 
inner areas of the inlet (inside the lagoon), the sediment transport is ruled by the tidal 
currents. However, at the adjacent nearshore area only the presence of a wave regime 
induce transport rates. 
Contrasting to the general overall outward fluxes, an inward flux is observed near the south 
breakwater. This inward flux is induced by the currents observed at downdrift side of 
several inlets, where breaking waves are turned toward the inlet due to refraction over the 
outer bar and on breaking, creating currents toward the inlet. 
At the nearshore areas higher residual transport rates are observed, predominantly directed 
north-south. This flux is induced by the longshore currents generated by the wave regime 
characteristics of the study area. At the inlet the fluxes are dominated by the outward 
residual tidal currents. 
Comparing Figures 4 and 5, is visible that the residual fluxes patterns inside the lagoon and 
at the inlet are similar. In order to investigate the origin of these patterns, the influence of 
the sediment size d50 and the water depth on the residual sediment patterns is analyzed. 

3.2 Dependency on d50 and depth 
As concluded in Section 2.4, the sediment size d50 and the water depth have influence on the 
sediment transport rates. Therefore, these parameters will also have influence on the residual 
sediment fluxes and consequently on the bathymetric changes that occurs in the study domain. 
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To analyze the influence of d50 and the water depth on the domain morphology, numerical 
simulations were performed considering: a constant sediment size distribution (d50); a 
constant depth at the study area; and the two cases coupled. All cases considered only the 
tidal currents forcing. Only the results obtained using the AW formulation to compute the 
sediment transport are presented herein. 
In Figures 6 and 7 the residual sediment fluxes are illustrated considering a constant d50 
distribution (Figure 6) and considering both d50 distribution (=0.5 mm) and depth (=10 m) 
constants (Figure 7). The results obtained considering constant depth and a heterogeneous 
sediment size distribution are similar to those represented in Figure 7 and are not shown. 
 

 
Fig. 6. Residual sediment fluxes (m2s-1) due to the forcing of tidal currents coupled with a 
wave regime, for a coastal lagoon inlet and adjacent nearshore, computed with the AW 
formulation, considering a constant d50 distribution. 
 

 
Fig. 7. Residual sediment fluxes (m2s-1) due to the forcing of tidal currents coupled with a 
wave regime, for a coastal lagoon inlet and adjacent nearshore, computed with the AW 
formulation, considering constant d50 distribution and constant water depth. 
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sediment fluxes and consequently on the bathymetric changes that occurs in the study domain. 
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To analyze the influence of d50 and the water depth on the domain morphology, numerical 
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constant depth at the study area; and the two cases coupled. All cases considered only the 
tidal currents forcing. Only the results obtained using the AW formulation to compute the 
sediment transport are presented herein. 
In Figures 6 and 7 the residual sediment fluxes are illustrated considering a constant d50 
distribution (Figure 6) and considering both d50 distribution (=0.5 mm) and depth (=10 m) 
constants (Figure 7). The results obtained considering constant depth and a heterogeneous 
sediment size distribution are similar to those represented in Figure 7 and are not shown. 
 

 
Fig. 6. Residual sediment fluxes (m2s-1) due to the forcing of tidal currents coupled with a 
wave regime, for a coastal lagoon inlet and adjacent nearshore, computed with the AW 
formulation, considering a constant d50 distribution. 
 

 
Fig. 7. Residual sediment fluxes (m2s-1) due to the forcing of tidal currents coupled with a 
wave regime, for a coastal lagoon inlet and adjacent nearshore, computed with the AW 
formulation, considering constant d50 distribution and constant water depth. 
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Analyzing Figure 6 it is observed that the residual sediment flux is very similar to that 
obtained when using a heterogeneous d50 distribution (Figure 4(d)). Thus the sediment size 
distribution, in this study area, is not mandatory on the definition of the residual fluxes 
pattern. 
The results of considering a constant d50 distribution coupled with a constant depth set to 10 
m, are illustrated in Figure 7. It is observed that the overall pattern of the residual sediment 
fluxes is similar to the one presented in Figure 4(d). Thus, it can be concluded that for this 
study area, the residual sediment fluxes are mostly originated by the geometry 
configuration, depending also, in minor scale, on the bathymetry.  
For the study area presented herein, the geometry of the navigation channel and the 
configuration of the breakwaters that delimit the artificial inlet induces strong residual 
sediment fluxes near the north breakwater. Large bathymetric changes can result from these 
patterns, compromising the stability of that structure. 

3.3 Trends of erosion and accretion 
The residual sediment flux at a domain generates erosion or accretion locally, depending on 
the pattern and intensity of the flux. From the analysis of these patterns it is possible to have 
an idea of the bottom morphologic changes expected. In areas where the residual fluxes 
converge with large intensity, erosion patterns are observed due to the high amount of 
sediments that are transported.  
As example, in Figure 8(a), (b) and (c) are illustrated the final bathymetry and the 
bathymetric changes induced by the residual sediment flux illustrated in Figure 5, for a one 
year period simulation. The white areas in figure illustrating the difference between the final 
and initial bathymetry represent unchanged depth, and the solid lines represent the initial 
bathymetry. 
 

 
(a)                                                                    (b) 

 

 
(c) 

Fig. 8. (a) Initial and (b) final bathymetries (metre) for numerical simulations and (c) 
difference between the initial and computed final bathymetry (metre). In (c) the solid lines 
illustrate the initial bathymetry. The negative (positive) values represent erosion (accretion). 
The values in axes are in metres. 
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The residual sediment flux patterns at the inlet generates an erosion trend at the 
downstream side of the deeper zone located between the heads of the breakwaters. At the 
upstream side of this bottom feature and due to the decrease in the residual sediment flux, 
an accretion trend is obtained. The high magnitude of the residual sediment flux at the 
beginning of the channels at the right side of the domain (near the side walls) induces 
erosion trends. At the downstream side of the bifurcation, the orientation and decrease of 
the fluxes generates accretion trends. 

4. Conclusion 
There are several formulations published in literature used to compute the sediment 
transport rates, either as longshore or as bedload and suspended load. These formulations 
have different dependencies on lagoon characteristics such as sediment size d50, bottom 
slope, water depth, current velocities and wave characteristics. 
A sensitivity analysis to longshore formulations revealed that the K86 formulation is 
highly sensitive to the value of d50 and bottom slope considered, due to its inverse 
dependency on the sediment size and linear dependency on the bottom slope i. Also, the 
C2 formulation, with an exponential dependency on d50 revealed a strong dependency to 
this characteristic. The K&I formulation revealed sensible behavior to the value defined to 
the bottom slope. 
The results obtained with the formulations of Bhattacharya et al. (2007) and Bijker (1967) 
over-predict the observed bathymetric changes, while the formulation of Msoeyer-Peter and 
Muller (1948) under-predicts the bathymetric variations. The results obtained with the 
formulations of Engelund and Hansen (1967), Ackers and White (1973), Karim and Kennedy 
(1990), van Rijn (1984a, b, c) and Soulsby–van Rijn (Soulsby 1997) seem to result in 
predictions more consistent. These conclusions are also illustrated by the spatial distribution 
of the residual sediment fluxes in a tidal inlet.  
The analysis of sensibility performed also illustrates that the dependence of the sediment 
transport on d50 is more important for the fine–medium sediments. It was also concluded 
that the distribution of the sediment size is not influent on the residual sediment flux 
patterns. The major influence comes from the geometry of the inlet channel and also, in 
minor magnitude, from the bathymetric configuration. 
Concerning the Ria de Aveiro inlet study area, the sediment fluxes obtained for 
simulations forced only by tidal currents are restricted to the navigation channel, 
dominating the long term transport in this zone. At the inlet the fluxes are still dominated 
by the seaward tidal currents, however near the north side of the inlet, they are affected 
by the longshore currents. At the inner sections of the lagoon mouth the fluxes induced by 
the tidal currents are higher than those produced only by the wave regime. At the 
nearshore area the sediment fluxes are only due to the influence of the wave regime. 
Therefore, an accurate estimation of the longshore sediment transport should be 
performed to describe the morphodynamics of this coastal area. 
The analysis of the residual sediment transport allows the prediction of the erosion and 
accretion trends: in areas where the residual fluxes converge with high intensity, erosion 
patterns are observed due to the high amount of sediments that are transported. 
Although these results were obtained for the specific case of Ria de Aveiro inlet, they can be 
extrapolated to understand and predict other similar systems. 
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1. Introduction 
1.1 Study area and background 
The Middle Rio Grande (MRG) is located in Central New Mexico (Figure 1 insert). As one of 
the most historically documented rivers in the United States, MRG is under constant 
supervision from regulatory agencies such as the U.S. Bureau of Reclamation (USBR) and 
U.S. Army Corps of Engineers (USACE) (Albert, 2004). MRG was historically characterized 
as an aggrading sand bed channel with extensive lateral bank movement, which caused 
serious flooding problem (Richard et al., 2005; Sixta, 2004). To improve channel conveyance 
and reduce flood risks, channelization works, levees, and dams were built to control 
sediment concentrations in the MRG and to inhibit bed aggradation. 
The reach of this study is the diversion dam reach of the MRG, which spans from Alameda 
Blvd bridge to Paseo Del Norte bridge including the Calabacillas Arroyo (Figure 1). The 
diversion dam has been built about 1,500 feet south of the Alameda Bridge on the river. The 
city of Albuquerque is diverting water from the Rio Grande with the operation of this 
diversion dam to supplement the city’s drinking water supply. Previously, all of their 
drinking water needs were supplied by groundwater wells. There are two USGS gauges 
located at the Alameda Blvd bridge and Paseo Del Norte bridge, respectively. The 
Calabacillas Arroyo is located in Northwestern Bernalillo and South-central Sandoval 
counties. The Calabacillas Arroyo is a steep, relatively straight channel with a large width-
to-depth ratio and has significant potential for lateral and vertical instability. The channel, 
consisting of a Bluepoint loamy fine sand,  drains a watershed with a total area of 
approximately 220 square kilometers and enters the MRG about 70 km downstream of 
Cochiti Dam. The Calabacillas Arroyo watershed is primarily underlain by the sand-rich 
Santa Fe Formation that is comprised of the basin fill sediments (fluvial, paludal, and 
lacustrine) of the Rio Grande basin (Simons, Li and Associates, 1983). In addition to the 
Calabacillas Arroyo watershed, the arroyo also discharges water from portions of the 
Black’s Arroyo watershed due to contributions from the concrete-lined Black Diversion 
Channel, the only significant tributary of the Calabacillas Arroyo. The drainage area of the 
Black’s Arroyo is approximately 25 square kilometers (Mussetter, 1996). 
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Flows in the Calabacillas Arroyo are ephemeral, responding only to local rainfall events. In 
this climatic region, approximately half of the precipitation occurs between July and 
October, often in heavy thunderstorms. There is potential for significant floods due to the 
scale and characteristics of the drainage area, and high precipitation events can lead to flash 
floods and significant sediment transport events (Chen et al., 2009). Swinburne Dam was 
completed in 1991 at Unser Boulevard across the Calabacillas Arroyo. The structure was 
constructed as both a stormwater detention facility and to mitigate the recurrence of the 
sediment plug at the Rio Grande through sediment trapping. Multiple grade control 
structures have also been placed in the Calabacillas Arroyo to manage channel incision. 
Currently, many of these structures have been significantly or fully submerged by sediment 
deposition from upstream. Quantifying sediment transport capacity affected by these 
structures is a need for local watershed management (personal communication with the 
Albuquerque Metropolitan Arroyo Flood Control Authority - AMAFCA). 

1.2 Purpose of the study 
The purpose of this study is to examine how the sediment input from the Calabacillas 
Arroyo, a tributary to the Middle Rio Grande affects the geomorphology in the main stream. 
As shown in Figure 2, a huge alluvial fan at the confluence has resulted from sediment 
outflows from the Calabacillas Arroyo during extreme flood events, which has reduced the 
main MRG channel width by approximately one half and significantly affected the sediment 
transport capacity of the stream. The large amount of sediment input breaks the sediment 
balance in the MRG and may result a number of hydrological and ecological consequences, 
such as the channel geometry, flood frequency and changes in aquatic habitat. 
Quantitatively predicting geomorphic changes in the mainstream MRG considering the 
tributary sediment input will greatly improve the understanding of hydrological processes 
for the entire stream-watershed system, and provide better guidance for future management 
practices. Despite the great challenge to the research, the goal was achieved by simulating 
the watershed, tributary and mainstream as an interconnected system. 

2. Models and approach 
Output from a physically based watershed erosion model has seldom been used as input to 
a channel sediment transport model in a previous study (Beven, 2001). Aiming at accurately 
assessing the sediment transport in forested watershed, Conroy et al. (2006) has coupled the 
Water Erosion Prediction Project (WEPP) model (Flanagan et al., 1995) with the National 
Center for Computational Hydrodynamics and Engineering’s One-Dimensional (CCHE1D) 
hydrodynamic-sediment transport model (Wu et al., 2004).  
Our approach is to conduct a combined modeling study to investigate the mainstream 
geomorphic changes with sediment input from the tributary during typical storm events. 
The whole study will include three major parts: the watershed sediment yield, the tributary 
sediment transport, and the main stream sedimentation. Firstly, the Kinematic Runoff and 
Erosion Model (KINEROS2) model was used to estimate sediment yield from the 
Calabacillas Arroyo watershed during different storm events. Secondly, analysis of 
sediment transport in the channel was performed using the HEC-RAS program developed 
by Hydraulic Engineering Center (HEC) of U. S. Army Corps of Engineers. Thirdly, the 
main stream sedimentation process was modeled with a two-dimensional sediment 
transport program CCHE2D. Each model will be briefly described as follows.  
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Fig. 1. Map of the Study Site. 

 

 
Fig. 2. Aerial photograph of the sediment plug on August 19, 1988 (AMAFCA). 
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2.1 KINEROS2 model 
The KINEROS2 model has undergone long term development in the US Department of 
Agriculture, Agriculture Research Service (USDA-ARS). It describes the physical processes 
of interception, infiltration, surface runoff and erosion from small agricultural and urban 
watersheds and uses physically-based approach to simulate dynamics of short duration 
rainfall-runoff processes in watersheds. In this model, a watershed is represented by a series 
of planes (hill-slopes) and channels. Interception, infiltration and overland flows are 
simulated for planes to generate runoff, and channel routing is simulated to transport runoff 
to the outlet of the watershed with the consideration of transmission loss. Infiltration on 
planes as well as in channels is modeled using a three-parameter general infiltration  
model (Parlange et al., 1982). Technical details can be found from the website 
http://www.tucson.ars.ag.gov/kineros/. The model is included in the Automated 
Geospatial Watershed Assessment Tool (AGWA) package and is made available to public  
as an ArcGIS extension to simplify the data processing and modeling process 
(http://www.tucson.ars.ag.gov/agwa/). 

2.2 HEC-RAS model 
HEC-RAS program was developed by Hydraulic Engineering Center (HEC) of U. S. Army 
Corps of Engineers. The latest HEC-RAS model provides a module for sediment transport 
analysis. This model was designed for modeling one-dimensional sediment transport, and 
can simulate trends of scour and deposition typically over periods of years or alternatively, 
for single flow events. For unsteady flow events, it segments the hydrograph into small time 
periods and simulates the channel flow for each time interval assuming a steady state flow 
in the whole channel. The non-equilibrium sediment transport approach included in the 
module makes the sediment transport process more realistic. The sediment transport 
potential is computed by grain size fraction so that the non-uniform sediment can be 
represented more accurately. The model can be used for evaluating sedimentation in fixed 
channels and estimating maximum scour during large flood events among other purposes 
(Hydrologic Engineering Center, 2008). The HEC-RAS sediment transport module provides 
the option of several different sediment transport functions, thus users can select the most 
appropriate function according to the site conditions. This module also has the ability to 
limit degradation to specified elevations/depths at individual cross-sections which allows 
for the representation of Grade Control Structures (GCS) in the arroyo for the modeling 
study.   

2.3 CCHE2D model 
CCHE2D is an integrated software package for two-dimensional simulation for analysis of 
river flows, non-uniform sediment transport, morphologic processes, coastal processes, 
pollutant transport and water quality developed at the National Center for Computational 
Hydro-Science and Engineering at the University of Mississippi. These processes in the 
model are solved using the depth integrated Reynolds equations, transport equations, 
sediment sorting equation, bed load and bed deformation equations. The model is based on 
Efficient Element Method, a collocation approach of the Weighted Residual Method. 
Internal hydraulic structures, such as dams, gates and weirs, can be formulated and 
simulated synchronously with the flow. A dry and wetting capability enables flow 
simulation on complex topography. There are three turbulence closure schemes in the 
model, depth-averaged parabolic, mixing length eddy viscosity models and k-ε model. The 
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numerical scheme can handle subcritical, supercritical, and transitional flows (NCCHE, 
2009). The applicability of CCHE2D for the study reach has been proved by Chen et al. 
(2007).  

2.4 Modeling procedure 
The modeling system described in this article uses an aggregated approach to model 
watershed sediment yield, stream sediment transport, and bedform change. As shown in 
figure 3, the HEC-1 and KINEROS2 results provide the flow and sediment boundary 
conditions (BCs) for HEC-RAS Calabacillas Arroyo channel model, respectively. The HEC-
RAS model result is further used as the tributary flow and sediment boundary conditions 
(BCs) for the CCHE2D main stream model. The CCHE2D model for the main stem MRG 
also needs the input data of flow and sediment from the main stream. Using this 
interconnected system, we are able to examine how the sediment input from the tributary 
affects the geomorphology in the main stream of the MRG. 

3. Data & model prepration 
3.1 Calabacillas arroyo watershed sediment yield 
For the watershed sediment yield analysis we need the topographic data, soil data, and land 
cover data. All of these data sets can be downloaded from the public available internet sites. 
A ten-meter digital elevation model (DEM) data used for watershed delineation and 2001 
land cover data were obtained from the U. S. Geological Survey (USGS) via internet. 
SSURGO soil data was obtained from the U. S. Department of Agriculture Soil Data Mart 
site.  Using the topographic data, we can delineate the watershed via the AGWA extension 
in the ArcGIS environment. The soil data and land cover data were used to parameterize the 
model, which can be done within the AGWA interface. Meteorological data for different 
storm events were shapefiles of precipitation-frequency grids from NOAA. These grids are 
based on high-resolution (~800 m) NOAA Atlas 14 precipitation frequency estimates  
that were calculated from the analysis of partial duration series (see 
hdsc.nws.noaa.gov/hdsc/pfds/pfds_gis.html). The computed sediment yield totals from 
KINEROS2 were used as the sediment boundary conditions in the HEC-RAS analysis. 

3.2 Calabacillas arroyo channel sediment transport 
Arroyo channel hydraulics and sediment transport conditions were simulated with HEC-
RAS. The first step of this study is to generate cross sections to represent the channel 
geometry. This was done using the high resolution (2-ft contour) digital terrain model 
(DTM) data provided by the Albuquerque Metropolitan Arroyo Flood Control Authority 
(AMAFCA) within the HEC-GeoRAS software for ArcGIS environment developed by HEC, 
USACE (http://www.hec.usace.army.mil/software/hec-ras/hec-georas.html). The study 
reach in Calabacillas Arroyo ranges from Swinburne Dam to the confluence of the arroyo at 
the MRG. A total of 114 cross sections were extracted from the DTM data (see Figure 4). 
Among others, 17 cross sections designate the approximate locations of existing grade 
control/soil cement structures. Locations of these structures were estimated using 
engineering drawings provided by AMAFCA. The elevations of the bases of the grade 
control structures were determined from engineering drawings and entered into HEC-RAS 
as minimum elevations (below which the channel bed will not be eroded at those cross 
sections). 
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2.1 KINEROS2 model 
The KINEROS2 model has undergone long term development in the US Department of 
Agriculture, Agriculture Research Service (USDA-ARS). It describes the physical processes 
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model (Parlange et al., 1982). Technical details can be found from the website 
http://www.tucson.ars.ag.gov/kineros/. The model is included in the Automated 
Geospatial Watershed Assessment Tool (AGWA) package and is made available to public  
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(http://www.tucson.ars.ag.gov/agwa/). 
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numerical scheme can handle subcritical, supercritical, and transitional flows (NCCHE, 
2009). The applicability of CCHE2D for the study reach has been proved by Chen et al. 
(2007).  
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Fig. 3. Flowchart for modeling system. 

HEC-1 hydrograph data for existing conditions from a previous study for AMAFCA was 
used to create the upstream flow boundary condition in HEC-RAS. The flow data from 
HEC-1 was on five-minute intervals. During the modeling study, we have used both the 
original data and the small interval high density data down to 30 second interpolated by 
HEC-RAS to test the sensitivity of the HEC-RAS sediment module to time step. The peak 
flow values for the 100-year, 25-year, and 10-year 24-hour storms were calculated as 12,302 
cfs, 7,921 cfs, and 5,391 cfs, respectively. The downstream flow boundary condition was set 
to normal depth, which was based on the friction slope (0.0105 ft/ft) calculated from the 
cross sections in the most downstream 400 feet of the channel.  
Sediment bed gradation characteristics for the channel bed were based on sediment 
sampling data provided in the Calabacillas Arroyo Prudent Line Study and Related Work 
(Mussetter Engineering, Inc., 1998). Figure 5 shows the gradation curves of five different 
samples along the Calabacillas Arroyo channel. While the locations are not provided here, 
the samples are numbered starting from most downstream to most upstream. Based on 
Figure 5, about 60-90% bed particles belong to sand (smaller than 2mm).  
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Fig. 4. Image from HEC-GeoRAS showing the cross sections (green lines) and channel 
centerline (blue line) drawn over the study area. The green and blue contours in the bottom-
right show the DTM elevation data processed within ArcGIS.  

 

 
Fig. 5. Sediment particle size distribution curves used in the Calabacillas Arroyo sediment 
transport study. Based on sediment sampling from Mussetter Engineering, 1998. 
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It is very difficult to select the most appropriate sediment transport function without field 
data verification. In the study, we made the choice based on literature and our modeling 
experiences. We initially selected three transport functions: Engelund-Hansen (EH), Meyer-
Peter-Muller (MPM), and Yang(Chien and Wan, 1999). The EH function calculates the total 
sediment load and is most appropriate for sandy rivers with substantial suspended load. 
The EH function was developed from flume data and has been found to fairly consistent 
with field data when tested. The MPM function is a bedload transport method. In the MPM 
function, transport rate is proportional to the difference between the mean shear stress 
acting on a sediment grain and the critical shear stress. This method has been widely 
accepted for coarse sediment rivers. The Yang method is based on the theory that unit 
stream power is the dominant factor for sediment concentration or unit sediment discharge. 
The method has been supported by both field measurements and flume experiments in 
many studies. 

3.3 Main stream sediment transport 
A 2-D computational mesh was generated based on channel topographic data extracted 
from a digital contour map which was produced combining the cross section data from 
HEC-RAS model (downstream of the diversion dam) and measurement by AMAFCA 
(arroyo) and University of New Mexico (upstream of the diversion dam). Bed material 
gradations were obtained from textural analyses of in-Channel Cored Samples taken by 
Sandia National Laboratories (SNL). The original data include bed material gradation in five 
layers at 27 sampling sites along the reach. For the simplification and requirement by 
CCHE2D, we reduced it to three layers and applied an averaged bed material gradation for 
each layer.  
The final computational mesh covered the entire study reach with 400 cross sections in the 
main stem of MRG and 40 cross sections in the tributary (Calabacillas Arroyo). Each cross 
section in the main stem has 45 computational nodes, while each tributary cross section has 
7 nodes.   

4. Modeling results 
4.1 Calabacillas arroyo watershed sediment yield 
We used KINEROS2 model to calculate the sediment yield of the watershed for 100-year, 25-
year, and 10-year recurrence interval 24-hour storms. The model calculated sediment yield 
at each element and obtained the total sediment yield at the watershed outlet for the whole 
watershed (with an area of 20077.16 hectares) by calculating transport of sediment from all 
elements through channel network. The result is summarized in the following table.  
 

Event Yield 
(kg/hectare)

Yield 
(kg) 

10year-24hour 0.0036 73.24 

25year-24hour 0.6886 13,825.14 

100year-24hour 333.41 6,693,968.04 

Table 1. Sediment yield estimates from KINEROS2 for the entire watershed. 
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Figure 6 shows an example of the calculated spatial distribution of sediment yield from 
KINEROS2 model for the 100-year event. The results disclose the spatial distribution and the 
major source of the flow and sediment generated from the watershed during a large storm 
event. The simulation may provide useful information for future watershed management. 
Those sediment yield results were used as the input sediment load for HEC-RAS 
simulations. 

4.2 Calabacillas Arroyo channel sediment yransport 
Table 2 shows the cumulative sediment load near the confluence of the Calabacillas Arroyo 
from different design storm events from the HEC-RAS simulations. The cumulative 
sediment load at the second most downstream cross section was recorded for each 
simulation. The most downstream cross section was held at a constant elevation (zero bed 
change) in the boundary condition file. Model runs were made with the selected transport 
functions, design storm events, and for two different conditions, with and without the 
presence of grade control structures (GCS). The presence or absence of GCS did not lead to 
large changes in the totals. In some cases, the presence of GCS led to slightly larger sediment 
totals as compared to runs without GCS.  
In the HEC-RAS sediment transport analysis of the Calabacillas Arroyo, three transport 
functions were used: Engelund-Hansen (EH), Meyer-Peter-Muller (MPM), and Yang. The 
choice of transport function strongly impacted the totals. The EH transport equation 
provided the highest totals and the MPM equation provided the lowest totals. The highest 
total produced, 284,259 tons (US short tons), was with the EH transport function with 
GCS for a 24-hour, 100-year storm. The lowest total, 2,430 tons, was produced with the 
MPM transport function without GCS for a 24-hour, 10-year storm. For the sake of save 
channel design, EH function with GCS was adopted for the current study. Figure 7 shows 
the Calabacillas Arroyo channel bed change after 100-year event when using EH transport 
function with GCS. Alternative erosion and sediment deposit were simulated along the 
Calabacillas Arroyo channel. Since the upstream sediment boundary was far below the 
equilibrium condition, serious bed scouring was calculated at the Calabacillas Arroyo 
inlet.   
 

Function  100year 25year 10year 
EH No GCS 275,928 172,754 120,384 

 With GCS 284,259 175,318 118,929 
Yang No GCS 164,184 111,935 86,323 

 With GCS 167,549 109,421 87,073 
MPM No GCS 4,490 3,094 2,430 

 With GCS 4,489 3,097 2,440 

Table 2. Cumulative sediment load at the most downstream cross section in US short tons. 

4.3 Main stream bedform change 
The CCHE2D model for the main stem Rio Grande needs the input data of flow and 
sediment from both the main stream and the tributary Calabacillas Arroyo. In this modeling 
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work, the equilibrium sediment boundary was adopted for the main stream MRG, while the 
sediment input from the tributary Calabacillas Arroyo was calculated by HEC-RAS model 
using EH function with GCS (see Section 4.2).  
 

 
Fig. 6. Sediment yield results from KINEROS2 model for 100-year event. 

Figure 8 shows the bed elevation changes at two extreme scenarios: (a) 100-year flood 
occurs in the MRG with synchronous 10-year storm in the tributary; (b) 100-year storm 
occurs in the tributary with based flow in the MRG. Figure 8a represents a favorable 
condition for river maintenance: although the whole channel system was an aggrading 
system in the past (Chen et al., 2007), sedimentation was minimal under those conditions.  
In contrast, Figure  8b represents the worst case: a heavy rainstorm has been restricted to 
the upper watershed of the Calabacillas Arroyo which results in a 100-year storm in the 
tributary and huge sediment load, while the flow in the main stem of MRG remains 
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around 25m3/s (base flow). In the case of Figure 8b, a great amount of sediment has 
settled around the confluence area which indicates that base flow in the main stem does 
not have enough hydraulic power to transport the deposited sediment to downstream 
reaches. Most serious deposition (around 1m) is located a bit downstream of the 
confluence, while depositing depths elsewhere are less than 0.5m. In addition, it could be 
observed that sedimentation in Figure 8b traces toward the upstream along the right bank 
for several hundred meters, which is believed due to the ponding effect produced by 
excessive downstream aggradation.  
 
 

 
 

Fig. 7. Calabacillas Arroyo channel bed elevation change – 100-year event, EH transport 
function, with GCS. 

Figure 9 shows the bed elevation changes at three in-phase scenarios: (a) 100-year flood 
occurs in the MRG with synchronous 100-year storm in the tributary; (b) 25-year flood 
occurs in the MRG with synchronous 25-year storm in the tributary; (c) 10-year flood occurs 
in the MRG with synchronous 10-year storm in the tributary. Based on Figure 9 (a) – (c), it 
can be found that the amount of bed change is mainly determined by sediment input from 
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the Calabacillas Arroyo. For instance, flood of 100-year storm in the arroyo will bring the 
most amount of sediment into the main stem of MRG and cause serious deposition problem. 
The crucial role of sediment source from the tributary can also be revealed when comparing 
Figure 8 (b) with Figure 9 (a), although the 100-year flood in MRG does mitigate, to a certain 
extent, the deposition in the main channel. The channel is wide and shallow and the whole 
channel system is in aggrading.  

5. Discussion 
To better understand the impact of Calabacillas Arroyo inflow sediment on the evolution of 
main stream geomorphology, scenarios with equilibrium sediment boundary conditions at 
Calabacillas Arroyo inlet was also simulated to provide a most extreme conditions.  
 
 

      
                   (a)                                                                       (b) 

 
 

 

Fig. 8. Bed elevation change after combined flood events: (a) 10-year flood in the tributary 
with synchronous 100-year flood occurs in the MRG; (b) 100-year flood occurs in the 
tributary with based flow (25m3/s) in the MRG 
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Figure 10 shows the bed elevation changes at two scenarios: (a) 100-year flood occurs in the 
tributary (equilibrium sediment inflow at the Calabacillas Arroyo inlet) with the based flow 
(25 m3/s) in the MRG; (b) 100-year flood occurs in the MRG with synchronous 100-year 
flood in the tributary (equilibrium sediment inflow at the upstream boundary of the 
tributary). The crucial role of sediment source from the tributary can also be revealed when 
comparing Figure 8b with Figure 10a. There is more inflow sediment from the Calabacillas 
Arroyo under the equilibrium boundary scenarios which will bring more serious deposition 
in the main stream. Even the 100-year flood in the MRG has limited ability to flush away the 
sand bar formed along the right bank. Unlike the non-equilibrium sediment boundary 
scenarios, the most serious deposition area located just upstream the confluence which 
indicates stronger ponding effects.  
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Fig. 9. Bed elevation change after combined flood events: (a) 100-year flood occurs in the 
MRG with synchronous 100-year flood in the tributary; (b) 25-year flood occurs in the MRG 
with synchronous 25-year flood in the tributary; (c) 10-year flood occurs in the MRG with 
synchronous 10-year flood in the tributary  
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the Calabacillas Arroyo. For instance, flood of 100-year storm in the arroyo will bring the 
most amount of sediment into the main stem of MRG and cause serious deposition problem. 
The crucial role of sediment source from the tributary can also be revealed when comparing 
Figure 8 (b) with Figure 9 (a), although the 100-year flood in MRG does mitigate, to a certain 
extent, the deposition in the main channel. The channel is wide and shallow and the whole 
channel system is in aggrading.  

5. Discussion 
To better understand the impact of Calabacillas Arroyo inflow sediment on the evolution of 
main stream geomorphology, scenarios with equilibrium sediment boundary conditions at 
Calabacillas Arroyo inlet was also simulated to provide a most extreme conditions.  
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Fig. 10. Bed elevation change after combined flood events: (a) 100-year flood occurs in the 
tributary (equilibrium sediment inflow at the inlet) with based flow (25 m3/s) in the MRG; 
(b) 100-year flood occurs in the MRG with synchronous 100-year flood in the tributary 
(equilibrium sediment inflow at the upstream boundary of the tributary) 

6. Conclusions 
The Middle Rio Grande (MRG) in Central New Mexico was suffering severe bed 
aggradation in the history which caused serious flooding problem. Among others, inflow 
from the Calabacillas Arroyo, a tributary of MRG downstream of the Albuquerque 
Diversion Dam delivers a large amount of sediment, manifested by the delta formation 
and the narrowing of the main channel Rio Grande. It implies significant erosion and 
sediment yield from the surrounding watershed. The goal of this research was to 
investigate the impact of tributary sediment on the channel geomorphology of main 
stream MRG.  
Three models have been conjunctively applied in this study to conduct a combined 
investigation of watershed sediment yield, tributary sediment transport, and main channel 
sedimentation modeling. The following conclusions can be drawn from the study: 
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1. Significant amount of sediment (7,378 US tons) can be eroded from the watershed and 
enter the Calabacillas Arroyo channel during a 100-year, 24-hour storm event. 
However, this portion of the sediment is relatively small compared with the amount of 
sediment that can be transported to the MRG through Calabacillas Arroyo ; 

2. Large amount of sediment (ranging 167,549 - 519,967 US tons) will be scoured from the 
Calabacillas Arroyo channel to supply the main stream MRG during a 100-year storm 
event.  The GCSs will have limited impact on the sediment transport process under the 
current situation; 

3. According to findings in literature and the current study, EH and Yang sediment 
transport functions are better applicable for the Calabacillas Arroyo site. MPM function 
should be used with care because it is limited to bedload prediction; 

4. The 25-year and 10-year storms will produce about 60% and 40% of sediment 
transported by a flood produced by a 100-year storm event, respectively, which are also 
significant amounts of sediment to the MRG; 

5. The sediment input from the Calabacillas Arroyo channel can significantly affect the 
geomorphic features in the main stream MRG. Serious deposition will happen in the 
main stream mainly in the downstream reach of the confluence and also in a short reach 
upstream. The worst situation happens when large events occur in the tributary 
coincident with low flows in the main stream. 
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1. Introduction  
The coastal zone is the area where the action of waves and wave-driven-currents on the 
seabed is very intense, and where the bed level and sediment are almost always in motion. If 
the mainly seasonal climate changes, the wind and wave conditions will also change. A new 
waves and wave-driven-currents conditions will change the rate of sediment transport and 
the beach topography. Natural beaches are significant characterized by an annual cycle of 
seasonal erosion and accretion. In other words, natural beaches are generally in dynamic 
equilibrium from the balance of sediment transport budge for specific area on the beach. We 
can utilize the conservation law of sediment transport to describe the coastal 
morphodynamic evolution. It is the same way to predict beach evolution due to changes in 
wave conditions or caused by coastal structures. Therefore, we can utilize numerical models 
to predict the change of bottom topography from the spatial distribution of the alongshore 
and offshore sediment transport rates in real coastal area. 
Coastal morphological models are indispensable and powerful tools that allow harbour and 
hydraulic engineers to predict nearshore topography, to analyze the impact of coastal 
structures, and to verify the planning and design of harbours and coastal defences. 
Morphological models are based on various sub-models for waves, tidal currents, nearshore 
currents, and sediment transport, coupled with the sediment transport model. The sediment 
transport model solves the sediment conservation equation to calculate bed-level evolution. 
The local sediment transport is first calculated by wave and current sub-models, and the bed 
form evolution is then computed based on the conservation of sediment and its continual 
redistribution in time. The aim of this chapter is to describe the theories, techniques, 
applications and robust algorithms for computing bed level change which is flexible enough 
to handle the nonlinearity present in the sediment conservation equations describing bed 
evolution in a complex coastal area. 

1.1 Classification of prediction methods for morphological evolution 
The changes of coastal topography were the complex and irreversible morphodynamic 
processes, influenced by local bathymetry, weather, wave, tide, and coastal structures, etc. 
The technology of prediction morphological evolution caused by coastal structures or varied 
with monsoon, typhoon, and climate changes, etc. is needed. In order to predict 
morphological evolutions, the experience analysis with many survey data in similar cases 
and the results of hydraulic model tests are considered in the past.  
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to predict the change of bottom topography from the spatial distribution of the alongshore 
and offshore sediment transport rates in real coastal area. 
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hydraulic engineers to predict nearshore topography, to analyze the impact of coastal 
structures, and to verify the planning and design of harbours and coastal defences. 
Morphological models are based on various sub-models for waves, tidal currents, nearshore 
currents, and sediment transport, coupled with the sediment transport model. The sediment 
transport model solves the sediment conservation equation to calculate bed-level evolution. 
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form evolution is then computed based on the conservation of sediment and its continual 
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applications and robust algorithms for computing bed level change which is flexible enough 
to handle the nonlinearity present in the sediment conservation equations describing bed 
evolution in a complex coastal area. 

1.1 Classification of prediction methods for morphological evolution 
The changes of coastal topography were the complex and irreversible morphodynamic 
processes, influenced by local bathymetry, weather, wave, tide, and coastal structures, etc. 
The technology of prediction morphological evolution caused by coastal structures or varied 
with monsoon, typhoon, and climate changes, etc. is needed. In order to predict 
morphological evolutions, the experience analysis with many survey data in similar cases 
and the results of hydraulic model tests are considered in the past.  
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The empirical morphodynamic analysis was based on observed trends of coastal evolution 
with a series of sequential bathymetry survey data or present trends under similar 
geographic and natural conditions. This prediction method should take a lot of times and 
resources to complete. However, the prediction with empirical analysis cannot be applied 
widely with general coastal areas subjecting to specific condition in similar case.  
Hydraulic modeling analysis is a well established and widely accepted fact among the coastal 
engineering professionals that the physical hydraulic scale model test is not only a choice but 
an reliable tool for testing coastal structures before its construction due to its ability to solve 
complex hydraulic problems which otherwise cannot be solved analytically or experience 
morphological analysis. However, model tests for coastal morphodynamic evolution involve 
scaling problems such as sediment particle hardly scaling down and similitude law for coastal 
movable bed tests not well established. Furthermore, hydraulic model tests usually have been 
studied with expensive facilities, laboratory resource and time. 
In recent years, computer technology has made remarkable progress and a computer has 
become an indispensable tool for coastal morphodynamic analysis. Upon the deficiencies of 
the empirical morphological analysis and hydraulic model tests, the numerical model 
simulation is a convenient, economical and efficient tool for analyzing coastal 
morphodynamic evolution. In order to predict coastal morphological evolution, the coastal 
processes must be understood, appropriately simplified, and mathematically modelling. 
Numerical simulations for long-term (years to decades) periods and wide coastal area 
should be different from short-term (hours to days) and medium-term (weeks, months to 
years). According to the objective and simplified mathematic formulation of numerical 
modelling, the coastal morphological models can be classified into two general groups: the 
shoreline models (single-line or multi-line model) and three-dimensional models. 
The shoreline model is a numerical prediction model based on the cross-shore-section 
sediment continuity equation and an equation for the longshore sediment transport rate. It 
is also called the one-line theory for the prediction of beach position changes, where the 
‘one-line’ refers to the shoreline. The two-line and multi-line models have also been 
developed to calculate the movement of selected contours. The shoreline models, which 
have been well developed and applied to many practical problems, simplified the actual 
phenomena, and hence require only a relatively shore computation time, but they cannot be 
used to predict local changes in the bottom topography. 
 

 
Fig. 1.1 Application ranges of morphological evolution predictive models. (Horikawa, 1986) 
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The three-dimensional models are used to predict the changes of bed level and bottom 
topography from spatial distributions of the sediment transport rates in cross-shore and 
longshore direction, which are estimated with the results of nearshore wave and current 
simulation. Compared with the shoreline models, the three-dimension models of coastal 
topography changes don’t require more simplification and idealizations. On the other hand, 
the three-dimension models could be applied to analyze local coastal topography changes 
and therefore they have wider applicability, but a long computation time is required. 
However, the deficiencies of much computation time have be overcame with remarkable 
progress in computer techniques. Therefore, the three-dimension models of coastal 
topography changes could be applied with predicting local bed level changes in bottom 
topography over short-term and middle-term time interval. 
According to Horikawa (1986), Figure 1.1 indicates criteria of application ranges of coastal 
morphological evolution models in terms of time scales and spatial scales. The macro-
models in the figure denote the more simplified empirical morphological analysis based on 
similar evolution trend experience and a lot of local survey data, and they are effective for a 
qualitative analysis but not applicability to quantitative analysis. 

1.2 The main concern of coastal morphological models in present chapter 
Coastal morphological models are indispensable and powerful tools that allow harbour and 
hydraulic engineers to predict nearshore topography, to analyze the impact of coastal 
structures, and to verify the planning and design of harbours and coastal defences. 
Morphological models are based on various sub-models for waves, tidal currents, nearshore 
currents, and sediment transport, coupled with the sediment transport model. The sediment 
transport model solves the sediment conservation equation to calculate bed-level evolution. 
The local sediment transport is first calculated by wave and current sub-models, and the bed 
form evolution is then computed based on the conservation of sediment and its continual 
redistribution in time. In the last twenty years, two dimensional depth-averaged coastal 
morphological models have been developed, and these models have been applied in the 
short-term (hours to days) and medium-term (weeks, months to years) (Coeffe’ and Pe’chon, 
1982; Yamaguchi and Nishioka, 1984; Watanabe, 1986; Anderson et al., 1991; Wang et al., 
1992; de Vriend et al., 1993b; Sato et al, 1995; Nicholson et al., 1997) 

2. Modelling coastal morphological evolution 
2.1 Conservation of sediment transport 
The change of bed form in local bottom elevation zb can be computed by solving the 
conservation equation for sediment mass. In two dimensions, this can be written as: 

  1 0
b

yx
b z

qqn z cdz
t x y

               
  (1) 

where zb is the bed level elevation, defined as positive up from a fixed datum, x and y are 
horizontal space coordinates, t is time, n is the bed porosity, η is the free surface elevation, c 
is the suspended sediment concentration in the water column per unit area, and qx and qy are 
the total volumetric sediment transport rates (unit: m3/sec) in the x- and y- directions, as 
shown in Figure 2.1, respectively. The sediment transport rates are expressed in terms of the 
effective volume of sediment passing through the vertical cross-section of unit width in unit 
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redistribution in time. In the last twenty years, two dimensional depth-averaged coastal 
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2. Modelling coastal morphological evolution 
2.1 Conservation of sediment transport 
The change of bed form in local bottom elevation zb can be computed by solving the 
conservation equation for sediment mass. In two dimensions, this can be written as: 
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where zb is the bed level elevation, defined as positive up from a fixed datum, x and y are 
horizontal space coordinates, t is time, n is the bed porosity, η is the free surface elevation, c 
is the suspended sediment concentration in the water column per unit area, and qx and qy are 
the total volumetric sediment transport rates (unit: m3/sec) in the x- and y- directions, as 
shown in Figure 2.1, respectively. The sediment transport rates are expressed in terms of the 
effective volume of sediment passing through the vertical cross-section of unit width in unit 
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time. The effective volume means the volume consisted of sediment particles included voids 
by the changes of bed level in the unit area. If the income of sediment transport rates is 
larger than outcome, the sediment effective volume will settle on the bottom and increase 
the bed level. If the outcome of sediment transport rates is larger than income, the bed form 
will be washed out to follow mass conservation law. Therefore, in applying Eq. (1) it should 
be noted that the changes in bed level is caused by net averaged sediment transport affected 
with the wave and current field. 
In general, the suspended load contribution of sediment can be consisted in sediment flux, 
and the sediment transport conservation equation can be reduced to: 
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Fig. 2.1 The definition of coordination. 

The sediment transport rates qx, and qy are complex functions of several parameters, including 
waves, currents, water depth, density, and sediment properties (including grain size and 
porosity). Here, we assume the sediment properties and water level are fixed in every time 
step. Under these assumptions, the sediment transport rates caused by waves and currents can 
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be calculated using the formula obtained through experimentation or theory. At present, no 
established and widely accepted formulas are available for estimating local sediment transport 
rates from local coastal quantities while general wave and current conditions.  
Therefore, the most important problem is how to quantify the sediment transport rates 
caused by waves and currents. There are many studies on sediment transport formulas have 
been reviewed in previous chapters. However, there is no universally acceptable and 
reliable sediment transport formulas have been found for accurately evaluating the local 
sediment transport rates everywhere without local data verification. For following 
simulation examples, the experimental results of alongshore and offshore transport rate for 
following simulation examples suggested by Chiang et al. (1996), which is applicable for 
Taiwan coastal areas are employed: 
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where u and v are the depth integrated average current velocity in the x- and y- directions, 
respectively; Ur and Vr are the average equivalent river flow velocity in the  x- and y- directions; 
A1 and A2 are the coefficients of sediment transport due to currents and waves; fc and fw are the 
friction factors for mean current and wave orbital fluid motion; Uw and Uwmax are the shear 
velocity and its maximum velocity due to wave motion; Uwc is the critical shear velocity for the 
inception of particle motion; g is the gravitational acceleration; Cc is the non-dimensional Chezy 
coefficient; d50 is the median grain diameter; A is the semi-orbital excursion; H is the wave 
height; T is the wave period; k is the wave number; and h is the water depth. 

2.2 Sample computation and discussions 
In the example of coastal morphological models, the morphological evolution in the vicinity 
of a shore parallel breakwater is investigated from Johnson and Zyserman (2002) using 
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where u and v are the depth integrated average current velocity in the x- and y- directions, 
respectively; Ur and Vr are the average equivalent river flow velocity in the  x- and y- directions; 
A1 and A2 are the coefficients of sediment transport due to currents and waves; fc and fw are the 
friction factors for mean current and wave orbital fluid motion; Uw and Uwmax are the shear 
velocity and its maximum velocity due to wave motion; Uwc is the critical shear velocity for the 
inception of particle motion; g is the gravitational acceleration; Cc is the non-dimensional Chezy 
coefficient; d50 is the median grain diameter; A is the semi-orbital excursion; H is the wave 
height; T is the wave period; k is the wave number; and h is the water depth. 

2.2 Sample computation and discussions 
In the example of coastal morphological models, the morphological evolution in the vicinity 
of a shore parallel breakwater is investigated from Johnson and Zyserman (2002) using 
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MIKE 21 CAMS (The same governing equation and similar sediment transport formula as 
below). The test conditions are described below. 
A shore parallel breakwater 310 m long is placed at a distance of 360 m from the shoreline. 
The initial bathymetry is characterised by a 1:50 plane beach profile to a depth of 14 m, and 
a 1:20 plane beach slope to the boundary of the model area (depth of 20 m). Irregular 
unidirectional waves with Hrms = 1.98 m and Tp = 8.0 s propagate towards the coast from 
167.5oN at a water depth of 20 m. The normal to the beach points towards the south (180oN). 
The flow of water along the coast is driven only by wave action. 
The sand characteristics are specified as D50 = 0.20 mm and (D84/D16)0.5 = 1.40 everywhere 
along the coast. The porosity of the bed material is taken as 40%. The model area covers an 
area of 2700×840 m (alongshore extent × offshore extent). This model setup is the same as 
test KM3 of Zyserman et al. (1998), with different sediment properties. 
In this example, a maximum morphological time step of 1 hour is specified. The wave field 
is updated every 3 hours (or every third morphological step), and the morphological 
simulation carried out for 14 days. The computed bathymetry is shown in Fig. 2-2. 
 

 
Fig. 2.2 Morphological evolution in the vicinity of a detached breakwater. Computed 
bathymetry after 14 days. (Johnson and Zyserman, 2002) 

Fig. 2.2 shows the general features of the morphological evolution after 14 days. Some 
oscillatory salient had formed in the lee of the breakwater. A tendency for unsteady erosion 
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at the down drift edge of the breakwater can also be observed. In addition, high wave 
number spatial oscillations of the bottom contours can also be observed at several sections. 
In the example of Johnson and Zyserman (2002), the morphological simulation is completed 
by MIKE 21 CAMS, the wave simulation is carried out using MIKE 21 PMS, the flow 
simulations using MIKE 21 HD and the sand transport calculations using MIKE 21 ST. 
However, MIKE PMS and HD are one of the state-of-art numerical model for evaluating 
wave and current field, and perform well in many studies. Why the unsteady results 
appeared? According to Johnson and Zyserman (2002), the origin of spatial oscillations in 
numerical morphological models is traced to the dependence of the bed celerity with bed 
levels, which is due to the non-linear relationship between sediment transport and bed 
levels.  
In these morphodynamic systems as shown in sec. 1.2, the governing equations are a 
nonlinear function of bed level. The sediment transports, which are caused by waves and 
currents, are also calculated from complicated nonlinear hydrodynamic systems. The 
nonlinear couplings and numerical scheme errors in these sub-models can generate unstable 
and inaccurate numerical results, whose natures are still poorly understood. Even though 
the results of all sub-models are accurate and robust, their combination in the sediment 
conservation equation also leads to numerical oscillations and instabilities (Jensen et al. 
1999). They generally fail to accurately predict the bed form evolution in surf zone and in 
the areas around coastal structures for long term simulations (Johnson and Zyserman 2002). 
Several techniques to improve accuracy and stability for coastal morphological modeling 
have been developed in the last decades. The main concern of these studies is to stabilize the 
solutions when solving the sediment conservation equation. As reviewed in Long et al. 
(2008), many state-of-the-art models introduce oscillation controlling schemes for bed form 
evolution modeling. The Delft Hydraulics model Delft2D-MOR (Roelvink et al. 1994 and 
1998) utilizes a forward time, central space explicit scheme with a corrected sediment 
transport rate to offset the negative diffusion terms in the scheme. The University of 
Liverpool model (O’Connor and Nicholson, 1995, Nicholson et al. 1997) uses a two-step Lax-
Wendroff scheme considering the effects of gravity on the bed slope for sediment transport 
rates. Vincent and Caltagirone (1999) also use a modified Lax-Wendroff scheme with the 
Total Variation Diminishing scheme (LW-TVD) and a slope limiter. Cayocca (2001) uses a 
forward-time upwind scheme with the transport rate corrected due to the effect of the bed 
form slope (de Vriend, 1987a,b) and an input filtering technique (de Vriend et al., 
1993a,b)[10, 11] to prevent oscillation. Johnson and Zyserman (2002) illustrate that the bed 
form slope plays a principal role in the instability of morphological numerical schemes and 
expands a second order Taylor-Series of the bed level in time: the first order time derivative 
term is composed of the sediment conservation equation calculated with the Lax-Wendroff 
scheme, and the second order time derivative term is regarded as the diffusion terms of 
advection equation. Their morphological scheme is also modified with a low-pass filter to 
dissipate spurious high frequency oscillations (suggested by Jensen et al., 1999). Saint-Cast 
(2002) applied the high-resolution NOC (Non-Oscillating Centered) scheme (based on Jiang 
and Tadmor, 1998) and bedform slope updating technique (suggested by Watanabe, 1988) to 
solve the sediment conservation equation without a filter or limiter. Shao et al. (2004), Long 
et al. (2008) and Chiang et al. (2010) utilized the WENO (Weighted Essentially Non-
Oscillatory) algorithm from the Computational Fluid Dynamics scheme (based on Liu et al., 
1994 and Jiang et al., 1999) to solve the 1D and 2D sediment conservation equation without 
any filters or limiters. 
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at the down drift edge of the breakwater can also be observed. In addition, high wave 
number spatial oscillations of the bottom contours can also be observed at several sections. 
In the example of Johnson and Zyserman (2002), the morphological simulation is completed 
by MIKE 21 CAMS, the wave simulation is carried out using MIKE 21 PMS, the flow 
simulations using MIKE 21 HD and the sand transport calculations using MIKE 21 ST. 
However, MIKE PMS and HD are one of the state-of-art numerical model for evaluating 
wave and current field, and perform well in many studies. Why the unsteady results 
appeared? According to Johnson and Zyserman (2002), the origin of spatial oscillations in 
numerical morphological models is traced to the dependence of the bed celerity with bed 
levels, which is due to the non-linear relationship between sediment transport and bed 
levels.  
In these morphodynamic systems as shown in sec. 1.2, the governing equations are a 
nonlinear function of bed level. The sediment transports, which are caused by waves and 
currents, are also calculated from complicated nonlinear hydrodynamic systems. The 
nonlinear couplings and numerical scheme errors in these sub-models can generate unstable 
and inaccurate numerical results, whose natures are still poorly understood. Even though 
the results of all sub-models are accurate and robust, their combination in the sediment 
conservation equation also leads to numerical oscillations and instabilities (Jensen et al. 
1999). They generally fail to accurately predict the bed form evolution in surf zone and in 
the areas around coastal structures for long term simulations (Johnson and Zyserman 2002). 
Several techniques to improve accuracy and stability for coastal morphological modeling 
have been developed in the last decades. The main concern of these studies is to stabilize the 
solutions when solving the sediment conservation equation. As reviewed in Long et al. 
(2008), many state-of-the-art models introduce oscillation controlling schemes for bed form 
evolution modeling. The Delft Hydraulics model Delft2D-MOR (Roelvink et al. 1994 and 
1998) utilizes a forward time, central space explicit scheme with a corrected sediment 
transport rate to offset the negative diffusion terms in the scheme. The University of 
Liverpool model (O’Connor and Nicholson, 1995, Nicholson et al. 1997) uses a two-step Lax-
Wendroff scheme considering the effects of gravity on the bed slope for sediment transport 
rates. Vincent and Caltagirone (1999) also use a modified Lax-Wendroff scheme with the 
Total Variation Diminishing scheme (LW-TVD) and a slope limiter. Cayocca (2001) uses a 
forward-time upwind scheme with the transport rate corrected due to the effect of the bed 
form slope (de Vriend, 1987a,b) and an input filtering technique (de Vriend et al., 
1993a,b)[10, 11] to prevent oscillation. Johnson and Zyserman (2002) illustrate that the bed 
form slope plays a principal role in the instability of morphological numerical schemes and 
expands a second order Taylor-Series of the bed level in time: the first order time derivative 
term is composed of the sediment conservation equation calculated with the Lax-Wendroff 
scheme, and the second order time derivative term is regarded as the diffusion terms of 
advection equation. Their morphological scheme is also modified with a low-pass filter to 
dissipate spurious high frequency oscillations (suggested by Jensen et al., 1999). Saint-Cast 
(2002) applied the high-resolution NOC (Non-Oscillating Centered) scheme (based on Jiang 
and Tadmor, 1998) and bedform slope updating technique (suggested by Watanabe, 1988) to 
solve the sediment conservation equation without a filter or limiter. Shao et al. (2004), Long 
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Oscillatory) algorithm from the Computational Fluid Dynamics scheme (based on Liu et al., 
1994 and Jiang et al., 1999) to solve the 1D and 2D sediment conservation equation without 
any filters or limiters. 
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In order to perform well to calculate the change in coastal topography for long term 
simulations under waves and wave-driven currents, the model should not only be able to 
control the oscillations in space, but also improve the accuracy in time. The model should also 
take into account the effects caused by the discontinuity of the contours and beach slopes. 
There are two points to be noted. First, the simulating oscillations of coastal morphological 
evolution should be recognized. The second point is, which techniques of controlling 
oscillations perform well? We will discuss in next sub-section and next section.  

2.3 Analysis of oscillations for morphological scheme 
As mentioned in the Introduction, several works have focused on controlling oscillations of 
coastal morphological schemes. Watanabe (1988), Cayocca (2001), Johnson and Zyserman 
(2002) suggested modifying the conservation equation to consider bottom elevation changes. 
Following Watanabe (1988), it is apparent that the sediment grains tend to move downward 
due to the distribution force of gravity, while the local slope becomes steep; the effect of 
bottom slope should be taken into account. Although the simulation of the wave-current 
field by hydraulic models varies with the beach transformation, the change of the sediment 
transport flux alone cannot be expected to completely suppress the creation of a jagged bed 
form profile. Modification of sediment transport rate was suggested as (Watanabe, 1988): 
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Where s is a positive diffusivity constant; the value of which will be determined 
empirically. The second subscript “0” indicates sediment transport on a flat bottom. 
It is noted that Watanabe (1988) did not consider the influence of the cross-slope terms in the 
alongshore direction, but they should be included for complex bathymetries. Johnson and 
Zyserman (2002) suggested including the cross-slope terms: 
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where xx , xy , yy , and yx  are also positive diffusivity constants. 
We substitute Eqs. (12), (13) into Eq. (2), to obtain: 
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We can rewrite Eq. (15) as an advection-diffusion equation of bed form elevation: 
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The right-hand side of Eq. (16) represents the diffusion terms. These terms show that the 
effect of bed slope and the value of transport rates play an important role as diffusion 
parameters. The stability of the morphological scheme is based on these diffusion terms 
under control. Consequently, these diffusivity constants xx , xy , yy , and yx  should be 
chosen carefully and sediment transport rates in Eqs. (13) and (14) should be updated in 
every time step after the new bed elevation is computed. 
Long et al. (2008), Hsu and Hanes (2004), and Henderson et al. (2004) address the 
appearance of wave phase-resolving sediment transport models for nearshore applications 
by waves and wave-driven nearshore currents. Because the wave orbital fluid motion is 
oscillatory in space and time, the resulting sediment transport fluxes should also be 
oscillatory. Unfortunately, there are no schemes that can be applied to solve the advection-
diffusion conservation equation while removing the effect of the oscillation by wave orbit 
motion without any limiters or artificial viscosities. Chiang et al. (2010) recommend the 
application of numerical oscillation removal techniques with the simulation of bed form 
evolution by solving the conservation equation of sediment under wave motions and wave-
driven currents, such as bed-slope feedback, oscillation and the removal in spatial and 
temporal discretization. The details of these techniques are shown in the following sections. 

3. Modification of coastal morphological models 
More recently, the advantages and disadvantages of these controlling oscillatory 
morphological models were reviewed. Several numerical schemes are reviewed by 
Callaghan et al. (2006), including a first order upwind scheme, two Lax-Wendroff schemes 
(Vincent and Caltagirone, 1999 and Johnson and Zyserman, 2002) and the NOC scheme 
(Saint-Cast, 2002). Long et al. (2008) review two Lax-Wendroff schemes (based on the 
Richtmyer scheme and the MacCormack scheme) and three WENO schemes (the TVD-RK-
WENO scheme by Shao et al., 2004, the Euler-WENO scheme by Long et al., 2008 andBed-
level updated two-steps three-time-levels WENO scheme by Chiang et al., 2010). According 
to these reviewed results, Lax-Wendroff schemes or modified Lax-Wendroff schemes for 
morphodynamic system are not stable for long term simulation of bed level evolution. The 
filter, limiter, or artificial viscosity should be added to prevent numerical oscillation in these 
schemes. They also found that it is difficult to determine the phase celerity of the bed form, 
which is the most important parameter for the scheme’s stability, when these weakened 
morphological schemes are applied to complex bathymetry. These powerful oscillations 
removal techniques will be introduced after. 
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We can rewrite Eq. (15) as an advection-diffusion equation of bed form elevation: 
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3.1 Feedback by bed-slope updating scheme 
As mentioned before, the morphodynamic system to be calculated when coupling the 
hydrodynamic (waves and wave-driven currents) and sediment transport into the 
morphological models (governed by conservation equation of sediment) is inherently 
unstable. This highly non-linear system will lead to diffusion if the effect of bed-slope 
variations in time is not taken into account  (Watanabe, 1988; de Vriend et al., 1993a, b. 
In the morphological model, the linear stability analysis of bed-level and quasi-steady 
conditions for waves and currents are assumed. The waves and currents are assumed to 
remain unchanged during the entire calculation period, while the bathymetry does vary. 
Under this assumption, the sediment transport rates obtained from waves and currents 
remains unchanged over the same time duration. Even though the wave orbital velocity and 
current velocity remain unchanged, the bed level changes at every time step. This 
inconsistency implies that some quantities related to bed level, such as the friction factor and 
the sediment transport direction factor will also change. 
In order to modify sediment transport with bed form slope, the down slope gravitational 
transport rate is the most commonly utilized while the bed-level changes are greater than a 
threshold value (Watanabe 1988; Maruyama and Takagi, 1988; de Vriend et a., 1993a, and b; 
Cayocca 2001; Anunes do Carmo and Seabra-Santos, 2002). Consequently, the conservation 
equation of sediment mass coupled with the bed-slope updated terms in two-dimensions 
can be rewritten as: 

 0 0 0
b b b

x xx x xy x
z z zq q q
t x x y

 
   

   
    

0 0 0 0b b
y yy y yx y

z zq q q
y y x

 
  

    
   

 (17) 

Chiang et al. (2010) recommend that the modified bed-slope feedback should be processed 
at every time step. It is very effective for the removal oscillations for long term simulations. 

3.2 Controlling oscillations in spatial discretization 
In order to control the oscillations in space for the morphological model, there are several 
numerical schemes as reviewed by Callaghan et al. (2006) and Long et al. (2008). Among 
these oscillation removal schemes, the NOC and WENO scheme are more stable finite-
difference schemes than the others. 

3.2.1 NOC (Non-Oscillating Centered) scheme 
NOC scheme is a general non-oscillating scheme originally developed by Nessyahu and 
Tadmor (1990) and extended to 2D by Jiang and Tadmor (1998). It solves multidimensional 
hyperbolic fluid conservation equations using a staggered grid method, again directly 
utilizing fluxes. It is similar to be applied with sediment conservation equation, and directly 
using sediment fluxes is good for avoiding the estimation of characteristic bedform velocity. 
The examples of NOCS applications for coastal area include linear oblique advection, the 
two-dimensional Burger and Euler equations and the one-dimensional shallow water wave 
equations (Williams and Peregrine, 2002). Their approach uses two staggered grids, which 
are moving the calculated results from one grid to another half grid with every time step. 
However, the staggered grid system, while minimizing scheme diffusion is impractical for 
morphological models consisting of a looped arrangement of individual components for 
sediment transport caused by waves and currents. According to Saint-Cast (2002), there is 
an extension of the original scheme where the new solution was initially determined on the 
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staggered grid and then reconstructed on the original grid (Jiang et al., 1998). This extension 
is easily integrated into looped morphological models for the NOC scheme. 
The NOC scheme was first applied for coastal morphological modeling by Saint-Cast (2002) 
with the purpose of explaining ridge and runnel formation on sand beaches exposed to 
consistent north Atlantic swells. The work by Saint-Cast (2002) included initial testing 
against analytical solutions and simulations of an idealized crescent shape barred beach 
evolutions. Callaghan et al. (2006) utilize the NOC scheme with an idealized river entrance, 
perpendicular to a straight beach with constant slope, under waves and currents and show 
its stability by comparison with other schemes. 

3.2.2 WENO (Weighted Essentially Non-Oscillatory) scheme 
The WENO schemes are based on the essentially non-oscillatory (ENO) schemes, which 
were first developed by Harten et al. (1987) in the form of finite volume schemes and were 
later improved by Shu and Osher (1988). The ENO schemes are generalizations of the total 
variation diminishing (TVD) schemes of Harten (1983). The TVD schemes are designed so 
that the total variation of specific quantity in space remains constant or only decrease in 
time. During the solution process, there will be no new extrema generated. In other words, 
the TVD schemes typically degenerate to first-order accuracy at locations with smooth 
extrema, while the ENO schemes maintain high-order accuracy. The key idea of the ENO 
schemes is to use the smoothest stencil among several candidates to approximate the fluxes 
at the cell boundaries to high order and at the same time to avoid spurious oscillations near 
shocks and discontinuities. The WENO schemes process one step further by taking a 
weighted average of all candidates, and the weights are adjusted by the local smoothness. 
The first version of WENO schemes was developed by Liu et al. (1994) for one-dimensional 
conservation laws of fluid mechanics. Jiang and Shu (1996) applied the scheme to multi-
dimensional cases with a new weighting procedure to obtain optimized accuracy. Later, 
Jiang and Wu (1999) extended a high-order (5th) accurate WENO finite difference scheme, 
which has successfully attained comparable accuracy with fewer time-steps in 
computations. Shao et al. (2004) first applies the WENO scheme to solve the one-
dimensional conservation equation of sediment mass and study the evolution of periodic 
sand bars in the presence of waves at the resonant Bragg frequency. Long et al. (2008) use 
the Euler-WENO schemes, based on first order explicit time discretization with the WENO 
scheme, to study the evolution of periodic alternating sand bars in a rectangular open 
channel with gravity flow. Chiang et al. (2010) applied the bed-slope feedback, 3 levels 2 
time-steps, WENO morphological scheme to calculate topography changes of complex 
coastal area under waves and currents, and found that the stability was performed very 
well. The full detail of the WENO scheme applied with coastal morphological modeling can 
be found in Chiang et al. (2010). 
The key of inaccuracy of numerical morphological modeling is to obtain the characteristic 
phase velocity of bedform variation to modified sediment fluxes. Fortunately, another 
advantage of WENO scheme is that split sediment fluxes only involve the sign of 
characteristic bedform velocity instead of accurate calculations. Based on the accuracy of 
algorithm, the fifth order WENO scheme is recommended in this chapter. 

3.2.3 Controlling oscillatory morphological models with WENO scheme 
In this subsection, we briefly present the finite difference version for the sediment 
conservation equation (Eq. (2)) using the WENO schemes. Following the numerical 
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staggered grid and then reconstructed on the original grid (Jiang et al., 1998). This extension 
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consistent north Atlantic swells. The work by Saint-Cast (2002) included initial testing 
against analytical solutions and simulations of an idealized crescent shape barred beach 
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perpendicular to a straight beach with constant slope, under waves and currents and show 
its stability by comparison with other schemes. 
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The WENO schemes are based on the essentially non-oscillatory (ENO) schemes, which 
were first developed by Harten et al. (1987) in the form of finite volume schemes and were 
later improved by Shu and Osher (1988). The ENO schemes are generalizations of the total 
variation diminishing (TVD) schemes of Harten (1983). The TVD schemes are designed so 
that the total variation of specific quantity in space remains constant or only decrease in 
time. During the solution process, there will be no new extrema generated. In other words, 
the TVD schemes typically degenerate to first-order accuracy at locations with smooth 
extrema, while the ENO schemes maintain high-order accuracy. The key idea of the ENO 
schemes is to use the smoothest stencil among several candidates to approximate the fluxes 
at the cell boundaries to high order and at the same time to avoid spurious oscillations near 
shocks and discontinuities. The WENO schemes process one step further by taking a 
weighted average of all candidates, and the weights are adjusted by the local smoothness. 
The first version of WENO schemes was developed by Liu et al. (1994) for one-dimensional 
conservation laws of fluid mechanics. Jiang and Shu (1996) applied the scheme to multi-
dimensional cases with a new weighting procedure to obtain optimized accuracy. Later, 
Jiang and Wu (1999) extended a high-order (5th) accurate WENO finite difference scheme, 
which has successfully attained comparable accuracy with fewer time-steps in 
computations. Shao et al. (2004) first applies the WENO scheme to solve the one-
dimensional conservation equation of sediment mass and study the evolution of periodic 
sand bars in the presence of waves at the resonant Bragg frequency. Long et al. (2008) use 
the Euler-WENO schemes, based on first order explicit time discretization with the WENO 
scheme, to study the evolution of periodic alternating sand bars in a rectangular open 
channel with gravity flow. Chiang et al. (2010) applied the bed-slope feedback, 3 levels 2 
time-steps, WENO morphological scheme to calculate topography changes of complex 
coastal area under waves and currents, and found that the stability was performed very 
well. The full detail of the WENO scheme applied with coastal morphological modeling can 
be found in Chiang et al. (2010). 
The key of inaccuracy of numerical morphological modeling is to obtain the characteristic 
phase velocity of bedform variation to modified sediment fluxes. Fortunately, another 
advantage of WENO scheme is that split sediment fluxes only involve the sign of 
characteristic bedform velocity instead of accurate calculations. Based on the accuracy of 
algorithm, the fifth order WENO scheme is recommended in this chapter. 

3.2.3 Controlling oscillatory morphological models with WENO scheme 
In this subsection, we briefly present the finite difference version for the sediment 
conservation equation (Eq. (2)) using the WENO schemes. Following the numerical 
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algorithms of Jiang et al. (1998) and the assumption of Long et al. (2008), we will describe 
the one-dimensional problem first, and then extend to two-dimensions. To achieve 
numerical stability and to avoid entropy-violating solutions, upwinding and sediment flux 
splitting approaches are used. The sediment transport rate can be split into two parts 
associated with bedform propagation in the positive and negative x (offshore) directions. 
This can be written as: 
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where C is phase velocity of the bedform and C+ and C- are the phase velocities of the 
bedform propagating in the positive and negative x-directions, respectively, i.e. 
C+=max(C,0), C-=min(C,0). Thus, 
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Following Jiang and Wu (1999), the WENO scheme uses a conservative approximation to 
the spatial derivatives, 
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where 1/2ˆiq   and 1/2ˆiq   are the approximations of the sediment transport rate at grid 
locations (i+1/2) and (i-1/2), respectively, for the three stencil system of the WENO scheme 
(Fig. 3.1). 
We then apply the WENO approximation procedure, as was given in Eq. (18), to obtain two 
numerical fluxes, 1/2ˆiq , and sum them to obtain the numerical flux 1/2ˆiq  : 
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where s  (s = 0, 1, or 2) are the positive weights, and 1/2
s
iq   (s=0, 1, or 2) are the 

approximations of the sub-stencils. 
 

 
Fig. 3.1 The three sub-stencils with five points of WENO approximation 

In each sub-stencil s (s=0, 1, or 2), the 3rd-order accurate approximation 1/2
S
iq   is obtained by 

the Taylor series expansion as: 
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The WENO scheme procedure of three sub-stencils with the five point system possesses the 
following properties in Eq. (25): (1) the approximation 1/2ˆiq   at grid position i+1/2is 
accurate to the fifth-order; and (2) no Gibbs phenomena occur (i.e., spurious oscillations), 
while 1/2ˆiq   is discontinuous near i+1/2. 
In accordance with the above two properties, Jiang and Shu (1996) suggested the calculation 
of weights as: 
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where the coefficients 0 , 1 , 2  are calculated by Long et al. (2008) : 
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where the coefficients 0 , 1 , 2  are calculated by Long et al. (2008) : 
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In which 2010   is used to prevent the denominators of Eqs. (32) - (34) from becoming 
zero, and the smoothness measurements are written as: 
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At the grid location i-1/2, the left-biased-flux 1/2ˆiq  can be repeated using Eqs. (24) - (58) by 
simply shifting i backward one grid. Consequently, the spatial discretization of WNEO finite 
difference scheme for one-dimensional sediment conservation problem is complete. With a 
simple 1st-order forward temporal discretization, Eq. (2) can be solved by the Euler-WENO 
scheme as: 
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The extension of the Euler-WENO scheme for Eq. (2) in two-dimensions can be easily given 
as: 
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3.2.4 Phase celerity of the bedform 
There is only one undetermined parameter for the bed-level updated WENO scheme; 
namely the phase celerity of the bed form. Eq. (2) can be written as: 
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Since the phase velocity of bedforms can be assumed as 1 /(1 ) /x x bC n q z    , 
1 /(1 ) /y y bC n q z    , Eq. (61) becomes: 
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In order to calculate the phase celerity Cx and Cy, Eq. (66) can be written in vector form and 
Eq. (2) is substituted into it: 
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where vector  ,x yC C C
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For one-dimensional case, Eq. (63) is reduced to: 
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We can calculate the phase celerity of the bedform by solving Eq. (63) and (64) for one- and 
two-dimensional problems. Hudson et al. (2005) suggested a central difference scheme to 
calculate the phase celerity for the one-dimensional case: 
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There are some disadvantages when applying Eq. (65) to estimate phase celerity in a real 
coastal area. It fails when 1 1bi biz z  , and causes significant errors when the central 
difference spatial grid spans sand bars, dunes, or ripples. Fortunately, the WENO scheme 
only requires the sign of the bedform phase celerity for split sediment transport. Long et al. 
(2008) suggested a simple formula to calculate the sign of the phase celerity: 
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3.3 Controlling oscillations in temporal discretization 
As mentioned before, the inaccuracy of bed-level simulation in every time-step is caused by 
discretization errors and oscillation factors from the sub-models of waves, currents, or 
sediment transport rates. They will lead to diffusions and dispersions in the long term. 
There are three typical techniques for controlling oscillations in temporal discretization as 
following. 

3.3.1 Explicit two-step, three-time-level finite difference scheme 
In this subsection, the explicit two-step, three-time-level finite difference scheme with 
stagger grid is introduced (Chiang et al., 2010). This technique can be easily implemented in 
time discretization and does not lead to a significant CPU time increases. The gradient of 
sediment fluxes is expanded at half grid position and the bed-level is calculated at original 
grid position. It is convenient to apply the operator of WENO scheme with approximated 
sediment fluxes. For one-dimensional sediment conservation problem, Eq. (2) becomes: 
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where the  q̂  is the operator of WENO scheme. This scheme gives 2nd order accuracy O 
( 2t ) in time. 

3.3.2 TVD-Runge-Kutta scheme 
TVD (Total Variation Diminishing) schemes are designed such that the total variance of the 
solution TV= /bz x dx

    will remain constant or only decrease in time. During the 
solution process, there will be no new extrema generated. TVD scheme were often proposed 
based on existing schemes. Shu and Osher (1988) and Shao et al. (2004) applied a TVD-
Runge-Kutta (TVD-RK) scheme for 3rd order time integration of Eq. (2). The TVD-RK 
scheme can be summarized as an algorithm of 5 steps: 
The 1st step consists of an Euler forward step to get time level n+1: 
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The 2nd step uses a second forward step to time level n+2: 

    2 1 11 1 0
1

n n n
b b bz z q z

t x n
          

 (70) 



 
Sediment Transport in Aquatic Environments 218 

The extension of the Euler-WENO scheme for Eq. (2) in two-dimensions can be easily given 
as: 
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3.2.4 Phase celerity of the bedform 
There is only one undetermined parameter for the bed-level updated WENO scheme; 
namely the phase celerity of the bed form. Eq. (2) can be written as: 
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Since the phase velocity of bedforms can be assumed as 1 /(1 ) /x x bC n q z    , 
1 /(1 ) /y y bC n q z    , Eq. (61) becomes: 
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In order to calculate the phase celerity Cx and Cy, Eq. (66) can be written in vector form and 
Eq. (2) is substituted into it: 
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where vector  ,x yC C C


,  ,x yq q q
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For one-dimensional case, Eq. (63) is reduced to: 
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We can calculate the phase celerity of the bedform by solving Eq. (63) and (64) for one- and 
two-dimensional problems. Hudson et al. (2005) suggested a central difference scheme to 
calculate the phase celerity for the one-dimensional case: 
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where the  q̂  is the operator of WENO scheme. This scheme gives 2nd order accuracy O 
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The 3rd step uses an averaging step to obtain an approximation solution at n+1/2: 
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The 4th step uses a 3rd Euler step to get time level n+3/2: 
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the 5th step uses another averaging step finally to get solution at time level n+1: 
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3.3.3 Predictor-corrector method 
As mention before, instability problems appear to originate from the explicit discretization 
of the sediment conservation equation, Fortunato and Oliveira (2007) recommend a 
predictor-correct scheme was implemented and performed well. It is shown as below: 
Predictor step: an estimate of depth at time n+1 is first calculated as: 
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Corrector step: a fully or semi-implicit scheme is applied with the correction step as: 
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where h is depth, h* = αh(p) + (1-α)hn, α is the implicitness parameter in [0,1]. Eqs. (11) and (12) 
can be repeated iteratively for a user-specified number of correction cycles. This scheme 
gives 2nd order accuracy O( 2t ) in time. 

4. The controlling oscillatory coastal morphological models 
Consider the computing efficiency, stability and accuracy of numerical schemes, we 
recommend a bed-slope updating, 2 steps with 3-time-levels (2nd order accuracy), WENO 
morphodynamic scheme (5th order accuracy) to be applied with complex coastal estuary 
area. The hydraulic modeling system for waves and currents is suggested by Lin et al. 
(1996), and the sediment transport modeling is suggested by Chiang et al. (1996). It is briefly 
describe as following. The procedure of the coastal morphological model system is shown as 
Figure 4.1. 

4.1 Coastal morphological system 
The bed-slope feedback updating, 2 steps with 3-time-levels, WENO morphological scheme 
with accuracy  2 5 5, ,O t x y   is shown as below: 
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Fig. 4.1 The procedure of the coastal morphological modelling system 

4.2 Stability condition analysis 
The stability requirement of most morphological schemes is the Courant number 

/ 1iC t x   , and the large Courant numbers observed in the simulation of morphological 
evolutions suggest that reducing the time steps could improve the stability of the numerical 
schemes. However, this will increase the computational demand. Fortunately, if the 
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Fig. 4.1 The procedure of the coastal morphological modelling system 

4.2 Stability condition analysis 
The stability requirement of most morphological schemes is the Courant number 

/ 1iC t x   , and the large Courant numbers observed in the simulation of morphological 
evolutions suggest that reducing the time steps could improve the stability of the numerical 
schemes. However, this will increase the computational demand. Fortunately, if the 
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diffusion terms of Eq. (3) could be properly eliminated, the limit of Courant number could 
be great than unity. This can be done by carefully giving the values of the diffusivity 
constants ( xx , xy , yx , and yy ). Some diffusivity constants have been suggested for real 
coastal environments. Watanabe (1988) suggested that the values are determined 
empirically through experiments. Struiksma et al. (1985) and Cayocca (2001) used xx  = yy

 = 4, and Kuroiwa and Kamphuis (2003) suggest xx  = yy
 

= 2. Chiang et al. (2010) 
recommend xx  = yy

 
= 4 and xy

 
= yx

 
= 2 for complex coastal area. The diffusivity 

constants were set to xx  = yy
 
= 4 and xy

 
= yx

 
= 2 in following simulation test. 

5. Numerical examples and discussions 
5.1 Example 1: Miao-Li coastal area in Western Taiwan 
5.1.1 Environmental conditions 
The developed model is first applied for the complex topography in the Miao-Li county 
coastal area of western Taiwan. The simulation area (Fig. 5.1) is a sandy beach, which is 7.0 
km long in the alongshore direction and 3.5 km wide in the on-off shore direction. This 
amounts to a maximum depth of around 35.0 m.  The median diameter of the beach sand is 
d50 = 0.25 mm. The area also has complex beach slopes (from 1/10 to 1/150) and depth 
contours. The shoreline orientation is in the NNE to NW direction. The tide is semidiurnal 
with a mean range of around 3.0 m. Since tidal current is negligible in the shore area, waves 
are the main factors in the coastal dynamics. The dominant wave is the winter northerly 
monsoon waves between September and March. The significant wave height H1/3 is 2.5 m 
and the significant wave period T1/3 is 7.8 sec. 

5.1.2 Numerical conditions 
In example 5.1, we analyze the morphodynamic evolution results by FTCS (forward time 
central space), Euler-WENO, and our bed-slope updated 2-step, 3-time-level WENO 
schemes using the same numerical conditions. The selected sediment coefficients are: A1=1.5 
and A2=2.5. The spatial grid sizes of △x = △y = 10 m are used in all models (including the 
sub-models for waves and currents). The time step interval of △t = 1 s is used for the 
nearshore current sub-model and △t=60 sec for the morphological model. 

5.1.3 Results and discussions 
Because we utilize a single directional regular wave to represent all random sea waves, it is 
very difficult to accurately examine two topography surveys at different times. In order to 
demonstrate the oscillation removal performance, we compare our results with other 
schemes that have been reviewed previously. The morphodynamic results after 90 days 
using the FTCS and Euler-WENO schemes are shown in Figs. 5.2 and 5.3. The results of 
present morphological scheme after 30, 60, and 90 days are shown in Figs. 5.4, 5.5 and 5.6. 
We can easily see the significant differences between these three schemes. Present 
morphological scheme is more stable than the other schemes. As shown in Fig. 5.5, the 
numerical dispersion, diffusion and oscillations are clearly seen for the FTCS scheme. The 
results of the Euler-WENO scheme are more stable than FTCS scheme, but the diffusions 
still occur around -5.0m ~ -2.0m. Similar situations are also found in the wave field and 
wave-driven current flow field: wave breaking and maximum velocities occur in the same 
region, which is the steepest area of the beach. The wave breaking and the instability of the 
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numerical scheme (such as the results of FTCS and Euler-WENO) will cause “shockwaves” 
in the local area. It is unreasonable for the bed-slope exceeding the rest angle of sand under 
water. The significance of the bed-slope updating technique and the nonlinear coupling sub-
models for morphodynamic system can be clearly identified. This shows that the two-step, 
three-time-level method can improve the stability in the steep slopes and sharp gradients of 
beaches in a real coastal area. 
 

 
 

Fig. 5.1 The modeling area of example 1 at Miao-Li county coastal area of western Taiwan. 

5.2 Example 2: Tai-Dong coastal area in Eastern Taiwan 
In example 2, the Fu-Guon coastal area in Tai-Dong County in eastern Taiwan is considered 
(Fig. 5.7). The area has a steep and convex topography, which causes wave energy to 
concentrate. At this site, the tide is semidiurnal with a mean tidal range of less than 1 m. The 
dominant wave is the summer southern monsoon waves with a significant wave height H1/3 
= 1.5 m and significant wave period T1/3 = 7.0 sec. The numerical conditions are A1=1.7, 
A2=2.6. The spatial grid interval is used uniformly with △x = △y = 5.0 m in all models 
(including sub-models of wave and current). The time interval for the nearshore current 
sub-model is △t = 1 s and △t = 60 sec for the morphological model. 
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Fig. 5.2 The result of FTCS scheme after 90 days. 

 

 
Fig. 5.3 The result of Euler-WENO scheme after 90 days. 

 

 
Fig. 5.4 The result of bed-slope updated 2-steps 3-time-levels WENO scheme after 30 days. 
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Fig. 5.5 The result of bed-slope updated 2-steps 3-time-levels WENO scheme after 60 days. 

 
 
 
 

 
 
 

Fig. 5.6 The result of bed-slope updated 2-steps 3-time-levels WENO scheme after 90 days 

The morphodynamic results of the Euler-WENO and our schemes are shown in Figs. 5.8 and 
5.9. Because of the existence of underwater rigs in this area, the wave energy tends to 
converge at some locations and diverge at others. Consequently there are oscillations in the 
numerical simulation of the bed-level evolution, and our schemes are more stable than the 
others. This can be seen in the topography change results where wave energy was 
concentrated in Figs. 5.8 and 5.9. 
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Fig. 5.2 The result of FTCS scheme after 90 days. 

 

 
Fig. 5.3 The result of Euler-WENO scheme after 90 days. 

 

 
Fig. 5.4 The result of bed-slope updated 2-steps 3-time-levels WENO scheme after 30 days. 
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Fig. 5.6 The result of bed-slope updated 2-steps 3-time-levels WENO scheme after 90 days 
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Fig. 5.7 The modeling area of example 2 at Ti-Dong county coastal area of eastern Taiwan. 

 
 

 
 

 

Fig. 5.8 The result of Euler-WENO scheme after 90 days. 
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Fig. 5.9 The result of bed-slope updated 2-steps 3-time-levels WENO scheme after 90 days. 

6. Conclusion 
The evolution of morphodynamic schemes for oscillation removal over the past decade are 
summarized, the instability of a morphological system is discussed, and numerical solutions of 
morphodynamic evolution for complex topographies are presented. The bed-slope updated 2-
step, 3-time-level WENO scheme has performed well for a real coastal area subject to waves 
and wave- driven currents. It is sufficiently demonstrated that this scheme provides a 
significant improvement for shockwave capture and  stability in different △t based on two 
schematized examples. Results from these two examples suggest the following: the effect of 
diffusions, dispersions, and oscillations from coupling the sub-models of morphodynamic 
systems have been improved significantly. The multi-time-level schemes for temporal 
discretization can improve the stability in examples with steep slopes and sharp gradients of 
beaches. With carefully selected diffusivity constants, the Courant number can generally 
exceed unity with reduced time steps efficiently for long-term simulations. 
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Fig. 5.7 The modeling area of example 2 at Ti-Dong county coastal area of eastern Taiwan. 

 
 

 
 

 

Fig. 5.8 The result of Euler-WENO scheme after 90 days. 
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Fig. 5.9 The result of bed-slope updated 2-steps 3-time-levels WENO scheme after 90 days. 
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Computation of Lake or Reservoir 
Sedimentation in Terms of Soil Erosion 

Vlassios Hrissanthou 
Democritus University of Thrace 

Greece 

1. Introduction 
Lake or reservoir sedimentation, which decreases the useful life of the lake or reservoir, is 
closely associated with soil and stream bed erosion in the corresponding basin. Sediment 
inflowing into the lake or reservoir, through the river which feeds the lake or reservoir, 
originates mainly from the products of soil and stream bed erosion in the corresponding 
basin. Therefore, the computation of lake or reservoir sedimentation requires, in a previous 
step, the computation of soil erosion and stream sediment transport in the lake or reservoir 
basin. The computation of soil erosion, in turn, requires, in a previous step, the computation 
of runoff due to rainfall, because both rainfall and runoff cause soil erosion. 
According to the above mentioned process chain, the physical processes, that should be 
quantified, are: runoff resulting from rainfall, soil erosion due to rainfall and runoff, inflow 
of eroded particles into streams, sediment transport in streams, sediment inflow into the 
lake or reservoir, and sediment deposition in the lake or reservoir. Since the centre of gravity 
of the present chapter falls into the quantification of soil erosion and stream sediment 
transport, an overview and classification of soil erosion models and stream sediment 
transport (total load) models will be given in Sections 2 and 3, respectively. 
The physical processes mentioned above could be included in a mathematical simulation 
model, which will compute the inflowing sediment quantity into a lake or reservoir from the 
surrounding basins. For the verification of the mathematical model, usually, no systematic, 
long-term sediment yield measurements of the rivers, streams or torrents, discharging their 
water into the lake or reservoir, are available. Contrarily, rainfall and, in general, 
meteorological data, which serve as input data of the mathematical models, can be found. 
Additionally, model parameters, which serve also as input data, can be estimated by means 
of topographic and geologic maps. However, the lack of output data, e.g. sediment yield 
measurements, leaves the computational results unchecked. 
In the present chapter, four case studies, regarding the computation of the mean annual 
sediment inflow into two reservoirs and two natural lakes, will be described. The 
mathematical simulation model, used in all cases, consists of three submodels: 
- a hydrologic rainfall-runoff submodel 
- a soil erosion submodel 
- a stream sediment transport submodel   
In the following paragraph, the names of the lakes (artificial or natural), the submodels used 
and the available output data are given: 
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Forggensee Reservoir (Bavaria, Germany) 
- Rainfall-runoff submodel of Lutz (1984) 
- “Universal Soil Loss Equation” (USLE) 
- Stream sediment transport submodel of Yang & Stall (1976) 
Available output data: values of sediment yield (suspended load) at the reservoir inlet for 12 
years (1966 – 1977). 
Yermasoyia Reservoir (Cyprus) 
- Rainfall-runoff submodel (Giakoumakis et al., 1991) 
- Soil erosion submodel of Schmidt (1992) 
- Stream sediment transport submodel of Yang & Stall (1976) 
Available output data: mean annual rate of soil erosion in the corresponding basin. 
Kastoria Lake (Greece) 
- Rainfall-runoff submodel (Giakoumakis et al., 1991) 
- Soil erosion submodel of Schmidt (1992) 
- Stream sediment transport submodel of Yang & Stall (1976) 
No available output data. 
Vistonis Lake (Greece) 
- Rainfall-runoff submodel (Giakoumakis et al., 1991) 
- Soil erosion submodel of Schmidt (1992) 
- Stream sediment transport submodel of Yang & Stall (1976) 
Available output data: topographic maps with isobath contours of Vistonis Lake for the 
years 1949 and 1970.  

2. Classification of soil erosion models 
Two broad categories of mathematical soil erosion models are the deterministic and the 
stochastic ones (e.g. Smith et al., 1977). In this chapter, a deterministic approach to the soil 
erosion, as well as to the other physical processes, is made. Therefore, a further classification 
of the deterministic erosion models is given below: 
- empirical models (e.g. Universal Soil Loss Equation, USLE, Wischmeier & Smith, 1978; 

Santos et al., 1977; Johnson & Julien, 2000; De Vente et al., 2005) 
- physically-based models (e.g. Hairsine & Rose, 1992a, 1992b; Flanagan & Nearing, 1995; 

De Roo et al., 1996; Lukey et al., 2000; Bathurst, 2002; De Aragão et al., 2005) 
- models based on the concept of unit sediment graph (e.g. Das & Agarwal, 1990; Sharma 

et al., 1993) 
The empirical models are simple, but they do not go into the mechanisms of the physical 
processes. In the physically-based models, the soil surface is subdivided into rills and 
interrill areas, while the soil erosion process is also decomposed into physical subprocesses. 
Gully erosion is not quantified in the above models. The physically-based models require, 
apart from rainfall data and physiographic characteristics of the basin, numerous other data, 
i.e. field measurements, for the determination of the parameters (constants, exponents) in 
the corresponding equations; therefore, these models are difficult to apply to large basins. 
By contrast, the empirical models require mostly rainfall data and maps (topographic, soil, 
vegetation etc.). 
RUSLE (Revised Universal Soil Loss Equation, Renard et al., 1996) is the newest improved 
version of USLE and could be considered as a transition from the empirical to the 
physically-based models. However, the detailed information required for estimating the 

 
Computation of Lake or Reservoir Sedimentation in Terms of Soil Erosion 

 

235 

individual factors of RUSLE, with the exception of the topographic factor, renders the 
application of RUSLE to large basins practically impossible.  
The unit sediment graph, as well as the unit hydrograph in hydrology, is a system function 
describing the sediment behaviour of a basin. It enables the conversion of the effective 
rainfall or soil detachment (system input) in the basin into sediment yield (system output). 
Generally, models based on a system function have the possibility to follow the time 
variation of sediment yield. 

3. Classification of stream sediment transport models 
The last physical process in the process chain simulated by the mathematical model is the 
stream sediment transport. In concrete terms, a total load model (bed load plus suspended 
load) is used for the quantification of sediment transport capacity by streamflow. Therefore, 
a classification of total load models is made below (Vetter, 1992): 
- stochastic and regression models (e.g. Einstein, 1950; Karim & Kennedy, 1983) 
- energy and power models (e.g. Engelund and Hansen, 1967; Yang, 1973) 
- shear stress models (e.g. Zanke, 1982; van Rijn, 1984a, 1984b) 
Additionally, Einstein and van Rijn calculate bed load and suspended load separately. 
Sediment transport is considered by Einstein (1950) as probability problem. The probability 
that a grain will be lifted, is related with two dimensionless parameters: the intensity of bed 
load transport and the shear intensity of the flow. The Total Load Transport Model (TLTM) 
of Karim and Kennedy (1983) contains two multiple regression equations that compute the 
dimensionless total load transport and the dimensionless mean flow velocity as functions of 
different auxiliary dimensionless parameters. 
Engelund and Hansen (1967) compare the rate of energy needed in lifting the grains with 
the rate of work being done by the resistance forces to the transported grains in the same 
time. Finally, they result to a relationship between the dimensionless total load transport 
and a dimensionless mobility parameter. According to Yang (1973), the “unit stream 
power”, namely the mean flow velocity – energy slope product, is the basic parameter for 
the description of sediment transport. By means of a multiple regression, he results to a 
relationship between the total sediment concentration and the dimensionless effective unit 
stream power, among other dimensionless parameters. It is noted that the effective unit 
stream power is the difference between the dominant unit stream power and its critical 
value characterizing the incipient motion. 
According to Zanke (1982), bed load transport and suspended load transport are functions 
of the difference between the existing shear velocity and its critical value characterizing the 
incipient motion. Particulary for the suspended load transport, the critical shear velocity for 
the lifting of the grains to the suspension zone is taken additionally into account. In the 
model of van Rijn (1894), two dimensionless parameters characterizing the grain diameter 
and the incipient motion, respectively, dominate. The incipient motion is designated by the 
difference between the existing shear velocity and its critical value.  

4. Mathematical simulation model 
As mentioned before, the mathematical simulation model consists of three submodels: (a) a 
rainfall-runoff submodel, (b) a soil erosion submodel, and (c) a stream sediment transport 
submodel. 
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Forggensee Reservoir (Bavaria, Germany) 
- Rainfall-runoff submodel of Lutz (1984) 
- “Universal Soil Loss Equation” (USLE) 
- Stream sediment transport submodel of Yang & Stall (1976) 
Available output data: values of sediment yield (suspended load) at the reservoir inlet for 12 
years (1966 – 1977). 
Yermasoyia Reservoir (Cyprus) 
- Rainfall-runoff submodel (Giakoumakis et al., 1991) 
- Soil erosion submodel of Schmidt (1992) 
- Stream sediment transport submodel of Yang & Stall (1976) 
Available output data: mean annual rate of soil erosion in the corresponding basin. 
Kastoria Lake (Greece) 
- Rainfall-runoff submodel (Giakoumakis et al., 1991) 
- Soil erosion submodel of Schmidt (1992) 
- Stream sediment transport submodel of Yang & Stall (1976) 
No available output data. 
Vistonis Lake (Greece) 
- Rainfall-runoff submodel (Giakoumakis et al., 1991) 
- Soil erosion submodel of Schmidt (1992) 
- Stream sediment transport submodel of Yang & Stall (1976) 
Available output data: topographic maps with isobath contours of Vistonis Lake for the 
years 1949 and 1970.  

2. Classification of soil erosion models 
Two broad categories of mathematical soil erosion models are the deterministic and the 
stochastic ones (e.g. Smith et al., 1977). In this chapter, a deterministic approach to the soil 
erosion, as well as to the other physical processes, is made. Therefore, a further classification 
of the deterministic erosion models is given below: 
- empirical models (e.g. Universal Soil Loss Equation, USLE, Wischmeier & Smith, 1978; 

Santos et al., 1977; Johnson & Julien, 2000; De Vente et al., 2005) 
- physically-based models (e.g. Hairsine & Rose, 1992a, 1992b; Flanagan & Nearing, 1995; 

De Roo et al., 1996; Lukey et al., 2000; Bathurst, 2002; De Aragão et al., 2005) 
- models based on the concept of unit sediment graph (e.g. Das & Agarwal, 1990; Sharma 

et al., 1993) 
The empirical models are simple, but they do not go into the mechanisms of the physical 
processes. In the physically-based models, the soil surface is subdivided into rills and 
interrill areas, while the soil erosion process is also decomposed into physical subprocesses. 
Gully erosion is not quantified in the above models. The physically-based models require, 
apart from rainfall data and physiographic characteristics of the basin, numerous other data, 
i.e. field measurements, for the determination of the parameters (constants, exponents) in 
the corresponding equations; therefore, these models are difficult to apply to large basins. 
By contrast, the empirical models require mostly rainfall data and maps (topographic, soil, 
vegetation etc.). 
RUSLE (Revised Universal Soil Loss Equation, Renard et al., 1996) is the newest improved 
version of USLE and could be considered as a transition from the empirical to the 
physically-based models. However, the detailed information required for estimating the 
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individual factors of RUSLE, with the exception of the topographic factor, renders the 
application of RUSLE to large basins practically impossible.  
The unit sediment graph, as well as the unit hydrograph in hydrology, is a system function 
describing the sediment behaviour of a basin. It enables the conversion of the effective 
rainfall or soil detachment (system input) in the basin into sediment yield (system output). 
Generally, models based on a system function have the possibility to follow the time 
variation of sediment yield. 

3. Classification of stream sediment transport models 
The last physical process in the process chain simulated by the mathematical model is the 
stream sediment transport. In concrete terms, a total load model (bed load plus suspended 
load) is used for the quantification of sediment transport capacity by streamflow. Therefore, 
a classification of total load models is made below (Vetter, 1992): 
- stochastic and regression models (e.g. Einstein, 1950; Karim & Kennedy, 1983) 
- energy and power models (e.g. Engelund and Hansen, 1967; Yang, 1973) 
- shear stress models (e.g. Zanke, 1982; van Rijn, 1984a, 1984b) 
Additionally, Einstein and van Rijn calculate bed load and suspended load separately. 
Sediment transport is considered by Einstein (1950) as probability problem. The probability 
that a grain will be lifted, is related with two dimensionless parameters: the intensity of bed 
load transport and the shear intensity of the flow. The Total Load Transport Model (TLTM) 
of Karim and Kennedy (1983) contains two multiple regression equations that compute the 
dimensionless total load transport and the dimensionless mean flow velocity as functions of 
different auxiliary dimensionless parameters. 
Engelund and Hansen (1967) compare the rate of energy needed in lifting the grains with 
the rate of work being done by the resistance forces to the transported grains in the same 
time. Finally, they result to a relationship between the dimensionless total load transport 
and a dimensionless mobility parameter. According to Yang (1973), the “unit stream 
power”, namely the mean flow velocity – energy slope product, is the basic parameter for 
the description of sediment transport. By means of a multiple regression, he results to a 
relationship between the total sediment concentration and the dimensionless effective unit 
stream power, among other dimensionless parameters. It is noted that the effective unit 
stream power is the difference between the dominant unit stream power and its critical 
value characterizing the incipient motion. 
According to Zanke (1982), bed load transport and suspended load transport are functions 
of the difference between the existing shear velocity and its critical value characterizing the 
incipient motion. Particulary for the suspended load transport, the critical shear velocity for 
the lifting of the grains to the suspension zone is taken additionally into account. In the 
model of van Rijn (1894), two dimensionless parameters characterizing the grain diameter 
and the incipient motion, respectively, dominate. The incipient motion is designated by the 
difference between the existing shear velocity and its critical value.  

4. Mathematical simulation model 
As mentioned before, the mathematical simulation model consists of three submodels: (a) a 
rainfall-runoff submodel, (b) a soil erosion submodel, and (c) a stream sediment transport 
submodel. 
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In order to realize the connection of the submodels with each other, the input and output of 
each submodel are summarized below: 
- The input of the rainfall-runoff submodel is the rainfall depth in each sub-basin, while 

the output is the runoff depth in each sub-basin. 
- The input of the soil erosion submodel is the rainfall depth and the runoff depth in each 

sub-basin, while the output is the soil erosion amount in each sub-basin and the 
inflowing sediment quantity from the surrounding sub-basin into the main stream of 
the sub-basin considered. 

- The input of the stream sediment transport submodel is the inflowing sediment 
quantity into the main stream of the sub-basin considered from the surrounding sub-
basins, while the output is the sediment yield at the outlet of the sub-basin 
considered. 

In the following sections, the submodels used in the four case studies are described 
shortly. 

4.1 Hydrological submodels 
4.1.1 Rainfall-runoff submodel of Lutz 
The rainfall-runoff submodel of Lutz (1984) predicts rainfall excess for a given storm by 
using region-dependent and event-dependent parameters. Region-dependent parameters 
are the land use and the hydrological soil group which reflects the infiltration rate. 
The model of Lutz is expressed mathematically by the following equation: 

 o vk(h A )
o v

ch (N A )c [e 1]
k

       (1) 

where 
oh : daily rainfall excess (mm) 

N : daily rainfall depth (mm) 
vA : initial abstraction consisting mainly of interception, infiltration and surface storage and 

depending on the land use (mm) 
c : maximum end runoff coefficient expected for a rainfall depth of about 250 mm and 
depending on the land use  and the hydrological soil group 
k : proportionality factor (1/mm) which is given by the following equation: 

 B2.0/q2.0/WZ
1k P e e   (2) 

where 
1P : region-dependent parameter 

WZ : week number which designates the season 
Bq : baseflow rate which designates the antecedent moisture condition [l/(s km2)] 

Another typical parameter required to estimate soil erosion resulting from runoff is the peak 
runoff rate. The following formula developed by the US Soil Conservation Service (SCS) is 
used to determine the peak runoff rate from a sub-basin (Huggins & Burney, 1982): 
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where 
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pq : peak runoff rate (m3/s) 
EA : sub-basin area (km2) 
oh : rainfall excess (mm) 
AT : time of rise of the hydrograph (hr) 

This formula is based upon the SCS triangular hydrograph analysis procedure for 
approximating the manner in which an incremental volume of rainfall excess is translated 
into a time distribution of runoff at the sub-basin’s outlet. 

4.1.2 Rainfall-runoff submodel of water balance 
The hydrologic submodel described in this section is a simplified water balance model 
(Giakoumakis et al., 1991), in which the variation of soil moisture due to rainfall, 
evapotranspiration, deep percolation and runoff is considered. The basic balancing equation is: 

 n n 1 n pnS S N E
      (4) 

where 
n 1S  : available soil moisture for the time step n 1  (mm) 
nN : rainfall depth for the time step n  (mm)  

pnE : potential evapotranspiration for the time step n  (mm) 
nS  : auxiliary variable (mm) 

The direct runoff depth onh  (mm) and the deep percolation nIN  (mm) for the time step n  
can be evaluated as follows: 
If nS 0  , then nS 0 , onh 0  and nIN 0   
If n max0 S S  , then n nS S  , onh 0  and nIN 0  
If n maxS S  , then n maxS S , on n maxh k(S S )   and n n maxIN k (S S )  , 
where k  and k  are proportionality coefficients ( k 1 k   ). 
According to the structure of the above hydrologic submodel, oh  represents the sum of 
surface runoff depth and interflow depth. The auxiliary variable nS   includes the 
quantitative influence of rainfall and potential evapotranspiration for the considered time 
step n  on the available soil moisture for the preceding time step n 1 . nS   is compared 
with the maximum available soil moisture maxS  in order to estimate the runoff and the deep 
percolation for the considered time step. 
The maximum available soil moisture maxS  (mm) is estimated by the following relationship 
of US Soil Conservation Service (SCS, 1972): 

 max
1000S 25.4( 10)
CN

    (5) 

where CN  is the curve number depending on the soil cover, the hydrologic soil group and 
the antecedent soil moisture conditions ( 0 CN 100)  . 
Finally, the potential evapotranspiration pE  is estimated by the radiation method improved 
by Doorenbos & Pruitt (1977). For this purpose, the following meteorological data are 
required: mean daily temperature (oC), sunlight hours per day (hr/day), mean daily relative 
humidity (%) and mean daily wind velocity (m/s). 
The rainfall-runoff submodel described above is applicable on a long-term basis, e.g. on a 
monthly basis, because it is based on a water balance equation. Performing the calculations 
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In order to realize the connection of the submodels with each other, the input and output of 
each submodel are summarized below: 
- The input of the rainfall-runoff submodel is the rainfall depth in each sub-basin, while 

the output is the runoff depth in each sub-basin. 
- The input of the soil erosion submodel is the rainfall depth and the runoff depth in each 

sub-basin, while the output is the soil erosion amount in each sub-basin and the 
inflowing sediment quantity from the surrounding sub-basin into the main stream of 
the sub-basin considered. 

- The input of the stream sediment transport submodel is the inflowing sediment 
quantity into the main stream of the sub-basin considered from the surrounding sub-
basins, while the output is the sediment yield at the outlet of the sub-basin 
considered. 

In the following sections, the submodels used in the four case studies are described 
shortly. 

4.1 Hydrological submodels 
4.1.1 Rainfall-runoff submodel of Lutz 
The rainfall-runoff submodel of Lutz (1984) predicts rainfall excess for a given storm by 
using region-dependent and event-dependent parameters. Region-dependent parameters 
are the land use and the hydrological soil group which reflects the infiltration rate. 
The model of Lutz is expressed mathematically by the following equation: 
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where 
oh : daily rainfall excess (mm) 

N : daily rainfall depth (mm) 
vA : initial abstraction consisting mainly of interception, infiltration and surface storage and 

depending on the land use (mm) 
c : maximum end runoff coefficient expected for a rainfall depth of about 250 mm and 
depending on the land use  and the hydrological soil group 
k : proportionality factor (1/mm) which is given by the following equation: 
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where 
1P : region-dependent parameter 

WZ : week number which designates the season 
Bq : baseflow rate which designates the antecedent moisture condition [l/(s km2)] 

Another typical parameter required to estimate soil erosion resulting from runoff is the peak 
runoff rate. The following formula developed by the US Soil Conservation Service (SCS) is 
used to determine the peak runoff rate from a sub-basin (Huggins & Burney, 1982): 
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pq : peak runoff rate (m3/s) 
EA : sub-basin area (km2) 
oh : rainfall excess (mm) 
AT : time of rise of the hydrograph (hr) 

This formula is based upon the SCS triangular hydrograph analysis procedure for 
approximating the manner in which an incremental volume of rainfall excess is translated 
into a time distribution of runoff at the sub-basin’s outlet. 

4.1.2 Rainfall-runoff submodel of water balance 
The hydrologic submodel described in this section is a simplified water balance model 
(Giakoumakis et al., 1991), in which the variation of soil moisture due to rainfall, 
evapotranspiration, deep percolation and runoff is considered. The basic balancing equation is: 
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where 
n 1S  : available soil moisture for the time step n 1  (mm) 
nN : rainfall depth for the time step n  (mm)  

pnE : potential evapotranspiration for the time step n  (mm) 
nS  : auxiliary variable (mm) 

The direct runoff depth onh  (mm) and the deep percolation nIN  (mm) for the time step n  
can be evaluated as follows: 
If nS 0  , then nS 0 , onh 0  and nIN 0   
If n max0 S S  , then n nS S  , onh 0  and nIN 0  
If n maxS S  , then n maxS S , on n maxh k(S S )   and n n maxIN k (S S )  , 
where k  and k  are proportionality coefficients ( k 1 k   ). 
According to the structure of the above hydrologic submodel, oh  represents the sum of 
surface runoff depth and interflow depth. The auxiliary variable nS   includes the 
quantitative influence of rainfall and potential evapotranspiration for the considered time 
step n  on the available soil moisture for the preceding time step n 1 . nS   is compared 
with the maximum available soil moisture maxS  in order to estimate the runoff and the deep 
percolation for the considered time step. 
The maximum available soil moisture maxS  (mm) is estimated by the following relationship 
of US Soil Conservation Service (SCS, 1972): 

 max
1000S 25.4( 10)
CN
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where CN  is the curve number depending on the soil cover, the hydrologic soil group and 
the antecedent soil moisture conditions ( 0 CN 100)  . 
Finally, the potential evapotranspiration pE  is estimated by the radiation method improved 
by Doorenbos & Pruitt (1977). For this purpose, the following meteorological data are 
required: mean daily temperature (oC), sunlight hours per day (hr/day), mean daily relative 
humidity (%) and mean daily wind velocity (m/s). 
The rainfall-runoff submodel described above is applicable on a long-term basis, e.g. on a 
monthly basis, because it is based on a water balance equation. Performing the calculations 
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on a monthly time basis may be justified by the fact that the rainfall in most rain days of a 
year in some countries (e.g. Cyprus, Greece) is not particularly high. Furthermore, it is usual 
to express the evapotranspiration in monthly or annual values, because the 
evapotranspiration in this case can also be calculated empirically with a good 
approximation (Hrissanthou, 2002).  

4.2 Soil erosion submodels 
4.2.1 Universal Soil Loss Equation (USLE) 
The classical form of the USLE (Wischmeier & Smith, 1978) is: 

 A RK(LS)CP   (6) 
where 
A : soil loss due to surface erosion (t/ha) 
R : rainfall erosivity factor (N/hr) 
K : soil erodibility factor [(t/ha)/(N/hr)] 
LS : topographic factor 
C : crop management factor 
P : erosion control practice factor 
The USLE is intended to estimate average soil loss over an extended period, e.g. mean 
annual soil loss (Foster, 1982). However, only raindrop impact is taken into account in this 
equation to estimate soil loss. An improved erosivity factor was introduced by Foster et al. 
(1977) to take also into account the runoff shear stresses effect on soil detachment for single 
storms: 

 0.33
st R st o pR 0.5R 0.5R 0.5R 0.5 h q       (7) 

where 
R : modified erosivity factor (N/hr) 

stR : rainfall erosivity factor (N/hr) 
RR : runoff erosivity factor (N/hr) 
oh : runoff volume per unit area (mm) 
pq : peak runoff rate per unit area (mm/hr) 

 : a constant depending on the units ( 0.70  ) 

4.2.2 Soil erosion submodel of Schmidt 
The soil erosion submodel of Schmidt (1992) is based on the assumption that the impact of 
droplets on the soil surface and the surface runoff are proportional to the momentum flux 
contained in the droplets and the runoff, respectively. 
The momentum flux exerted by the falling droplets, r  (kg m/s2), is given by: 

 r E rCr A u sin       (8)   
where 
C : soil cover factor 
r : rainfall intensity (m/s) 
 : water density (kg/m3) 
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EA : sub-basin area (m2) 
ru : mean fall velocity of the droplets (m/s) 

 : mean slope angle of the soil surface (o) 
The original relationship of Schmidt for the momentum flux exerted by the droplets is valid 
for bare soils. Therefore, an additional factor is necessary to express the decrease of the 
momentum flux because of the vegetation. It is believed that the dimensionless crop 
management factor C  of the USLE is appropriate to express the vegetation influence. 
The fall velocity of the droplets, ru  (m/s), is a function of the rainfall intensity r  (mm/hr) 
according to the following equation (Schmidt, 1992): 

 0.12
ru 4.5r   (9) 

The momentum flux exerted by the runoff, f  (kg m/s2), is given by: 

 f q bu     (10) 
where 
q : direct runoff rate per unit width [m3/(s m)] 
b : width of the sub-basin area (m) 
u : mean flow velocity (m/s) 
The mean flow velocity u  can be obtained from the well-known Manning formula, while 
the runoff rate per unit width q  can be calculated from the mean flow velocity u  and the 
runoff depth oh , which is assumed to be uniformly distributed over a sub-basin. 
The structure of Equations (8) and (10) indicates that the model of Schmidt is based on 
fundamental physical concepts. Nevertheless, the basic variable ru  is evaluated by the 
empirical Equation (9).   

4.3 Estimate of sediment inflow into the main stream of a sub-basin 
Sediment from the soil erosion transported to the main stream of a sub-basin is computed 
by the concept of overland flow sediment transport capacity. At this point, it must be noted 
that only the main stream of the sub-basin is considered because large amounts of 
unavailable data for the geometry and hydraulics of the entire stream system would 
otherwise be required. 
The amount of sediment due to soil erosion transported to the main stream of a sub-basin, 
ES , is estimated by means of the following controls: If the available sediment in a sub-basin, 

rfq , exceeds overland flow sediment transport capacity tq , deposition occurs, and the 
sediment transported to the main stream of the sub-basin equals sediment transport 
capacity. If the available sediment in a sub-basin is less than overland flow sediment 
transport capacity and if the flow’s erosive forces exceed the resistance of the soil to 
detachment by flow, detachment occurs; in this case, sediment transported to the main 
stream of the sub-basin equals the available sediment. It is symbolized by the following 
relationships: 

 tES q ,   if rf tq q  (11) 

 rfES q ,   if rf tq q   (12) 
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on a monthly time basis may be justified by the fact that the rainfall in most rain days of a 
year in some countries (e.g. Cyprus, Greece) is not particularly high. Furthermore, it is usual 
to express the evapotranspiration in monthly or annual values, because the 
evapotranspiration in this case can also be calculated empirically with a good 
approximation (Hrissanthou, 2002).  

4.2 Soil erosion submodels 
4.2.1 Universal Soil Loss Equation (USLE) 
The classical form of the USLE (Wischmeier & Smith, 1978) is: 

 A RK(LS)CP   (6) 
where 
A : soil loss due to surface erosion (t/ha) 
R : rainfall erosivity factor (N/hr) 
K : soil erodibility factor [(t/ha)/(N/hr)] 
LS : topographic factor 
C : crop management factor 
P : erosion control practice factor 
The USLE is intended to estimate average soil loss over an extended period, e.g. mean 
annual soil loss (Foster, 1982). However, only raindrop impact is taken into account in this 
equation to estimate soil loss. An improved erosivity factor was introduced by Foster et al. 
(1977) to take also into account the runoff shear stresses effect on soil detachment for single 
storms: 
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RR : runoff erosivity factor (N/hr) 
oh : runoff volume per unit area (mm) 
pq : peak runoff rate per unit area (mm/hr) 
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4.2.2 Soil erosion submodel of Schmidt 
The soil erosion submodel of Schmidt (1992) is based on the assumption that the impact of 
droplets on the soil surface and the surface runoff are proportional to the momentum flux 
contained in the droplets and the runoff, respectively. 
The momentum flux exerted by the falling droplets, r  (kg m/s2), is given by: 
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C : soil cover factor 
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EA : sub-basin area (m2) 
ru : mean fall velocity of the droplets (m/s) 

 : mean slope angle of the soil surface (o) 
The original relationship of Schmidt for the momentum flux exerted by the droplets is valid 
for bare soils. Therefore, an additional factor is necessary to express the decrease of the 
momentum flux because of the vegetation. It is believed that the dimensionless crop 
management factor C  of the USLE is appropriate to express the vegetation influence. 
The fall velocity of the droplets, ru  (m/s), is a function of the rainfall intensity r  (mm/hr) 
according to the following equation (Schmidt, 1992): 

 0.12
ru 4.5r   (9) 

The momentum flux exerted by the runoff, f  (kg m/s2), is given by: 

 f q bu     (10) 
where 
q : direct runoff rate per unit width [m3/(s m)] 
b : width of the sub-basin area (m) 
u : mean flow velocity (m/s) 
The mean flow velocity u  can be obtained from the well-known Manning formula, while 
the runoff rate per unit width q  can be calculated from the mean flow velocity u  and the 
runoff depth oh , which is assumed to be uniformly distributed over a sub-basin. 
The structure of Equations (8) and (10) indicates that the model of Schmidt is based on 
fundamental physical concepts. Nevertheless, the basic variable ru  is evaluated by the 
empirical Equation (9).   

4.3 Estimate of sediment inflow into the main stream of a sub-basin 
Sediment from the soil erosion transported to the main stream of a sub-basin is computed 
by the concept of overland flow sediment transport capacity. At this point, it must be noted 
that only the main stream of the sub-basin is considered because large amounts of 
unavailable data for the geometry and hydraulics of the entire stream system would 
otherwise be required. 
The amount of sediment due to soil erosion transported to the main stream of a sub-basin, 
ES , is estimated by means of the following controls: If the available sediment in a sub-basin, 

rfq , exceeds overland flow sediment transport capacity tq , deposition occurs, and the 
sediment transported to the main stream of the sub-basin equals sediment transport 
capacity. If the available sediment in a sub-basin is less than overland flow sediment 
transport capacity and if the flow’s erosive forces exceed the resistance of the soil to 
detachment by flow, detachment occurs; in this case, sediment transported to the main 
stream of the sub-basin equals the available sediment. It is symbolized by the following 
relationships: 

 tES q ,   if rf tq q  (11) 

 rfES q ,   if rf tq q   (12) 
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However, sediment from the preceding sub-basin, FLI , is also transported to the sub-basin 
under consideration. The total sediment transported to the main stream of the sub-basin, 
ESI , is therefore: 

 ESI ES FLI   (13) 

4.3.1 Relationships of Beasley et al.  
The following relationships of Beasley et al. (1980) are used to compute the overland flow 
sediment transport capacity in a sub-basin: 

 1/2
tq 146sq   for q 0.046  m3/(min m)  (14) 

 2
tq 14600sq   for q 0.046  m3/(min m)  (15) 

where 
tq : overland flow sediment transport capacity [kg/(min m)] 

s : mean slope gradient 
q : flow rate per unit width [m3/(min m)] 
The first equation is valid for laminar flow and the second for turbulent flow. The 
relationships of Beasley et al. (1980) are based upon the equation developed by Yalin (1963), 
who assumed that the mechanism of sediment transport by a shallow flow, e.g. by the 
overland flow, is similar to the mechanism of bed load transport in channels and that a 
critical shear stress exists acting on the soil at the beginning of sediment transport. 
Since the relationships of Beasley et al. (1980) are combined with USLE, the quantity rfq  is 
computed on the basis of the soil erosion amount A.  

4.3.2 Relationships of Schmidt 
The available sediment discharge per unit width, rfq  [kg/(s m)], due to rainfall and runoff, 
in a sub-basin is given by (Schmidt, 1992): 
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cr : critical momentum flux (kg m/s2) 
The critical momentum flux cr , which designates the soil erodibility, can be calculated 
from: 
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where crq  [m3/(s m)] is the direct runoff rate per unit width at initial erosion. 
The critical runoff rate crq  is determined from the critical erosion velocity depending on soil 
roughness. Equation (17) suggests the concept of critical situation characterizing the 
initiation of sediment motion on the soil surface. 
The sediment transport capacity by overland flow, tq  [kg/(s m)], is computed as follows 
(Schmidt, 1992): 
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 t max sq c q    (19) 
where 

maxc : concentration of suspended particles at transport capacity (m3/m3) 
s : sediment density (kg/m3) 

The concentration maxc  results from the equation (Schmidt, 1992; Hrissanthou, 2002): 
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where w  (m/s) is the terminal fall velocity of suspended particles. 
Equation (20) is obtained from the equilibrium condition between the vertical component of 
the total momentum flux [ r f( )sin    ] and the critical momentum flux of the suspended 
particles 2

max s E(c A w ) . The critical momentum flux results by multiplying the mass rate of 
settling particles max s E(c A w)  by the settling velocity w . If the critical momentum flux is 
exceeded, the particles do not remain in suspension. The equilibrium condition is valid 
when the sediment transport capacity is achieved 
The sediment supply ES  to the main stream of a sub-basin is estimated by means of 
Equation (11) or (12), as described above. 

4.4 Estimate of sediment yield at the outlet of a sub-basin 
The sediment yield at the outlet of a sub-basin, FLO , reflects the same basic controls as the 
sediment supply ES  from soil erosion: 
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where tsq  is the sediment transport capacity by streamflow. In the first case, if the available 
sediment in the main stream of the considered sub-basin, ESI , exceeds sediment transport 
capacity by streamflow, tsq , deposition occurs. In the second case, if the available sediment 
ESI  is less than sediment transport capacity by streamflow, tsq , bed detachment may occur. 

4.4.1 Relationships of Yang & Stall 
The following relationships of Yang & Stall (1976) are used to compute sediment transport 
capacity by streamflow: 
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However, sediment from the preceding sub-basin, FLI , is also transported to the sub-basin 
under consideration. The total sediment transported to the main stream of the sub-basin, 
ESI , is therefore: 

 ESI ES FLI   (13) 

4.3.1 Relationships of Beasley et al.  
The following relationships of Beasley et al. (1980) are used to compute the overland flow 
sediment transport capacity in a sub-basin: 
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where 
tc : total sediment concentration (ppm) 

w : terminal fall velocity of suspended particles (m/s) 
50D : median grain diameter of the bed material (m) 

 : kinematic viscosity of the water (m2/s) 
*u : shear velocity (m/s) 

u : mean flow velocity (m/s) 
cru : critical mean flow velocity (m/s) 

s : energy slope 
Equation (23) was determined from the concept of unit stream power (rate of potential 
energy expenditure per unit weight of water, us ) and dimensional analysis. The variable 

cru  in Equation (23) suggests that a critical situation is considered at the beginning of 
sediment particle motion, as in most sediment transport equations. But the relationship of 
Yang and Stall has the advantage, in contrast to other published equations, that it was 
verified in natural rivers. 

5. Application of the mathematical model to artificial or natural lakes 
5.1 Application to the basin of Forggensee Reservoir 
The mathematical model, consisting of the rainfall-runoff submodel of Lutz, the USLE and 
the stream sediment transport submodel of Yang & Stall, was applied to the 1500 km2 basin 
of the Forggensee Resrvoir (Bavaria, Germany). The storage capacity of the reservoir is 168 x 
106 m3. The largest part of the basin is in Austria and the main stream is the Lech River. The 
basin consists mainly of forest (36%), of meadow (49%), and of rock (11%) over 2000 m in 
altitude (Fig. 1, Hrissanthou, 1990). Information about the soil texture class was available 
only for a small part of the basin where it consists of loamy sand, sandy loam, and clay 
loam.  
The following data were available: 
- daily rainfall amounts from five rainfall stations in the basin for 12 years (1966-1977); 
- suspended load at the outlet of the basin for these same 12 years, on a daily basis. 
The quantification of the runoff, erosion and sediment transport processes can be made 
more exact, if it is applied to small land areas. The specification of the size of the sub-areas is 
the result of a compromise between the following conflicting criteria: 
- the precision of the calculations and results; 
- the effort and time available for the performance of the calculations. 
The smaller the area and time unit the more exact the calculations and results will be and 
the greater the effort and time that will be required for the performance of the calculations. 
According to the above considerations, the study basin was divided into 88 natural sub-
basins (Fig. 2), about 25 km2 in area. 
Sediment yield at the outlet of the basin was computed by the model on a daily basis 
because the rainfall amounts (input data) were available on a daily basis. Apart from this, 
the selection of the “day” as the time unit in the calculations is a very good approximation 
of the sediment delivery problem of a large basin. 
It was assumed that uniform conditions exist in each sub-basin and that steady conditions 
exist throughout each day for the runoff and erosion processes. Daily rainfall occurrences 
were treated as individual storm events. 
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The application of the mathematical model requires the use of a sediment transport routing 
plan, which specifies the sediment motion from sub-basin to sub-basin. 
Regarding the application of USLE to the basin considered, the tables of Schwertmann 
(1981), which are valid especially for Bavaria, were used for the evaluation of the factors K , 
C  and P .  
The rainfall erosivity factor is defined as the product of two rainstorm characteristics: kinetic 
energy and the maximum 30-min intensity. The computation of this factor for a rainfall 
event requires a continuous record of rainfall intensity. Only daily rainfall amounts were, 
however, available for the example basin. A regression analysis was therefore used to 
estimate the factor stR  as a function of the daily rainfall amount. Data for the rainfall 
erosivity factor and rainfall amount were available from a small basin (   14 km2) in the 
neighbouring state of Baden-Württemberg.  
The topographic factor LS  was evaluated as a function of the slope gradient and slope 
length (Wischmeier & Smith, 1978). In addition to the tables of Schwertmann, soil, 
topographic and vegetation maps were required for estimating the K , LS  and C  factors. 
The USLE was developed for small agricultural fields; therefore, the application of this 
equation to large areas, e.g. the sub-basins of this example, results in only a rough estimate 
of soil erosion. Moreover, USLE and any equation for classical erosion due to rainfall and 
runoff are not appropriate to be applied to rock areas without vegetation. As mentioned 
before, a part (11%) of the basin area consists of rock without vegetation, over 2000 m in 
altitude.  
In Fig. 2, the mean annual erosion amount (t/ha) in each sub-basin is given. 
Sediment yield at the outlet of the basin considered was computed by the mathematical 
model on a daily basis. The daily values of sediment yield were added to produce the 
annual value of sediment yield at the outlet of the basin. These computed annual values of 
sediment yield due to soil and stream bed erosion were compared with the measured values 
of “annual suspended load” plus “annual bed load” at the outlet of the basin. Annual bed 
load was assumed to be 20% of the annual suspended load (Schrӧder & Theune, 1984). 
The ratios of the computed annual values of sediment yield, associated with soil and stream 
bed erosion, to the measured values of sediment yield at the outlet of the whole basin are 
presented in Table 1 (Hrissanthou, 1988). 
A sensitivity analysis showed that rainfall amount and sub-basin area strongly affect daily 
sediment yield at the outlet of the whole basin. 
 

Year Measured 
value 

(t) 

Computed 
value/ 

Measured 
value 

Year Measured 
value 

(t) 

Computed 
value/ 

Measured 
value 

1966 585 600 1.46 1972 79 046 5.30 
1967 351 600 2.45 1973 408 352 1.23 
1968 374 400 1.78 1974 324 037 2.48 
1969 246 000 1.74 1975 745 586 0.91 
1970 1 165 200 0.88 1976 315 772 1.36 
1971 326 052 1.59 1977 312 025 2.18 

Table 1. Ratio of computed to measured values of sediment yield 



 
Sediment Transport in Aquatic Environments 

 

242 

where 
tc : total sediment concentration (ppm) 

w : terminal fall velocity of suspended particles (m/s) 
50D : median grain diameter of the bed material (m) 

 : kinematic viscosity of the water (m2/s) 
*u : shear velocity (m/s) 

u : mean flow velocity (m/s) 
cru : critical mean flow velocity (m/s) 

s : energy slope 
Equation (23) was determined from the concept of unit stream power (rate of potential 
energy expenditure per unit weight of water, us ) and dimensional analysis. The variable 
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The quantification of the runoff, erosion and sediment transport processes can be made 
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the result of a compromise between the following conflicting criteria: 
- the precision of the calculations and results; 
- the effort and time available for the performance of the calculations. 
The smaller the area and time unit the more exact the calculations and results will be and 
the greater the effort and time that will be required for the performance of the calculations. 
According to the above considerations, the study basin was divided into 88 natural sub-
basins (Fig. 2), about 25 km2 in area. 
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of the sediment delivery problem of a large basin. 
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Fig. 1. Soil cover map of the basin of Forggensee Reservoir 

 
Computation of Lake or Reservoir Sedimentation in Terms of Soil Erosion 

 

245 

 
Fig. 2. Mean annual erosion amount (t/ha) in each sub-basin (years: 1966-1977) 

5.1.1 Discussion - conclusions 
The arithmetic results are satisfactory considering the large basin area and the fact that the 
computation was performed on a daily basis and that no rainfall, runoff or sediment yield 
data were available for the sub-basins. These results are much better than those obtained for 
the same example when only soil erosion was taken into account and the whole basin was 
subdivided into sub-areas by means of a quadrangular grid (Hrissanthou, 1986). 
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Fig. 2. Mean annual erosion amount (t/ha) in each sub-basin (years: 1966-1977) 
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computation was performed on a daily basis and that no rainfall, runoff or sediment yield 
data were available for the sub-basins. These results are much better than those obtained for 
the same example when only soil erosion was taken into account and the whole basin was 
subdivided into sub-areas by means of a quadrangular grid (Hrissanthou, 1986). 



 
Sediment Transport in Aquatic Environments 

 

246 

The rainfall, runoff, soil detachment, deposition and transport processes in the large basin 
area were not considered in detail, but rather in a macroscopic way. It implies, for example, 
that soil deposition occurs, according to the model, in sub-basins with very low slope 
gradients or in streams with very low bed slopes. In the other sub-basins or streams, with 
greater slopes, all the detached soil mass is transported to the main streams of the sub-
basins or to the next sub-basins. 
Gully and bank erosion, as well as mass movement were ignored because no information 
was available about these kinds of erosion. Snowmelt runoff, glacial and snow erosion were 
not quantified because the research was focused on the classical soil erosion due to rainfall 
and runoff.  
Finally, in this example, the comparison between computed and measured values of 
sediment yield at the outlet of the entire basin was made on an annual basis, although the 
calculations were performed on a daily basis. The following reasons are given for using an 
annual basis for the comparison: 
- the very long sediment travel times from the outlets of the most sub-basins to the outlet 

of the whole basin; 
- the problems of using a total daily rainfall amount; 
- the lack of runoff and sediment yield data in the sub-basins. 
These reasons render the precise computation of daily sediment yield at the outlet of the 
whole basin difficult. The addition of the daily values of sediment yield at the outlet of the 
basin causes a decrease in the differences between computed and measured values of 
sediment yield. 

5.2 Application to the basin of Yermasoyia Reservoir 
The mathematical model, consisting of the rainfall-runoff submodel of water balance, the 
soil erosion submodel of Schmidt and the stream sediment transport submodel of Yang and 
Stall, was applied to the basin of Yermasoyia Reservoir. The Yermasoyia Reservoir is located 
northeast of the town of Limassol, Cyprus. The storage capacity of the reservoir is 13 x 106 
m3. The Yermasoyia River drains a basin that, upstream of the reservoir, amounts to 122.5 
km2. The length of the main stream of the basin is about 25 km, and the highest altitude of 
the basin is about 1400 m. The basin which consists of forest (57.7%), bush (33.7%), 
cultivated land (5.8%), urban area (1.8%) and an area with no significant vegetation (1%) 
(Fig. 3), was divided into four natural sub-basins for more precise calculations (Fig. 4, 
Hrissanthou, 2006).  The sub-basin areas vary between 14 and 44 km2. 
The soils of the basin belong to the following types: Calcaric Cambisols, Eutric Cambisols, 
Eutric Regosols, Calcaric Lithosols, and Eutric Lithosols. These soil types were further 
divided into three categories: permeable (Calcaric Cambisols, Eutric Cambisols), semi-
permeable (Eutric Regosols) and impermeable (Calcaric Lithosols, Eutric Lithosols) soils, 
because the above distinction is necessary for the estimate of the curve number in the 
hydrologic submodel. 
Daily rainfall data for four years (1986-1989) from three rainfall stations were available. The 
mean annual rainfall at these stations amounts to 662 mm. Additionally, mean daily values 
of air temperature and relative air humidity and daily values of sunlight hours for the above 
four years were available from a meteorological station. Mean daily values of wind velocity 
only for one year (1988) were obtained from the same meteorological station. 
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Monthly runoff volumes for the years 1986-1989 were available from a water gauging 
station, named “Phinikaria” and located at the outlet of sub-basin 3 (Fig. 4). The basin area 
corresponding to the gauging station amounts to 108 km2. 
Finally, the distribution of mean annual erosion rates over the island of Cyprus was 
obtained from the Water Development Department (Nicosia, Cyprus). According to this 
authority, the erosion rates have been deduced and assigned to the various geomorphologic 
areas of Cyprus on the basis of existing, randomly obtained, suspended sediment samples 
and mainly on the basis of estimates derived by surveying three dams. 
The mathematical model was applied to each sub-basin separately and on a monthly time 
basis for a certain year.  The monthly values of sediment yield at the basin outlet resulting 
from the model for a given year were added to produce the annual value of sediment yield 
YA  due to soil and stream bed erosion. The annual soil erosion amount for the whole basin 
is symbolized with YD . The ratio of YA  to YD  is called the sediment delivery ratio DR . 
The computational results for YA , YD  and DR  for the years 1986-1989 are shown in Table 2. 
Table 2 contains also the measured and computed annual values of runoff volume VO  at 
the outlet of sub-basin 3 (Fig. 4), as well as the ratio of computed to measured annual values 
VR . The computed values of runoff volume result from the hydrologic submodel.  
 
 

Year YD  (t) YA  (t) DR  (%) 
Measured 

VO  
 (106 m3) 

Computed 
VO   

(106 m3) 
VR  

1986 113 000 32 000 28 8.0 9.7 1.2 

1987 673 000 224 000 33 19.6 24.6 1.3 

1988 618 000 238 000 38 24.7 25.4 1.0 

1989 108 000 30 000 28 16.3 9.3 0.6 

Mean 
value 378 000 131 000 32 17.2 17.3 1.0 

 

Table 2. Computational results for YD , YA  and DR ; annual values of computed and 
measured runoff volume 

The mean annual value of YD , 378 000 t, is transformed into the mean annual rate of soil 
erosion, 1.16 mm. The latter value is 1.7 times higher than the corresponding estimated 
value of 0.70 mm (Water Development Department, Nicosia, Cyprus). This estimated value 
is assigned to areas with igneous rocks, steep slopes and rainfall rates of the order of 600-800 
mm/year, covered by forest, brush and with little cultivation. These climatic and 
physiographic conditions are fulfilled by the basin of Yermasoyia Reservoir. 
According to the classical diagram of Brune (1953), the trap efficiency of Yermasoyia 
Reservoir is 100%. This means that all of the sediment yield at the basin outlet is deposited 
in the reservoir. Considering the storage capacity of the reservoir (13.6 x 106 m3), its useful 
life thus amounts to 193 years. 
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m3. The Yermasoyia River drains a basin that, upstream of the reservoir, amounts to 122.5 
km2. The length of the main stream of the basin is about 25 km, and the highest altitude of 
the basin is about 1400 m. The basin which consists of forest (57.7%), bush (33.7%), 
cultivated land (5.8%), urban area (1.8%) and an area with no significant vegetation (1%) 
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Daily rainfall data for four years (1986-1989) from three rainfall stations were available. The 
mean annual rainfall at these stations amounts to 662 mm. Additionally, mean daily values 
of air temperature and relative air humidity and daily values of sunlight hours for the above 
four years were available from a meteorological station. Mean daily values of wind velocity 
only for one year (1988) were obtained from the same meteorological station. 
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Monthly runoff volumes for the years 1986-1989 were available from a water gauging 
station, named “Phinikaria” and located at the outlet of sub-basin 3 (Fig. 4). The basin area 
corresponding to the gauging station amounts to 108 km2. 
Finally, the distribution of mean annual erosion rates over the island of Cyprus was 
obtained from the Water Development Department (Nicosia, Cyprus). According to this 
authority, the erosion rates have been deduced and assigned to the various geomorphologic 
areas of Cyprus on the basis of existing, randomly obtained, suspended sediment samples 
and mainly on the basis of estimates derived by surveying three dams. 
The mathematical model was applied to each sub-basin separately and on a monthly time 
basis for a certain year.  The monthly values of sediment yield at the basin outlet resulting 
from the model for a given year were added to produce the annual value of sediment yield 
YA  due to soil and stream bed erosion. The annual soil erosion amount for the whole basin 
is symbolized with YD . The ratio of YA  to YD  is called the sediment delivery ratio DR . 
The computational results for YA , YD  and DR  for the years 1986-1989 are shown in Table 2. 
Table 2 contains also the measured and computed annual values of runoff volume VO  at 
the outlet of sub-basin 3 (Fig. 4), as well as the ratio of computed to measured annual values 
VR . The computed values of runoff volume result from the hydrologic submodel.  
 
 

Year YD  (t) YA  (t) DR  (%) 
Measured 

VO  
 (106 m3) 

Computed 
VO   

(106 m3) 
VR  

1986 113 000 32 000 28 8.0 9.7 1.2 

1987 673 000 224 000 33 19.6 24.6 1.3 

1988 618 000 238 000 38 24.7 25.4 1.0 

1989 108 000 30 000 28 16.3 9.3 0.6 

Mean 
value 378 000 131 000 32 17.2 17.3 1.0 

 

Table 2. Computational results for YD , YA  and DR ; annual values of computed and 
measured runoff volume 

The mean annual value of YD , 378 000 t, is transformed into the mean annual rate of soil 
erosion, 1.16 mm. The latter value is 1.7 times higher than the corresponding estimated 
value of 0.70 mm (Water Development Department, Nicosia, Cyprus). This estimated value 
is assigned to areas with igneous rocks, steep slopes and rainfall rates of the order of 600-800 
mm/year, covered by forest, brush and with little cultivation. These climatic and 
physiographic conditions are fulfilled by the basin of Yermasoyia Reservoir. 
According to the classical diagram of Brune (1953), the trap efficiency of Yermasoyia 
Reservoir is 100%. This means that all of the sediment yield at the basin outlet is deposited 
in the reservoir. Considering the storage capacity of the reservoir (13.6 x 106 m3), its useful 
life thus amounts to 193 years. 
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Fig. 3. Soil cover map of the basin of Yermasoyia Reservoir 
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Fig. 4. Main streams of the four sub-basins of Yermasoyia Reservoir basin 

5.2.1 Discussion - conclusions 
The measured mean annual runoff volume at the outlet of sub-basin 3 is slightly 
overestimated by the model. Generally, for models of the same structure as the model used 
in this example, the rainfall volume and the parameter curve number influence the monthly 
sediment yield at the basin outlet more strongly than the other input data (Hrissanthou, 
2002). 
The soil erosion submodel also overestimates the mean annual rate of soil erosion for the 
whole basin. At this point, it has to be noted that runoff resulting from the hydrologic 
submodel serves as input to the soil erosion submodel. Apart from that, the following 
factors also contribute to the deviation between the computed and the measured values of 
soil erosion: 
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- The equations for soil erosion described above are applied, in this study, to relatively 
small sub-basins, whereas they were developed initially for small experimental fields. 

- Snowmelt runoff, gully and bank erosion are neglected in this study. 
- The erosion measurements are indirect, as explained previously. 
The sediment inflow into the reservoir resulting from the stream sediment transport 
submodel is also overestimated, because the overestimated soil erosion quantity serves as 
input to the stream sediment transport submodel. Apart from that, it must be added that 
bank erosion was neglected in the stream sediment transport submodel. Moreover, in the 
present case study, the bed of the main streams of the sub-basins consists of sand and 
gravel, and the slope of the main streams of two sub-basins exceeds the application limit of 
the Yang formula, which is valid for sandy beds. 
The overestimation of the sediment inflow into the reservoir implies the underestimation of 
the useful life of the reservoir. In any case, there is no immediate and sharp danger of 
reservoir filling with sediments. 
The mean annual sediment inflow would be more reliable if the computations could be 
carried out for as many years as possible. Unfortunately, meteorological data were available 
only for four years. 
In the computations performed through the mathematical model, the sub-basin was the 
space unit and the month was the time unit. However, it has to be stressed that performing 
the calculations on an event basis is a reasonable way for the quantification of runoff, 
erosion and sediment transport processes, provided that pertinent detailed data are 
available. 
In the case of large basins, for which mean annual values of soil erosion and sediment yield 
are required, the monthly time basis of the computations constitutes a temporally detailed 
approach. Additionally, the computational experience has shown that performing the 
calculations on a daily time basis, especially in large basins, leads to a disagreement of high 
order between computed and measured daily values of sediment yield (Hrissanthou, 1990). 
In contrast, performing the calculations on a monthly time basis results in a relatively good 
agreement between the computed and measured monthly values of sediment yield, which is 
due to the integrating effect obtained through use of a sub-basin (as a space unit) and a long 
simulation period. However, the performance of the calculations on a monthly time basis 
has as the consequence that some variables of the model equations, e.g. the rainfall intensity, 
characterizing single storm events lose their physical meaning. 
Most parameters of the mathematical model used were estimated by means of tables and 
topographic, vegetation and soil maps. To take into account the diversity of the sub-basins 
with respect to soil, topography and vegetation, mean weighted values of the parameters for 
each sub-basin were computed. 
The proportionality coefficient k  of the rainfall-runoff submodel was determined on the 
basis of a value of 35.5% of the runoff coefficient (ratio of rainfall excess to rainfall). This 
value was estimated from the available rainfall and runoff volume data. 

5.3 Application to the basin of Kastoria Lake 
The mathematical model, consisting of the rainfall-runoff submodel of water balance, the 
soil erosion submodel of Schmidt and the stream sediment transport submodel of Yang and 
Stall, was applied to the basin of Kastoria Lake. Kastoria Lake is located in northwestern 
Greece, near the Albanian border. The mean water surface area of the lake is about 28 km2, 
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while the whole basin of the lake is about 253 km2. The soil cover of the basin consists of 
forest (29%), pasture (44%), cultivated area (24%) and urban area (3%). The highest altitude 
of the basin is about 1900 m. The rocks were divided into permeable (34%), impermeable 
(50%) and semi-permeable (16%).  
For a more precise computation of runoff, soil erosion and stream sediment transport, the 
whole basin was divided into ten natural sub-basins (Fig. 5). The area of the sub-basins 
varies between 2 and 64 km2. The mean soil slope of the sub-basins varies between 10 and 
49%, while the mean slope of the main streams of the sub-basins varies between 0.5 and 
13%.  
The main streams of the sub-basins located around Kastoria Lake transport both water and 
sediment into the lake. The inflowing sediment causes the reduction of the water volume 
capacity of the lake with time, endangering the existence of this environmental resource. 
The water volume inflowing into the lake through the streams originates mainly from the 
rainfall-runoff process in the sub-basins. Groundwater recharge contributes significantly to 
the volumetric budget of the lake, as well as to the budget of the whole basin. The sediment 
load reaching the lake arises from the soil erosion, due to rainfall and runoff, of the sub-
basins and from the stream bed erosion. 
The following data were available: 
- Monthly rainfall data from six rainfall stations for 33 hydrologic years (1961/62-

1993/94). 
- Monthly air temperature data from four meteorological stations for 33 hydrologic years 

(1961/62-1993/94). 
- Individual baseflow measurements in some streams discharging into the lake, for the 

years 1998 and 1999.            
The mean annual value of the rainfall amount from the six stations varies between 563 and 
876 mm. The air temperature data were used for the estimation of the potential 
evapotranspiration according to the method of Thornthwaite. The baseflow measurements 
belong to the input data of the stream sediment transport submodel. 
The mathematical model was applied to each sub-basin separately and for every month of a 
certain hydrologic year. The monthly values of total flow volume and sediment yield, due to 
soil and stream bed erosion, at the outlet of each sub-basin, resulting from the mathematical 
model for a certain hydrologic year, were added to produce the annual value of total flow 
volume vog  and sediment yield ya , respectively. As is well-known, the total flow volume 
is the sum of direct runoff volume and baseflow volume. The annual soil erosion amount for 
each sub-basin is symbolized with yd . The ratio of ya  to yd  is called the sediment 
delivery ratio ( dr ). 
In Table 3, the mean annual values of vog , ya  and yd  for 33 hydrologic years (1961/62-
1993/94), for the sub-basins, are given. In the same table, the ratio dr  of the mean annual 
values ya / yd  is contained (Hrissanthou et al., 2003). 
The mean annual value of soil erosion for the whole basin, YD , amounts to 881 000 t, while 
the mean annual value of sediment yield at the outlets of the sub-basins , YA , amounts to 
289 000 t. This means that the sediment delivery ratio for the whole basin, DR , is 33%. 
The general remarks of Section 5.2.1 concerning the application of the mathematical model 
to a relatively large basin, are also valid for the application of the model to the basin of 
Kastoria Lake. 
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while the whole basin of the lake is about 253 km2. The soil cover of the basin consists of 
forest (29%), pasture (44%), cultivated area (24%) and urban area (3%). The highest altitude 
of the basin is about 1900 m. The rocks were divided into permeable (34%), impermeable 
(50%) and semi-permeable (16%).  
For a more precise computation of runoff, soil erosion and stream sediment transport, the 
whole basin was divided into ten natural sub-basins (Fig. 5). The area of the sub-basins 
varies between 2 and 64 km2. The mean soil slope of the sub-basins varies between 10 and 
49%, while the mean slope of the main streams of the sub-basins varies between 0.5 and 
13%.  
The main streams of the sub-basins located around Kastoria Lake transport both water and 
sediment into the lake. The inflowing sediment causes the reduction of the water volume 
capacity of the lake with time, endangering the existence of this environmental resource. 
The water volume inflowing into the lake through the streams originates mainly from the 
rainfall-runoff process in the sub-basins. Groundwater recharge contributes significantly to 
the volumetric budget of the lake, as well as to the budget of the whole basin. The sediment 
load reaching the lake arises from the soil erosion, due to rainfall and runoff, of the sub-
basins and from the stream bed erosion. 
The following data were available: 
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1993/94). 
- Monthly air temperature data from four meteorological stations for 33 hydrologic years 
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- Individual baseflow measurements in some streams discharging into the lake, for the 
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The mean annual value of the rainfall amount from the six stations varies between 563 and 
876 mm. The air temperature data were used for the estimation of the potential 
evapotranspiration according to the method of Thornthwaite. The baseflow measurements 
belong to the input data of the stream sediment transport submodel. 
The mathematical model was applied to each sub-basin separately and for every month of a 
certain hydrologic year. The monthly values of total flow volume and sediment yield, due to 
soil and stream bed erosion, at the outlet of each sub-basin, resulting from the mathematical 
model for a certain hydrologic year, were added to produce the annual value of total flow 
volume vog  and sediment yield ya , respectively. As is well-known, the total flow volume 
is the sum of direct runoff volume and baseflow volume. The annual soil erosion amount for 
each sub-basin is symbolized with yd . The ratio of ya  to yd  is called the sediment 
delivery ratio ( dr ). 
In Table 3, the mean annual values of vog , ya  and yd  for 33 hydrologic years (1961/62-
1993/94), for the sub-basins, are given. In the same table, the ratio dr  of the mean annual 
values ya / yd  is contained (Hrissanthou et al., 2003). 
The mean annual value of soil erosion for the whole basin, YD , amounts to 881 000 t, while 
the mean annual value of sediment yield at the outlets of the sub-basins , YA , amounts to 
289 000 t. This means that the sediment delivery ratio for the whole basin, DR , is 33%. 
The general remarks of Section 5.2.1 concerning the application of the mathematical model 
to a relatively large basin, are also valid for the application of the model to the basin of 
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Fig. 5. Sub-basins of Kastoria Lake 

 
Sub-basin vog  (106 m3) ya  (t) yd  (t) dr  (%) 

Xiropotamos 23.39 109 200 327 000 33 
Vissinia 6.77 45 300 163 100 28 
Tichio 7.01 41 000 123 000 33 

Kastoria-Dispilio 0.78 27 000 27 000 100 
Metamorphosi 3.34 23 500 48 600 48 

Aposkepos 2.96 15 400 72 400 21 
Photini 1.06 10 200 39 600 26 
Istakos 5.16 8 600 48 700 18 

Phountouklis 1.04 6 000 17 300 35 
Agios Athanasios 1.99 2 400 14 000 17 

Table 3. Mean annual values of vog , ya  and yd  - Ratio dr  
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5.3.1 Practical use of the model 
The simulation model described above can be used for the identification of those sub-basins 
where sediment control measures have to be implemented. The sediment control measures, 
which aim at the reduction of sediment inflowing into Kastoria Lake from the sub-basins, 
are classified into three groups: 
- Soil erosion control measures in the sub-basins through the establishment of vegetative 

cover (e.g. afforestation). 
- Check dams in the torrents (mountain part of the sub-basins) to trap bed load and to 

prevent bed degradation. 
- Detention basins for bed load in the alluvial fans (cone-shaped depositions) of the 

streams. 
According to Table 3, the sub-basins, which deliver most sediment load to the lake, are those 
of Xiropotamos, Vissinia and Tichio. Therefore, the sediment control measures must be 
implemented , in order of priority, in the sub-basins of Xiropotamos, Vissinia and Tichio. In 
the other sub-basins, of course, sediment control measures can also be performed. 

5.4 Application to the basin of Vistonis Lake 
The mathematical model, consisting of the rainfall-runoff submodel of water balance, the 
soil erosion submodel of Schmidt and the stream sediment transport submodel of Yang and 
Stall, was also applied to the basin of Vistonis Lake (Thrace, northeastern Greece), which is  
one of the most important wetlands in Greece. The water surface area of the lake is about 45 
km2. In concrete terms, the model was applied separately to the mountainous part of the 
three basins of Kompsatos, Kossynthos and Travos (Aspropotamos) Rivers, respectively, 
which discharge their water into Vistonis Lake (Fig. 6). 
The application of the mathematical model to the basin of Vistonis Lake is given, in this 
section, in more detail compared to the three foregoing case studies. For each of the three 
basins, five maps were drawn and digitized: a stream system map, a contour map, a 
vegetation map, a geologic map, and a map of Thiessen polygons. On the basis of the first 
four maps, the physiographic characteristics for each sub-basin of the three basins (e.g. main 
stream length, main stream bottom slope, soil slope gradient, sub-basin area, soil cover, rock 
classification), as well as parameter values depending on the physiographic characteristics 
(e.g. curve number, soil cover factor, soil roughness coefficient, critical erosion velocity of 
the soil surface) were calculated. At this point, it must be noted that both soil permeability 
and rock permeability are of importance for the quantification of the runoff process, because 
soil moisture variation is influenced by both soil permeability and rock permeability. 
Therefore, the soils and rocks were divided into permeable, impermeable and semi-
permeable on the basis of soil texture and deep percolation percentage, respectively. By 
means of the fifth map (Thiessen polygons), a mean weighted value of rainfall depth for 
each sub-basin of the three basins was computed. The parameter values serve as input data 
to the mathematical model. 
The input data for the rainfall-runoff submodel are: monthly rainfall depth, mean daily air 
temperature, sunlight hours per day, mean daily relative humidity of the atmosphere, mean 
daily wind velocity, altitude, latitude, soil cover – land use, and hydrologic soil group. The 
additional input data for the soil erosion submodel, with reference to the rainfall-runoff 
submodel, are: mean slope angle of soil surface, sub-basin area, soil cover factor (C-factor of 
USLE), length of the main stream of the sub-basins, roughness coefficient of soil surface, 
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the soil surface) were calculated. At this point, it must be noted that both soil permeability 
and rock permeability are of importance for the quantification of the runoff process, because 
soil moisture variation is influenced by both soil permeability and rock permeability. 
Therefore, the soils and rocks were divided into permeable, impermeable and semi-
permeable on the basis of soil texture and deep percolation percentage, respectively. By 
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The input data for the rainfall-runoff submodel are: monthly rainfall depth, mean daily air 
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critical erosion velocity, water and sediment density. The additional input data for the 
stream sediment transport submodel, with reference to the foregoing submodels, concern 
the main stream of the sub-basins: baseflow, bottom slope, bottom width, bed roughness, 
diameter of suspended particles, grain diameter of bed material, and kinematic viscosity of 
water. 
Finally, a sediment routing plan is necessary in order to specify the sediment motion from 
sub-basin to sub-basin. 
 

 
Fig. 6. Rivers discharging into Vistonis Lake 

5.4.1 Application of the model to Kompsatos River basin 
The basin of Kompsatos River has an area of about 567 km2 consisting of forest (37.3%), bush 
(36.1%), cultivated land (26.1%) and urban area (0.5%). The dominant rocks are marble, 
amphibolite, rhyolite and gneiss-granite. The highest altitude of the basin is about 1200 m. 
The length of the main stream of the basin is about 57 km. For more precise calculations, the 
basin was divided into 18 natural sub-basins (area: between 13 and 50 km2, Fig. 7). The 
mean soil slope gradient of the sub-basins is about 26%. 
Monthly rainfall data for 27 years (1966-1992) from four rainfall stations (Dimario, Thermes, 
Ehinos and Trikorpho, Fig. 6) were available. The mean annual rainfall at these stations 
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amounts to 1038 mm. For every month of the 27 years, mean daily values of air temperature 
from three meteorological stations (Thermes, Ehinos and Xanthi, Fig. 6) and mean daily 
values of sunlight hours from a meteorological station (Egiros) were available. Additionally, 
mean daily values of relative humidity of the atmosphere for every month of the year 1985 
were obtained from the meteorological station of Xanthi, and mean daily values of wind 
velocity for every month of the year 1995 were obtained from the meteorological station of 
Genissea (Fig. 6). Finally, daily baseflow data were available from measurements for the 
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The basin of Kossynthos River has an area of about 237 km2 consisting of forest (74%), bush 
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basin is about 1700 m. The length of the main stream of the basin is about 35 km. For more 
precise calculations, the basin was divided into ten natural sub-basins (area: between 16 and 
35 km2, Fig. 8). The mean soil slope gradient of the sub-basins is about 37%. 
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critical erosion velocity, water and sediment density. The additional input data for the 
stream sediment transport submodel, with reference to the foregoing submodels, concern 
the main stream of the sub-basins: baseflow, bottom slope, bottom width, bed roughness, 
diameter of suspended particles, grain diameter of bed material, and kinematic viscosity of 
water. 
Finally, a sediment routing plan is necessary in order to specify the sediment motion from 
sub-basin to sub-basin. 
 

 
Fig. 6. Rivers discharging into Vistonis Lake 

5.4.1 Application of the model to Kompsatos River basin 
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The length of the main stream of the basin is about 57 km. For more precise calculations, the 
basin was divided into 18 natural sub-basins (area: between 13 and 50 km2, Fig. 7). The 
mean soil slope gradient of the sub-basins is about 26%. 
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amounts to 1038 mm. For every month of the 27 years, mean daily values of air temperature 
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were obtained from the meteorological station of Xanthi, and mean daily values of wind 
velocity for every month of the year 1995 were obtained from the meteorological station of 
Genissea (Fig. 6). Finally, daily baseflow data were available from measurements for the 
years 1991 and 1992. 
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the meteorological station of Xanthi (Fig. 6) for every month of the years 1980-1990 were 
available. As far as the wind velocity is concerned, the same data were used as for the 
basin of Kompsatos River. Daily baseflow data were available from measurements for the 
years 1991 and 1992. Finally, median values of grain diameters of bed material were 
available from samples taken in the lower and upper  parts of Kossynthos River basin, in 
June 1997. 

5.4.3 Application of the model to Travos River basin 
The basin of Travos (Aspropotamos) River has an area of about 40 km2 consisting of forest 
(15.7%), bush (82.1%), urban area (0.8%) and an area with no significant vegetation (1.4%). 
The dominant rocks are granite-diorite, gneiss, marble and amphibolite. The highest altitude 
of the basin is about 1400 m. The length of the main stream of the basin is about 8.5 km. The 
mean soil slope gradient of the basin is about 53%. 
Monthly rainfall data for 27 years (1966-1992), as well as mean daily values of air 
temperature, sunlight hours and relative humidity of the atmosphere for every month of the 
above years were available from the meteorological station of Egiros, which is located near 
the basin, but in the flat part of the region. The mean annual rainfall at this station amounts 
to 665 mm. Moreover, mean daily values of wind velocity for certain months of the years 
1997 and 1998 were obtained from the meteorological station of Xanthi (Fig. 6). 

5.4.4 Computational results 
The mathematical simulation model was applied separately to each sub-basin of the three 
basins. The computations were performed on a monthly time basis, because monthly rainfall 
data were available. The discussion on the monthly time basis is found in Section 5.2.1.  
The monthly values of sediment yield at the outlet of each of the three basins for a certain 
year were added to produce the annual value of sediment yield. The mean annual value of 
sediment yield, YA , for the three basins has as follows (Hrissanthou et al., 2010): 
- Kompsatos River basin, YA = 447 000 t 
- Kossynthos River basin, YA = 192 000 t 
- Travos River basin, YA = 28 000 t 
The monthly values of erosion amount in each of the three basins for a certain year were 
added to produce the annual value of erosion amount. The mean annual value of erosion 
amount, YD , for the three basins has as follows (Hrissanthou et al., 2010): 
- Kompsatos River basin, YD = 1 026 000 t 
- Kossynthos River basin, YD = 409 000 t 
- Travos River basin, YD = 112 000 t 
The ratio of the annual sediment at the outlet of a basin to the annual erosion amount in the 
basin is called the sediment delivery ratio, as mentioned in the other case studies. The mean 
annual value of the sediment delivery ratio, DR , for the three basins has as follows 
(Hrissanthou et al., 2010): 
- Kompsatos River basin, DR = 38% 
- Kossynthos River basin, DR = 49% 
- Travos River basin, DR = 25% 
On the basis of the above arithmetic results, the calculated total mean annual sediment 
yield, which flows into Vistonis Lake, is 667 000 t. For the most unfavourable case, that the 
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whole sediment inflowing into the lake is trapped by the lake, the mean annual volume of 
the deposited sediment will be 445 000 m3. The convertion of mass to volume was made on 
the basis of the assumption that sediment bulk density is 1.5 t/m3. This is a typical value for 
submerged reservoir deposits consisting of a sand-silt mixture. 
 
 
 

 
 
 

Fig. 8. Kossynthos River basin – Sub-basins with main streams 

5.4.5 Estimate of the accumulated sediment in Vistonis Lake 
From topographic maps of Vistonis Lake for the years 1949 and 1970, obtained from the 
Hydrographic Service of the Greek Navy, in which the lake boundaries are also shown (Fig. 
9), resulted that the decrease rate of the lake water volume because of sediment deposition is 
347 000 m3/year. 
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the meteorological station of Xanthi (Fig. 6) for every month of the years 1980-1990 were 
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whole sediment inflowing into the lake is trapped by the lake, the mean annual volume of 
the deposited sediment will be 445 000 m3. The convertion of mass to volume was made on 
the basis of the assumption that sediment bulk density is 1.5 t/m3. This is a typical value for 
submerged reservoir deposits consisting of a sand-silt mixture. 
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5.4.5 Estimate of the accumulated sediment in Vistonis Lake 
From topographic maps of Vistonis Lake for the years 1949 and 1970, obtained from the 
Hydrographic Service of the Greek Navy, in which the lake boundaries are also shown (Fig. 
9), resulted that the decrease rate of the lake water volume because of sediment deposition is 
347 000 m3/year. 
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Fig. 9. Shoreline of Vistinis Lake – Isobath contours 
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5.4.6 Discussion on the comparison between computations and estimates 
A comparison between computations by means of the mathematical model and estimates by 
means of the topographic maps indicates that the mean annual sediment volume 
accumulated in the lake was overestimated about 28%, according to the computations. The 
deviations between computations by means of the mathematical model and estimates by 
means of the maps is attributed, among others, to the following reasons: 
- It was not taken into account that a small part of the deposited sediment may be 

transported to the sea, because the lake communicates with the sea. In other words, the 
trap efficiency of the lake was assumed to be as equal to 100%. 

- The mean annual sediment yield at the basin outlet of Kompsatos and Travos Rivers 
was computed for the same time period (1966-1992), while the mean annual sediment 
yield at the basin outlet of Kossynthos River was computed for a different time period 
(1980-1990). Moreover, the mean annual sediment accumulation in Vistonis Lake was 
estimated approximatively by means of topographic maps also for a different time 
period (1949-1970). 

- The mean annual sediment yield was computed at the outlet of the mountainous part of 
the basins considered. It means that the erosion and sediment transport in the flat part 
of the basins was not taken into account. Anyway, it is believed that a considerable part 
of sediment load reaching the outlets of the mountainous part of the basins will be 
deposited in the flat part of the basins. However, in the case of flood events, the 
sediment deposited in the plains will be transported to the lake. 

Finally, the assumptions and simplifications of the mathematical model mentioned in 
Section 5.2.1,  contribute to the inaccurate computation of sediment yield. Additionally, the 
following remarks are given for the case study of Vistonis Lake basin:  
- The proportionality factor k  of the hydrological submodel was determined on the basis 

of the empirical assumption that the runoff coefficient (ratio of rainfall excess to rainfall) 
amounts to 40% on a monthly time basis, especially for winter months or months with a 
considerable rainfall amount. The above assumption cannot be avoided, because the 
factor k  is the only parameter of the whole mathematical model that cannot be 
estimated directly, by means of tables or maps. The final value of factor k  used in the 
hydrologic submodel is a mean value resulting from the k - values determined for 
different months. 

- Some input data (e.g. bottom channel width) of the model used were determined in an 
empirical way, namely by optical estimation, while the values of other input data (e.g. 
diameter of suspended particles, sediment density) were determined by assumption. 
However, these parameters do not influence strongly the sediment yield value at the 
basin outlet.  

6. General conclusion 
From the preceding discussions on the computational results of the mathematical simulation 
models described in this chapter, it is concluded that these models are applicable to lake or 
reservoir basins for which both hydrometeorological data and topographic, vegetation and 
soil maps are available, in order to predict roughly lake or reservoir sedimentation in terms 
of soil erosion. 
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of soil erosion. 
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However, it has to be emphasized that some of the model imperfections given above lead to 
an overestimation and some others to an underestimation of the sediment yield at the basin 
outlets, which has as a favourable consequence the compensation of the deviations between 
computations and estimates or measurements. 
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1. Introduction

Transport and distribution of sediments in the Amazon Subaqueous Delta and the Amazon
Shelf (ASD; AS) depend upon of the loads in the Amazon River Basin and on the
hydrodynamics aspects. The latter, on the other hand, reacts to the distribution of sediment
patches due to decreasing of the bottom stress parameter on finer sediments and fluid
mud regions, mostly located on the inner shelf. The Amazon River discharge, tides and
stratification are the dominant forcing for currents and related phenomena on the inner AS.
In order to study the physical aspects related to sediment transport in the ASD, we applied
the Estuarine and Coastal Ocean Model and Sediment Transport (ECOMSED). This model
is capable of simulating both hydrodynamics and sediment dynamics processes in coastal
regions. In this chapter, we present results from hydrodynamic modeling experiments, taking
into account the complexity of the AS dynamics, including the river plume fate and shape,
as well as the frontal zone positioning. The North Brazil Current and other oceanic processes
have not been considered in this study, since their main influences occur in the outer shelf, far
beyond the river mouth.
The Amazon River Estuary (ARE) does not fit into a classical definition of an estuary, once
the mixing zone is not constrained by its margins, appearing in the open shelf. The haline
front develops further ahead from the river mouth, preserving most of its characteristics,
without being in an estuarine channel. The ASD consists of reworked sediment deposits
located seward of the river mouth, on the inner continental shelf. Kineke et al. (1996)
defined as fluid mud, the extensive regions of dense nearbed suspensions of sediments where
concentrations are above 10 g L−1 . Thickly patches of fluid mud layers affect circulation
by decreasing the bottom stress coefficient and enhancing tidal currents and the sea level
oscillations. Model calibration considered a variable bottom stress distributed according to
the ASD, accommodating the reworked sediments and fluid mud parameterizations. Values
for these parameters ranged from 2.0 10−5, in fluid mud regions, to 3.2 10−3, in the reworked
sediments background. The patches of fluid mud and reworked sediments define, on their
vicinities, regions of strong bottom stress gradients capable of promoting residual vorticity
and residual circulation.
Residual flows in marine environments can be generated by wind stress variability, by
horizontal density gradients, by barotropic effects due to remote processes or by nonlinear tide
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1. Introduction

Transport and distribution of sediments in the Amazon Subaqueous Delta and the Amazon
Shelf (ASD; AS) depend upon of the loads in the Amazon River Basin and on the
hydrodynamics aspects. The latter, on the other hand, reacts to the distribution of sediment
patches due to decreasing of the bottom stress parameter on finer sediments and fluid
mud regions, mostly located on the inner shelf. The Amazon River discharge, tides and
stratification are the dominant forcing for currents and related phenomena on the inner AS.
In order to study the physical aspects related to sediment transport in the ASD, we applied
the Estuarine and Coastal Ocean Model and Sediment Transport (ECOMSED). This model
is capable of simulating both hydrodynamics and sediment dynamics processes in coastal
regions. In this chapter, we present results from hydrodynamic modeling experiments, taking
into account the complexity of the AS dynamics, including the river plume fate and shape,
as well as the frontal zone positioning. The North Brazil Current and other oceanic processes
have not been considered in this study, since their main influences occur in the outer shelf, far
beyond the river mouth.
The Amazon River Estuary (ARE) does not fit into a classical definition of an estuary, once
the mixing zone is not constrained by its margins, appearing in the open shelf. The haline
front develops further ahead from the river mouth, preserving most of its characteristics,
without being in an estuarine channel. The ASD consists of reworked sediment deposits
located seward of the river mouth, on the inner continental shelf. Kineke et al. (1996)
defined as fluid mud, the extensive regions of dense nearbed suspensions of sediments where
concentrations are above 10 g L−1 . Thickly patches of fluid mud layers affect circulation
by decreasing the bottom stress coefficient and enhancing tidal currents and the sea level
oscillations. Model calibration considered a variable bottom stress distributed according to
the ASD, accommodating the reworked sediments and fluid mud parameterizations. Values
for these parameters ranged from 2.0 10−5, in fluid mud regions, to 3.2 10−3, in the reworked
sediments background. The patches of fluid mud and reworked sediments define, on their
vicinities, regions of strong bottom stress gradients capable of promoting residual vorticity
and residual circulation.
Residual flows in marine environments can be generated by wind stress variability, by
horizontal density gradients, by barotropic effects due to remote processes or by nonlinear tide
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current interactions, when energy cascades from dominant frequencies to its harmonics. Tidal
currents flowing over coastal areas, subjected to irregular bathymetry, produces residual flow
due to nonlinear interactions. Results from numerical experiments focused on the generation
of residual vorticity, due to nonlinear interactions and anisotropy of sediment distribution,
suggest that residual flow may be enhanced on the ASD region. We evaluated and discussed
the role and magnitude of various terms related to residual vorticity as tendency; advection;
roughness; dissipation; velocity; bathymetry and Coriolis. The roughness term is the most
relevant on vicinity of transitional regions of distinguished sediment patches. Although
residual currents are about one order of magnitude lesser than tidal currents, they can be
relevant in long-term component of suspended sediment transport and transport of living
matter, as algae and larvae in the AS.
The Amazon River Plume (ARP) defines the front position on the continental shelf, as well as
the region of maximum sediment deposition rates, or maximum turbidity zone. According
to the hydraulic control theory, we could define an internal, or composite Froud Number,
which aims to describe the region where hydraulic control occurs. Seaward of this control
region a hydraulic jump defines the location where the ARP disconnects from the bottom and
acquires negative vorticity, by turning southeastward. Afterwards, the trade winds and the
North Brazil Current drive the ARP northwestward, along the coast of Amapá.
Finally, we discuss the leading mechanisms on generation and maintenance of the salinity
and turbidity fronts, which are the keys on fluid mud layer formation. Tides promote vertical
shear homogenization due to interactions of currents with topography, via hydraulic control,
acting as a maintainer of the haline front position and defining the maximum turbidity zone
in the ASD.

1.1 Outline & rationale
Some charactericstics of the AS are described in Section 2, related to the hydrodynamics and
morphology of the ASD and its environmental description. The numerical model ECOMSED
and data are desccribed in Section 3, considering the hydrodynamic core of the model and its
sediment transport module. In Section 3.2 there is a detailed consideration on influences of
sediment patches (including the fluid mud layer), and parameterization of the bottom stress,
a crutial step on modeling the dynamics of currents and tides in coastal environments.
The ARE is an unique estuarine environment, mostly related to the positioning of its salinity
front at the continental shelf. In Section 3.3, an approximation of the hydraulic control theory
aims to explain how tides, stratification and bathymetry act on positioning of the salinity front.
These are also fundamental on defining the position of the maximum turbidity region. In
Section 4 we discuss the role of tides in fine sediment patch distribitions. Conversely, patches
of fine sediments reduces the bottom drag coeficent and promotes tidal sea level and current
amplification.
Another consequence of sediment distribution in marine environments may lead to
generation of residual vorticity, which arises from non-linear interactions of currents on
vicinity of different sediment patches regions. Also in Section 4 we discuss the role of
anisotropy of sediment distribution on generating residual circulation in the ASD.

2. Characteristics of the Amazon Shelf Region

The Amazon Subaqueous Delta is part of the Amazon Continental Shelf (North Brazil), which
still is a relatively well preserved region and almost free of anthropogenic influences, although
significant human influences in the Amazon Basin was already present long time ago in
oscillations of the river discharge (Richey et al., 1989). The Amazon River discharge varies
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seasonally and may be modulated by teleconnection anomalies, as that imposed by the El
Niño-Southern Oscillation (ENSO) phenomenon. The mean annual discharge at the river
mouth is about 2.0 105 m3s−1, which roughly represents 10% of overall freshwater input into
the global ocean system.
The ARE does not fit into a classical definition of estuary due to its characteristics of broad
extension and huge discharge (Miranda et al., 2002). Also, the estuarine mixing zone is not
constrained by the estuary margins. The salinity front and the maximum turbidity region
develop further ahead from the river mouth, which does not occur in a regular estuary.
As the AS is located right at the the equator, there is geostrophy degeneration on the
momentum equations and equilibrium is achieved trought others terms. This promotes a very
energetic environment where the barotropic tides are fundamental on circulation and mixing
processes. Winds and waves are moderated in this region and do not have relative importance
on the local dynamics, although it may be relevant on ressuspension and sediment transport
during extreme events.
Former studies as (Beardsley et al., 1995; Fontes et al., 2008; Gabioux et al., 2005; Geyer et al.,
1996), among others, have measured or modeled the tidal amplification due to supression of
the bottom stress, imposed by fluid mud layers. The bathymetry and site locations in the AS
are in Fig. 1.

Fig. 1. Site locations in the Amazon Shelf and bathymetry representation.

3. Data & methods

We used the dataset and information provided from the former 1990’s AMASSEDS Project,
a multidisciplinary effort for compreension of sediment transport on the continental shelf
near the Amazon River mouth (AMASSedS, 1990). Measurements of currents, salinity and
temperature, tides and sediment concentration were available for proper modeling calibration
and validation, mostly derived from the compilation in Alessi et al. (1992).
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amplification.
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The Amazon Subaqueous Delta is part of the Amazon Continental Shelf (North Brazil), which
still is a relatively well preserved region and almost free of anthropogenic influences, although
significant human influences in the Amazon Basin was already present long time ago in
oscillations of the river discharge (Richey et al., 1989). The Amazon River discharge varies

264 Sediment Transport in Aquatic Environments Hydrodynamic Influences on Fluid Mud Distribution in the Amazon Subaqueous Delta 3
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the global ocean system.
The ARE does not fit into a classical definition of estuary due to its characteristics of broad
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3.1 The ECOMSED numerical model
The Estuarine and Coastal Ocean Model and Sediment Trasport (ECOMSED) is an integrated
suite of fortran routines for solving hydrodynamics and sediment transport in estuaries and
coastal seas (Blumberg, 1996). The development of this suite has its origins with the Princeton
Ocean Model (POM), a pioneer and consagrated model applied in ocean research (Blumberg
& Mellor, 1980; 1983). The model is based on a three-dimensional set of equations that
describes the geophysical fluid from the Naavier-Stokes formulation under the slallow water
and Boussinesq approximations. The primitive equations solve the horizontal mode terms,
including geostrophy and the baroclinic effect. The parameterization of Reynolds stress and
flux terms account for the turbulent diffusion of salt, heat and momentum. The vertical mixing
coefficients are obtained by solution of a second-order turbulence scheeme described in Mellor
& Yamada (1982).
We applied a lattice with 81×181 horizontal grid cells and 17 vertical levels. The vertical
z−coordinate fomulation is redefined in terms of σ-coordinates, in order to better represent
the geometry of bottom and subsurface boundaries layers, in both shallow and deeper
portions of the AS.
The sediment transport module (SED) employs the hydrodynamic results from the
hydrodynamic core, in the same numerical grid. This SED module simulates the transport of
suspended sediments for cohesive and non-cohesive sediment classes, as well as deposition,
ressuspension and bed armoring. The same dynamic features from the hydrodynamic core
are employed in the SED module: temperature, salinity, viscosity and turbulence diffusivity.
For ordinary estuarine ocean models, density is primarly a function of temperature and
salinity. As the ASD is also characterized for having substantial large nepheloid layers of high
concentration of sediments, these fluid mud layer affects sea water density, amongst salinity
and temperature Felix et al. (2006).
We included the contribution of cohesive sediment concentration in density calculation as in
Wang (2002),

ρ = ρw + (1 − ρw

ρs
)C (1)

where ρw is the clear water density, ρs is the cohesive sediment density and C is the suspended
sediment concentration.
The suspended transport of fine sands is calculated using the van Rijn’s method (van Rijn,
1993). The bed load transport is not considered in this module because most of the sediment
transport in marine system is in suspension as the rate of moviment of coarse materials is
limited by the transport capacity of the environmental flow Haan et al. (1994).

3.2 Effect of sediments on hydrodynamics
Wang (2002) studied the dynamics of nepheloid layer in an idealized estuary, considering the
coulpling effect of seawater and resuspended sediment concentration. The author found a two
layer sediment distribution structure formed as a lutocline is developed above a nepheloid
layer. A vertical sediment concentration gradient is of maximum at the former, and this
vertical structure is found in regions as the ASD.
Bottom shear stress and the dynamics of the bottom boundary layer (bbl) in shallow marine
environments are highly influenced by winds and currents, as well as distribution of sediment
classes and its nature. The presence of submersed hills and valleys, mud deposits and bottom
roughness are also relevant on the bbl dynamics. Near the bottom, the bottom stress and
the turbulent kinetic energy are due to the combined effect of wave and currents (Grant &
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Madsen, 1986). The parameterization of the drag coefficient (Cd) depends on structure of the
water-bed interface,

Cd =
κ2

ln2(z/zo)
(2)

where κ is the von Kármán’s constant; z is the height in the bbl and zo is the roughness length
scale. Adams & Weatherly (1981) defined a vertical profile in the bbl based on extended
consideration of combined physical, biological and morphological effects,

u(z) =
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[log(
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where RiH is the Richardson’s Number as defined by Heathershaw (1979),

RiH =
ws κ z g c

ρ u3∗
(1 − ρ/ρs) (4)

and,

ws: sediment settling velocity;
c : concentration of sediments;
ρs: density of sediments.

The bottom stress (Cd = u2∗/u2) can be obtained from Equation 3,

Cd ≈ κ2/[(1 + 4.7 < RiH >) log(
z

z◦c
)]2 (5)

where < RiH > represents the vertical integrated Richardson’s Number.
We prescribed the drag coefficient in the bbl directly from sediment distribution, instead
applying the original model formulation. From Dyer (1986) we were able to relate a wide
range of sediment classes with bottom roughness, considering a low stratified fluid into the
bbl. We set this bottom stress formulation by compilation of sediment distribution over the AS
(Fig. 2) and definition of fluid mud distributions obtained during the AMASSEDS Project. The
the Cd modeling parameterization considered the sediment class and fluid mud distributions
over the AS. Fluid mud regions have lowest Cd values while mud- and sand-mixtures assume
intermediate values.

3.3 Approximation of the hydraulic control theory
The hydraulic control theory (HTC) must define the mechanisms for maintenance and
positioning of the salinity front in the ASD and, therefore, relate it with the maximum
turbidity zone definition.
(Chao & Paluszkiewicz, 1991) applyed the HCT on channels as in presence of lateral or bottom
constrictions with two vertical density layers. Besides some restrictions on the aplication of
HCT in marine environments, we used the approach developed by Cudaback & Jay (1996) in
the Columbia River (OR, EUA). Fontes et al. (2008) followed the same method on the inner
Amazon Shelf, near the river mouth.
According to the HCT, the river discharge may be subject to changes on its dynamical state,
where the dynamic condition state turns from super-critical to sub-critical when it passes
trough an internal hydraulic jump. A control point between the river mouth and the coastal
zone defines the bottom salinity front and the maximum turbidity zone.
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Fig. 2. Faciologic map of the Amazon Shelf from BRASIL (1979). Mud (M) and sand (S)
sediment patches are annotated in the figure, representing regions of extreme Cd
parametrization.

Armi & Farmer (1986) extended the application of HCT by defining an internal, or composite
Froud number,

G2 = F2
1 + F2

2 =
u2

1
g�.h1

+
u2

2
g�.h2

(6)

where, g� = g(ρ1 − ρ2)/ρ1 is the reduced gravity; ρi and hi are density and layer thickness
respectively [i=1(top),2(bottom)]; and Fi is the Froud number defined in each layer. This
composite Froud number was calculated for an outflow cross shelf section at the Canal do
Norte (North Channel).
The hydraulic control point occurs where the bottom slope is strongest, starting from -0.125
m km−1 and reaching up to -0.385 m km−1. The region of maximum gradient in bathymetry
occurs at 15 m deep, around 100 km from the coast. Figure 3 shows the line section along the
ASD where the Froud number was evaluated.

3.4 Small scale vorticity generation mechanisms
Residual flow is an important effect in coastal oceanography and is commonly related to
the subtidal flow, where tides and wind driving circulation are filtered out as well as
other ambient influences. The residual influences are only due to rectification processes
related to non-linear interactions from oscillatory flows. They are taken into account in the
local circulation in order to affect advection. Regardless of that common assumption, it is
convenient to redefine residual flow of a generic property a throughout a whole cycle of the
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Fig. 3. ASD bathymetry representation and the section (red line) along with the Froud
number was evaluated.

major tidal constituent M2, as defined by Robinson (1983),

< a >=
1
T

∫ t0+T

t0

a dt (7)

where T is the period of the M2 tidal component. In this case we are interested in the residual
flow, so that depth integrated velocity at position x0 is,

�̄v =
1

H̄ + η

∫ η

−H̄
�vh dz (8)

where H̄ is the mean local depth. The residual term is named the Eulerian (�vE), as properly
justified, and is represented by integration over time,

�vE =
1
T

∫ t0+T

0
(

1
H̄ + η

∫ η

−H̄
�vh dz) dt (9)

To retain the aspects of residual estimation we only considered the effects of tides (no winds,
nor river discharge). Although tidal currents on the AS are energetic, their essentially
oscillatory behavior does not result in significant net transport. The sediment load transport,
for instance, is subject of long-term processes developed over the continental shelf, where
residual flows can play a special feature on advection and consequently in the net transport.
Residual flows can be generated by wind stress anisotropy over the shelf, by horizontal
density gradients, horizontal gradients of sea surface due to remote processes or by non-linear
tide interactions, when energy migrates from dominant frequencies to their harmonics and
mean. It is known that tidal currents flowing over coastal areas subjected to irregular
bathymetry produces residual flow due to non-linear interactions (Tee, 1994).

269Hydrodynamic Influences on Fluid Mud Distribution in the Amazon Subaqueous Delta



6 Will-be-set-by-IN-TECH

Fig. 2. Faciologic map of the Amazon Shelf from BRASIL (1979). Mud (M) and sand (S)
sediment patches are annotated in the figure, representing regions of extreme Cd
parametrization.

Armi & Farmer (1986) extended the application of HCT by defining an internal, or composite
Froud number,

G2 = F2
1 + F2

2 =
u2

1
g�.h1

+
u2

2
g�.h2

(6)

where, g� = g(ρ1 − ρ2)/ρ1 is the reduced gravity; ρi and hi are density and layer thickness
respectively [i=1(top),2(bottom)]; and Fi is the Froud number defined in each layer. This
composite Froud number was calculated for an outflow cross shelf section at the Canal do
Norte (North Channel).
The hydraulic control point occurs where the bottom slope is strongest, starting from -0.125
m km−1 and reaching up to -0.385 m km−1. The region of maximum gradient in bathymetry
occurs at 15 m deep, around 100 km from the coast. Figure 3 shows the line section along the
ASD where the Froud number was evaluated.

3.4 Small scale vorticity generation mechanisms
Residual flow is an important effect in coastal oceanography and is commonly related to
the subtidal flow, where tides and wind driving circulation are filtered out as well as
other ambient influences. The residual influences are only due to rectification processes
related to non-linear interactions from oscillatory flows. They are taken into account in the
local circulation in order to affect advection. Regardless of that common assumption, it is
convenient to redefine residual flow of a generic property a throughout a whole cycle of the

268 Sediment Transport in Aquatic Environments Hydrodynamic Influences on Fluid Mud Distribution in the Amazon Subaqueous Delta 7

Fig. 3. ASD bathymetry representation and the section (red line) along with the Froud
number was evaluated.

major tidal constituent M2, as defined by Robinson (1983),

< a >=
1
T

∫ t0+T

t0

a dt (7)

where T is the period of the M2 tidal component. In this case we are interested in the residual
flow, so that depth integrated velocity at position x0 is,

�̄v =
1

H̄ + η

∫ η

−H̄
�vh dz (8)

where H̄ is the mean local depth. The residual term is named the Eulerian (�vE), as properly
justified, and is represented by integration over time,

�vE =
1
T

∫ t0+T

0
(

1
H̄ + η

∫ η

−H̄
�vh dz) dt (9)

To retain the aspects of residual estimation we only considered the effects of tides (no winds,
nor river discharge). Although tidal currents on the AS are energetic, their essentially
oscillatory behavior does not result in significant net transport. The sediment load transport,
for instance, is subject of long-term processes developed over the continental shelf, where
residual flows can play a special feature on advection and consequently in the net transport.
Residual flows can be generated by wind stress anisotropy over the shelf, by horizontal
density gradients, horizontal gradients of sea surface due to remote processes or by non-linear
tide interactions, when energy migrates from dominant frequencies to their harmonics and
mean. It is known that tidal currents flowing over coastal areas subjected to irregular
bathymetry produces residual flow due to non-linear interactions (Tee, 1994).

269Hydrodynamic Influences on Fluid Mud Distribution in the Amazon Subaqueous Delta



8 Will-be-set-by-IN-TECH

Anisotropy in the fields of properties like sediment distribution (bottom stress), Coriolis,
bathymetry, velocity and dissipation are important on marine environments as the ASD.
Those terms are defined from the vorticity Equation (Gross & Werner, 1994),

d�ω
dt

= −Cd|�vH |
H + η

�ω +
�f + �ω

H + η

d(H + η)

dt
+

CD�vH |�vH |
H + η

×
[∇h|�vH |

|�vH | − ∇h(H + η)

H + η
+

∇hCD
CD

]
(10)

where ω = ∂v
∂x − ∂u

∂y is the vertical component of relative vorticity, CD = f (x, y) is the bottom
stress horizontal distribution and �vH is the barotropic velocity. The η, H and f are sea surface
displacement, depth and Coriolis’ parameter, respectively.

4. Results

4.1 The Influence of tides on sediment dynamics
Using the same modeling dynamics described in Fontes et al. (2008), we considered
the evaluation of cohesive sediments from the river discharge into the AS and ASD.
The environmental dynamic conditions and charges of sediments represent climatological
conditions of the AS, which are in Table 1,

Dynamical Mode Prognostic
run time 600 h
River outflow discharge 2.0 105m3s−1

Salinity discharge 0.0
Temperature discharge 25.0◦C
Cohesive sed. conc. in discharge 200 mg L−1

Ambient initial salinity 35.0
Ambient initial temperature 25.0◦C
Ambient coh. sed. conc. 5.00 mg L−1

Spatially variable CD 2.0 10−4 → 3.2 10−3

Tidal components semidiurnals Luni-solar and Solar M2 and S2
Winds climatology (5.0 m s−1 - NE)

Table 1. Modeling conditions and parameterization for cohesive sediment transport in the
ASD.

The evolution of cohesive sediment concentrations over the ASD is in Fig. 4 for both, bottom
and surface distributions. When leaving the river mouth, they extend hundreds of kilometers
Norhtwestward along the coast of Amapá. The higher concentrations at the bottom most
layers (> 10 mg L−1 ) are better defined than the plume of sediments at the surface, where
concentrations are at least one order of magnitude lesser than those near the bottom.
The formation and positioning of the sediment and salinity fronts (not shown) have similar
dynamic aspects. Tides, bathymetry and the dynamical state represented by the Froud
Number are capable of define them. The sediment dynamics differs by intrinsic phenomena
as floculation and deposition, which are relevant in the formation of the nepheloid layers
(concentrations above 10 gL−1) as in Fig. 5.
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Fig. 4. Distribution of cohesive sediments in the bottom most (left panel) and near surface
layer (right panel). Concentrations are in log10 scale and they differ in one order of magnitude.

4.2 Residual vorticity estimation
The tidal excursion along the ASD can promote residual vorticity when integrated between
one tidal cicle, as previously described. For the ASD application we found the roughness
gradient term the most important amongst the terms in Equation 10, regarding residual flux
generation,

CD�vH |�vH |
H + η

× ∇hCD
CD

The vorticity terms evaluated in the ASD are in Fig. 6, where the most relevant derives from
integration and not from graphical correlation.

Fig. 5. Nepheloid layers located off Cabo Norte and Maraca Island. The red isosurface
defines a 10 g L−1 concentration value for cohesive sediments.
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Fig. 6. Vorticity evaluated through 1 cycle of M2 component, near Maracá Island (frontier of
fluid mud region). The results are obtained according to Equation 10.

Estimation of residual flux was investigated through analysis of vorticity described on Section
3.4. For this residual flow estimation we choose a point located at the edge of the fluid mud
frontier, nearby Maracá Island (Fig. 7). In coastal regions of the AS, the tidal ellipses are
degenerated and highly polarized so they can be approximated by its rectilinear form,

�̄hv = V cos σt�s (11)

according to a natural system of coordinates (�s,�n), where �s is tangent to the stream current
and �n is the normal, left-oriented from the displacement. In this way, the vorticity Equation
10 in its scalar form can be expressed by:

∂ω

∂t
+ V cos σt

∂ω

∂s
= A(s) cos σt +

+[B(s) + B�(s)] cos σt cos |σt| − C(s) |cos σt|ω (12)

which is the Eulerian form as defined in Robinson (1983) and simplified by removing the
lower order terms and making some other assumptions. σ is the M2 tidal frequency, V is the
tidal current amplitude in�s direction,

A(s) =
fV
H

∂H
∂s

B(s) = CD V ∂

∂n
(V/H)

B�(s) = V|V|
H

∂CD
∂n

C(s) =
CD V

H

are the terms of vorticity generation due to specific interactions: Coriolis mechanism CM;
bathymetry and velocity gradients mechanism GM; roughness gradient mechanism RM
and dissipative mechanism DM.The last term was held constant over the domain. A
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Fig. 7. Magnitude of the residual currents evaluated through one cycle of the M2 tidal
component, near Maracá Island. Higher values match transitional region of fluid-mud/bulk
sediments.

detailed discussion considering different approaches for solving this problem can be found
in Robinson (1983). At this point it is necessary to define a spatial scale related to residual
vorticity,

EM = [
2
T

∫ T/2

0
V sin (σt) dt]

T
2
=

V
π

T (13)

Miranda et al. (2002) called this the “tidal excursion”; T ≈ 12.42 h is the period of
M2. Estimation of the residual vorticity at the chosen point was made by computing the
contributions of individual mechanisms listed above. Results were obtained by the model,
considering that point and its neighborhood,

V(22, 96) = 1.5 ms−1

CD(22, 96) = 3.27 × 10−4

H(22, 96) = 6.39 m

σM2 = 2.8 × 10−4 s−1

∂n ≈ 8.15 × 103

V(21, 95) = 1.3 ms−1

CD(21, 95) = 2.0 × 10−4

H(21, 95) = 5.30 m

The total residual vorticity computed at the point was ωres = 2.11 × 10−5 s−1. An estimation
of residual velocity was obtained by applying the circulation theorem. Let the vorticity be
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distributed over an area scaled by the tidal excursion, EM. In this way, by applying Equation
13 it comes,

EM =
1.5
π

12.42(3600) = 2.1 × 104 m

Vres =
ωπ(EM/2)2

πEM
≈ 0.1126 ms−1

close to the value obtained by the model at that considered point, V�
res = 0.1193.

5. Discussion and conclusions

Tides and the river discharge are the most energetic features on the inner Amazon Shelf
dynamic system and promote, thought the hydraulic control theory, a reasonable explanation
for positioning the salinity front and the maximum turbidity zone. Tides act as a stirring
mechanism for the front generation and a control point located at 15 m depth, at the threshold,
denotes where a hydraulic jump occurs.
We find the density field strongly affected by concentration of cohesive sediments, so this
defines the formation of nepheloid layers in the ASD. The model reproduced the shape and
position of fluid mud patches nearby Cabo Norte and MaracÃą Island, where concentrations
were higher than 10 g L−1.
Ocean color satellite imagery allows the retrieval of products such as particulate inorganic
carbon (D. Clark personal communication, 2003). Fig. 8 illustrates an estimative of
"climatological" sediment dispersion evaluated for the period of July 2002 through December
2007, with concentration value 2.0 10−2 mol m−3 denoting the higher values. Although
the compilation of sattelite data has low resolution near the coast, it suffices to contour the
influence of sediments in the ASD. Concentration values of the 4.0 10−2 mol m−3 isosurface
defines a front that roughly matches the 100 mg L−1 isoline for cohesive sediment in the ASD
(Fig. 4).
Although the large inertial flow imposed by the Amazon River accounts for most of
the advection throughout the estuary, residual flow can locally contribute with long-term
advective processes. This is mostly due to a rectification process that results from net
transport integration throughout a semidiurnal tidal cycle. The tidally driven residual flow
can contribute with advective processes such as sediment transport and pollutant advection
and biological ones, as organic and larvae dispersion. As the Amazon River Estuary
does not fit in the classical definition of the estuary, the high load sediment concentration
flow occur in the ASD favoring the formation of mud deposits that extend for kilometers.
Modeling the transport of cohesive sediments in marine environments, as the AS, requires
parameterization of substantial oceanographic, meteorologic and sedimentological data.
Others, like bathymetry and hydrology are equally fundamental. Also, parameterization of
natural environments like estuaries and coastal seas is a hard task, most of the time, once those
environments have distinct behavior from the test fluid in laboratories.
A broad scale of temporal and spatial phenomena (from turbulence to tides and mesoscale
variations) and the unpredictable occurrence of extreme events as storms and oceanic rings
from current systems. Models are not always capable to deal with phenomena like these.
Nevertheless, they are usable since the problem definition and efforts on its implementation
are focused on a narrower set of physical phenomena. Under the hydraulic control theory, the
estuarine dynamics and the nature of sediments in the AS we were able to understand how
physical aspects can act in the deposition and transport related phenomena.
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Fig. 8. Particulate inorganic carbon derived from sattelite imagery for the period of July 2002
through Dec. 2007 (D. Clark personal communication, 2003).
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1. Introduction  
We can often see dead water zones composed of consecutive groynes in natural rivers. 
The groynes are generally constructed in the bank of actual rivers in order to navigate 
stream direction and to prevent bank erosion. Dead water zones such as side cavities are 
also observed in harbors of rivers, and it is well known that there are significant 
differences between streamwise velocities of the mainstream and the cavity zone. Of 
particular significance is that shear instability related to the velocity difference induces 
coherent horizontal vortex along the boundary of the mainstream and the cavity. Further, 
large-scale gyres are formed in the dead water zone which conveys suspended sediment 
from the main-channel, and local sedimentations are promoted in the cavity as shown in 
photo 1. So, it is necessary to reveal the hydrodynamic properties included with 
turbulence phenomena in order to control sedimentation reasonably. Akkerman et 
al.(2004) conducted the sensitivity analysis with a 1-dimensional morphodynamic model, 
and they discussed the several effects on sedimentation and flood water depth after the 
occurrence of groyne damage. Recently, permeable groynes are proposed to realize stable 
bed condition. For example, Kadota & Suzuki (2010) discussed experimentally effects of 
the permeability and the scales of the groynes and stone gabion in submerged and 
emerged flow conditions. Tominaga & Sakaki (2010) conducted ADV measurements 
around the permeable groynes in a natural river, and they evaluated distributions of bed 
shear stress accurately.  
In these cavities, not only sedimentation but also congestion of pollutants is often 
highlighted. It is thus very important to investigate mass & momentum exchanges between 
the main-channel and the side-cavity in river environment and hydraulic engineering. The 
above-mentioned horizontal gyres and coherent turbulent structures play significant roles 
on mass and momentum exchanges. Uijttewaal et al.(2001) measured distribution of dye 
concentration and pointed out that aspect ratio of side cavity has significant effects on 
exchange rate of mass between the mainstream and the dead water zone. Weitbrecht et 
al.(2007) have also conducted laboratory measurements, in which distribution of velocity 
components and dye were obtained. They examined the relation between the exchange rate 
and the bed configuration of the cavity. 
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1. Introduction  
We can often see dead water zones composed of consecutive groynes in natural rivers. 
The groynes are generally constructed in the bank of actual rivers in order to navigate 
stream direction and to prevent bank erosion. Dead water zones such as side cavities are 
also observed in harbors of rivers, and it is well known that there are significant 
differences between streamwise velocities of the mainstream and the cavity zone. Of 
particular significance is that shear instability related to the velocity difference induces 
coherent horizontal vortex along the boundary of the mainstream and the cavity. Further, 
large-scale gyres are formed in the dead water zone which conveys suspended sediment 
from the main-channel, and local sedimentations are promoted in the cavity as shown in 
photo 1. So, it is necessary to reveal the hydrodynamic properties included with 
turbulence phenomena in order to control sedimentation reasonably. Akkerman et 
al.(2004) conducted the sensitivity analysis with a 1-dimensional morphodynamic model, 
and they discussed the several effects on sedimentation and flood water depth after the 
occurrence of groyne damage. Recently, permeable groynes are proposed to realize stable 
bed condition. For example, Kadota & Suzuki (2010) discussed experimentally effects of 
the permeability and the scales of the groynes and stone gabion in submerged and 
emerged flow conditions. Tominaga & Sakaki (2010) conducted ADV measurements 
around the permeable groynes in a natural river, and they evaluated distributions of bed 
shear stress accurately.  
In these cavities, not only sedimentation but also congestion of pollutants is often 
highlighted. It is thus very important to investigate mass & momentum exchanges between 
the main-channel and the side-cavity in river environment and hydraulic engineering. The 
above-mentioned horizontal gyres and coherent turbulent structures play significant roles 
on mass and momentum exchanges. Uijttewaal et al.(2001) measured distribution of dye 
concentration and pointed out that aspect ratio of side cavity has significant effects on 
exchange rate of mass between the mainstream and the dead water zone. Weitbrecht et 
al.(2007) have also conducted laboratory measurements, in which distribution of velocity 
components and dye were obtained. They examined the relation between the exchange rate 
and the bed configuration of the cavity. 
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Photo 1. Sedimentation in cavity zone of natural river (Yada river in Nagoya, Japan) 
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Fig. 1. Bed configurations in the present experiments 
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Table 1. Hydraulic condition 

However, there remain uncertainties about accurate evaluations of exchange velocity, effects 
of the bed formation on mass transport and physical modeling of mass exchange in the side-
cavity flows. Therefore, in this study, PIV and LIF were conducted in a laboratory flume 
using a laser light sheet and high-speed CMOS camera in order to reveal hydrodynamic 
characteristics and turbulence structure and evaluate exchange properties of dye 
concentration across the junction. 
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2. Experimental procedure  
2.1 Hydrodynamic condition and bed configuration 
The experiments were conducted in a 10m long, 40cm width glass-made tilting flume. The 
coordinate was chosen that (x, y, z) correspond to the streamwise, vertical and spanwise 
directions, respectively. The channel bed was chosen as the vertical origin (y=0). In the 
measurement section, 7m downstream from the channel entrance, a side-cavity is placed 
by acrylic plates. The widths of the main-channel and the cavity are B=30cm and 
Bw=10cm，respectively. The streamwise lenght of the cavity is Lw=30cm. Table 1 shows 
hydraulic condition, in which the water depth is H=5.3cm, the bulk-mean velocity is 
Um=12cm/s, Froude number is Fr=0.166 and Reynolds number is Re=6360. We chosen 
several kinds of bed configurations in the cavity as shown in Fig.1. S is a parameter to 
indicate the bed configuration. Negative sign of S means downward incline as shown in 
Fig.1 (b), and positive one means upward incline as shown in Fig.1 (c). S =0 means the flat 
bed condition.  The absolute value of S means the inclination of the bed. In the present 
study, the elevation gaps are 2cm and 5cm for the mild and steep conditions, 
respectively. 

2.2 Measurement method   
The 2mm thick laser light sheet (LLS) was generated by 3W Ar-ion laser using a cylindrical 
lens. The illuminated flow images were taken by a CMOS camera (10001000pixels) with 
100Hz frame-rate and 30Hz sampling-rate. The sampling duration is 60 seconds for each 
case. The instantaneous velocity components )~,~( wu  on the horizontal plane were calculated 
by the PIV algorithm. Further, in the non-flat conditions, LLS was also projected along the 
bed slope. This is called as “inclined LLS measurements”. In the “horizontal-LLS 
measurements”, the elevations of the LLS were y=1cm，2cm，2.5cm，5cm for the all cases. 
The “inclined LLS measurements” were carried out for the steep slope conditions, in which 
the gap of the LLS and the bed surface is 1cm.  
The distribution of dye concentration is measured by the LIF method, in which the sharp-cut 
filter was put on the lens of the CMOS camera in order to obtain clear concentration image 
illuminated by the LLS. The instantaneous distribution of the dye concentration C was 
calculated by using brightness values of these LIF images. The Dye (Rhodamine-B), the 
concentration of which is 0.2mg/l, was dissolved in the cavity. At the initial stage of the 
measurements, the cavity and the main-channel are separated by the plate. After remove of 
the plate, the dye exchange and transfer motions were captured by the CMOS camera. Borg 
et al. (2001) pointed out that there exists a linear relation between image brightness and dye 
concentration under the small concentration conditon(C<0.2mg/l). This fact was surely 
recognized in this study by using the present data, and a linear calibration curve was 
obtained.  

3. Currents and turbulence structure  
In the present section, the results of velocity measurements using PIV techniques are 
introduced. Time-averaged velocity distribution, turbulence properties and the coherent 
structure are examined. Further, the influences of the bed configurations on the 
hydrodynamic characteristics are also considered. 
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measurements, the cavity and the main-channel are separated by the plate. After remove of 
the plate, the dye exchange and transfer motions were captured by the CMOS camera. Borg 
et al. (2001) pointed out that there exists a linear relation between image brightness and dye 
concentration under the small concentration conditon(C<0.2mg/l). This fact was surely 
recognized in this study by using the present data, and a linear calibration curve was 
obtained.  

3. Currents and turbulence structure  
In the present section, the results of velocity measurements using PIV techniques are 
introduced. Time-averaged velocity distribution, turbulence properties and the coherent 
structure are examined. Further, the influences of the bed configurations on the 
hydrodynamic characteristics are also considered. 
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Fig. 2. Time-averaged horizontal velocity vectors 

3.1 Time-averaged horizontal velocity components  
Fig.2 shows time-averaged horizontal velocity vectors (U,W) at y/H=0.47 and 0.94. At the 
near free-surface, y/H=0.94, two kinds of large scale gyres with counter rotations are 
observed in the S =0 and –1/6. Whereas, single gyre structure appears and it covers a whole 
region of the canopy in the S =1/6. The PG is a horizontal circulation induced by the main-
stream, and it was observed, irrespective of the elevation and the geometry of the canopy 
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bed. The secondary gyre (SG) seems to be generated by the MG. In the S =1/6, the contact 
area between the main stream and the cavity zone decreases downstream, and the inflow 
from the mainstream toward the side canopy becomes smaller compared with those 
observed in the S =0 and –1/6. Thus, the position of PG is shifted toward upstream-side of 
the side canopy, and the sufficient space could be not kept to generate SG in the S =1/6. At 
the mid-depth layer, y/H=0.47, the PG and the SG are observed in the same manner as those 
of y/H=0.94 in the flat condition. In contrast the only PG is formed in the mid depth layer in 
the non-flat conditions. 

3.2 Scale evaluations of horizontal gyres  
Figs. 3 and 4 show the distributions of vorticity with vertical axis, / /U z W x        and 
delta value   at y/H=0.94, for S =-1/6, 0 and 1/6, respectively.  
Chong and Perry (1990) considered the Eigenvalue of the velocity shear tensor (∂ũi/∂xi) in 
shear layers. The Eigenvalue equation of 2D shear flow is given by 
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Fig. 3. Distributions of time-averaged vorticity with vertical axis 
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3.1 Time-averaged horizontal velocity components  
Fig.2 shows time-averaged horizontal velocity vectors (U,W) at y/H=0.47 and 0.94. At the 
near free-surface, y/H=0.94, two kinds of large scale gyres with counter rotations are 
observed in the S =0 and –1/6. Whereas, single gyre structure appears and it covers a whole 
region of the canopy in the S =1/6. The PG is a horizontal circulation induced by the main-
stream, and it was observed, irrespective of the elevation and the geometry of the canopy 
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bed. The secondary gyre (SG) seems to be generated by the MG. In the S =1/6, the contact 
area between the main stream and the cavity zone decreases downstream, and the inflow 
from the mainstream toward the side canopy becomes smaller compared with those 
observed in the S =0 and –1/6. Thus, the position of PG is shifted toward upstream-side of 
the side canopy, and the sufficient space could be not kept to generate SG in the S =1/6. At 
the mid-depth layer, y/H=0.47, the PG and the SG are observed in the same manner as those 
of y/H=0.94 in the flat condition. In contrast the only PG is formed in the mid depth layer in 
the non-flat conditions. 

3.2 Scale evaluations of horizontal gyres  
Figs. 3 and 4 show the distributions of vorticity with vertical axis, / /U z W x        and 
delta value   at y/H=0.94, for S =-1/6, 0 and 1/6, respectively.  
Chong and Perry (1990) considered the Eigenvalue of the velocity shear tensor (∂ũi/∂xi) in 
shear layers. The Eigenvalue equation of 2D shear flow is given by 
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Fig. 4. Horizontal distributions of delta-value 

where ũi=instantaneous velocity components with i=1 and 2 herein. Complex Eigenvalues 
occur if the discriminant  is negative. Chong and Perry assumed that <0 corresponds to 
the existence of a vortex core, and verified the validity of such a vortex detection, referred to 
as the delta method in shear layers. 
Positive and negative values of the vorticity mean anti-clockwise and clockwise rotations, 
respectively. It should be noticed that even if the fluid does not rotate, large vorticity 
appears in the shear layer, where spatial gradient of the velocity components is dominant. 
Therefore, in the present study, not only the vorticity but also the delta value is used to 
detect gyre regions and to measure the corresponding areas.  
In the flat bed condition ( S =0), positive distribution of  is observed along the junction, in 
which streamwise velocity shear /U z  is very large and furthermore small-scale shedding 
vortices are generated periodically by the shear instability. It is noted that the positive and 
negative regions appears corresponding to the PG and SG as shown in Fig.2. It is found that 
the delta value becomes negative in these regions.  
In S =-1/6, the distributions of the vorticity and delta seem to be similar to those of the flat 
condition. The positive voriticity region corresponding to the PG shifts toward the 
downstream-side compared with the flat condition. This property is also observed in the 
distribution of the delta. This is because the PG is transported toward the downstream-side 
in the cavity due to the effect of the bed configuration. 
In contrast, in S =1/6, the positive vorticity and the negative delta are dominant in the 
cavity. These properties correspond well with the horizontal distributions of velocity vectors 
as shown in Fig.2. In the upstream side of the cavity, the negative vorticity and the negative 
delta appear corresponding to the SG which becomes very small due to the bed 
configuration effect. 
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Fig. 5. Area occupation rates of primary gyre and secondary gyre in the cavity 
 

 
Fig. 6. Distributions of bed shear stress in the cavity 
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Fig. 4. Horizontal distributions of delta-value 

where ũi=instantaneous velocity components with i=1 and 2 herein. Complex Eigenvalues 
occur if the discriminant  is negative. Chong and Perry assumed that <0 corresponds to 
the existence of a vortex core, and verified the validity of such a vortex detection, referred to 
as the delta method in shear layers. 
Positive and negative values of the vorticity mean anti-clockwise and clockwise rotations, 
respectively. It should be noticed that even if the fluid does not rotate, large vorticity 
appears in the shear layer, where spatial gradient of the velocity components is dominant. 
Therefore, in the present study, not only the vorticity but also the delta value is used to 
detect gyre regions and to measure the corresponding areas.  
In the flat bed condition ( S =0), positive distribution of  is observed along the junction, in 
which streamwise velocity shear /U z  is very large and furthermore small-scale shedding 
vortices are generated periodically by the shear instability. It is noted that the positive and 
negative regions appears corresponding to the PG and SG as shown in Fig.2. It is found that 
the delta value becomes negative in these regions.  
In S =-1/6, the distributions of the vorticity and delta seem to be similar to those of the flat 
condition. The positive voriticity region corresponding to the PG shifts toward the 
downstream-side compared with the flat condition. This property is also observed in the 
distribution of the delta. This is because the PG is transported toward the downstream-side 
in the cavity due to the effect of the bed configuration. 
In contrast, in S =1/6, the positive vorticity and the negative delta are dominant in the 
cavity. These properties correspond well with the horizontal distributions of velocity vectors 
as shown in Fig.2. In the upstream side of the cavity, the negative vorticity and the negative 
delta appear corresponding to the SG which becomes very small due to the bed 
configuration effect. 
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The total area of the PG was calculated by summing the local square, in which the positive 
vorticity and negative delta appear. In the same way, the total area of SG was calculated by 
the local square, where negative vorticity and negative delta exist. Fig.5 (a) and (b) show 
areas of PG and SG normalized by a total cavity area. In the S =0 and -1/6, the area of PG is 
comparable with that of SG near the free surface. In contrast, in the S =1/6, the area of PG is 
larger and that of SG is smaller than those observed in S =0, -1/6.  

3.3 Distribution of bed shear stress   
Figs. 6 shows the distributions of bed shear stress b in the cavity. b was calculated by using 
the viscosity μ and the velocity gradient, i.e., /2 2U W y   . For the slope conditions, 
The LLS was projected pararell to the cavity bed with the 1cm gap between them, and thus, 
the near-bed velocities parallel to the bed surface (U, W) could be obtained by the PIV. It is 
found that small bed shear stress zones are observed in the core of the PG. They also appear 
in the SG region. In S =1/6, the small bed shear stress zone relevant to the PG is shifted 
toward the upstream-side compared with S =0 and 5. It should be noticed that local 
sedimentations are promoted significantly in these low-speed regions. In contrast, it is 
expected that a scour process is observed in the outer side of PG. The present results allow 
us to understand that the formations of PG and SG play significant roles on the 
sedimentation in the cavity.  
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Fig. 7. Horizontal distributions of Reynolds stress 

3.4 Distribution of Reynolds stress   
Fig.7 shows horizontal distributions of Reynolds stress - uw at y/H=0.94. The large and 
positive Reynolds stress zone is formed along the junction between the mainstream and the 
cavity. The shear instability induces such a strong turbulence layer irrespectively of the bed 
configuration. It is found that Reynolds stress becomes largest in the downward slope 
condition, S =-1/6. The spanwise currents from the cavity toward the mainstream appear 
the upstream-side of the PG in Fig.2. They are accelerated more nearer the upstream-side of 
the cavity, where the water depth decreases due to the bed configuration. Thus, larger 
Reynolds stress may be generated much more in the down slope condition than other bed 
configurations. 
Fig.7 shows spatial variation of Reynolds stress in the junction. A peak Reynolds stress 
appears at / wx B =1.0 in the down slope condition, S =-1/6. In contrast, all most constant 
value is observed except the upstream and downstream walls in the cavity. The Reynolds 
stress of the downward slope condition ( S =-1/6) is twice as large as those of the flat ( S =0) 
and the upward slope conditions ( S =1/6), in which same order Reynolds stress is observed.  

3.5 Instantaneous velocity properties   
Fig. 9 shows time-series of the distributions of instantaneous Reynolds stress - uw and 
discriptions of horizontal velocity components ( , )u w  every 1s for S =0. The elevation is 
y/H=0.94. At t=0s, the circle A indicates the coherent structure of fluid percel which is 
transported strongly toward the mainstream. This is called as sweep motion in the present 
study. The shedding vortex follows the sweep as indicated by the circle B, in which the fluid 
percel intrudes into the cavity accompanied with the strong positive Reynolds stress. This is 
called as ejection. These coherent motions are convected downstream at t=1s, and in 
contrast, the sedding vortex in the circle B is disappearing. A new sweep motion appear as 
indicated by the circle C. At t= 2s, it is found that a large amont of fluid is transported 
toward the cavity zone by the sweep (B). Furhter, a shedding vortex (D) is generated 
together with positve Reynolds stress. This result suggetst that mass transfer process 
between the mainstream and the cavity is promoted significantly by such coherent 
strucures.  
Figs. 10 (a) and (b) show examples of the instantanesous velocity fields for S =-1/6 and 1/6. 
In S =-1/6, the sedding vortex is observed as indicated by the circle A, and the sweep 
motion (B) is formed. The sweep seem to be larger than that obserbed in S =0. It is found 
that the PG is also visualized even in the instantaneous velocity field. In S =1/6, the ejection 
is observed as indicated by circle A. However, the sedding vortex is not be regonnized. This 
result correspond well to the finding that Reynolds stress is smaller in the S =1/6 than the 
S =0 and –1/6 as shown in Fig.7. It is therefore found that the bed configuration has striking 
impacts on turbulence production in the cavity.  
Therefore, horizontal and vertical LLSs are projected simultaneously, and these illuminated 
planes are taken by dual CMOS cameras. Fig.11 shows examples of time series of 
instantaneous velocity vectors in the horizontal and vertical planes every 0.6 seconds. The 
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The total area of the PG was calculated by summing the local square, in which the positive 
vorticity and negative delta appear. In the same way, the total area of SG was calculated by 
the local square, where negative vorticity and negative delta exist. Fig.5 (a) and (b) show 
areas of PG and SG normalized by a total cavity area. In the S =0 and -1/6, the area of PG is 
comparable with that of SG near the free surface. In contrast, in the S =1/6, the area of PG is 
larger and that of SG is smaller than those observed in S =0, -1/6.  

3.3 Distribution of bed shear stress   
Figs. 6 shows the distributions of bed shear stress b in the cavity. b was calculated by using 
the viscosity μ and the velocity gradient, i.e., /2 2U W y   . For the slope conditions, 
The LLS was projected pararell to the cavity bed with the 1cm gap between them, and thus, 
the near-bed velocities parallel to the bed surface (U, W) could be obtained by the PIV. It is 
found that small bed shear stress zones are observed in the core of the PG. They also appear 
in the SG region. In S =1/6, the small bed shear stress zone relevant to the PG is shifted 
toward the upstream-side compared with S =0 and 5. It should be noticed that local 
sedimentations are promoted significantly in these low-speed regions. In contrast, it is 
expected that a scour process is observed in the outer side of PG. The present results allow 
us to understand that the formations of PG and SG play significant roles on the 
sedimentation in the cavity.  
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Fig. 7. Horizontal distributions of Reynolds stress 

3.4 Distribution of Reynolds stress   
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indicated by the circle C. At t= 2s, it is found that a large amont of fluid is transported 
toward the cavity zone by the sweep (B). Furhter, a shedding vortex (D) is generated 
together with positve Reynolds stress. This result suggetst that mass transfer process 
between the mainstream and the cavity is promoted significantly by such coherent 
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Figs. 10 (a) and (b) show examples of the instantanesous velocity fields for S =-1/6 and 1/6. 
In S =-1/6, the sedding vortex is observed as indicated by the circle A, and the sweep 
motion (B) is formed. The sweep seem to be larger than that obserbed in S =0. It is found 
that the PG is also visualized even in the instantaneous velocity field. In S =1/6, the ejection 
is observed as indicated by circle A. However, the sedding vortex is not be regonnized. This 
result correspond well to the finding that Reynolds stress is smaller in the S =1/6 than the 
S =0 and –1/6 as shown in Fig.7. It is therefore found that the bed configuration has striking 
impacts on turbulence production in the cavity.  
Therefore, horizontal and vertical LLSs are projected simultaneously, and these illuminated 
planes are taken by dual CMOS cameras. Fig.11 shows examples of time series of 
instantaneous velocity vectors in the horizontal and vertical planes every 0.6 seconds. The 
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positions of these planes are y/H=0.94. (near free-surface) and z/B=-0.2 (near the junction 
between the main-channel and the cavity). The white broken line of horizontal views and 
the red one of vertical views indicate the positions of vertical and horizontal illuminated 
planes, respectively. The contours mean distributions of instantaneous Reynolds stress uw  
and vertical velcotiy v  for the horizontal and vertical views, respectively. 
In the S =0, red circle indicates large Reynolds stress observed at the junction near the 
upstream side of the cavity. It is inferred that shedding vortex produces locally the large 
Reynolds stress distribution. Further, the Reynolds stress seems to intrude toward the 
cavity. It is found by comparison of the horizontal and vertical views that upward currents 
appear in the intruding region of large Reynolds stress. The downward current follows the 
upward one, and it is thus suggested that strong 3-D structure is formed near the junction, 
when shedding vortex enter to the cavity. In the S =-1/6, a similar 3-D structure is observed 
in the same manner as one of S =0. Particularly, after the transfer of Reynolds stress toward 
the cavity, it is accompanied with downward current in the downstream side of the cavity. 
In the S =1/6, upward currents are dominant in the whole area of the vertical plane. Of 
particular significance is that larger upward flows are generated than the surrounding 
positions at the inrushing time of sweep motion.  
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Fig. 11. Instantaneous velocity vectors in the horizontal and vertical planes 

In Figs.9 and 10, only horizontal currents are focused, and thus, there remain many 
uncertainties about vertical component of velocity. Particularly, it is very significant to 
reveal how horizontal vortices and gyres induces upward and downward flows.  
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Fig. 12. Dye transport in different types of bed conditions 

4. Mass transfer properties between mainstream and cavity  
The coherent turbulent structures such as shedding vortex, sweep and ejection play 
significant roles on mass and sediment transfers. However, there are many uncertainties 
about relation between the turbulence and mass transfers. In this section, exchange 
properties of dye concentration and effects of sedimentation on them are considered.  
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4.1 Dye visualization of mass transfer 
Fig.12 shows instantaneous distribution of dye concentration at y/H=0.94. The mass 
exchange is promoted significantly in the PG region, and, in contrast, the dye is 
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Fig. 11. Instantaneous velocity vectors in the horizontal and vertical planes 

In Figs.9 and 10, only horizontal currents are focused, and thus, there remain many 
uncertainties about vertical component of velocity. Particularly, it is very significant to 
reveal how horizontal vortices and gyres induces upward and downward flows.  
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4. Mass transfer properties between mainstream and cavity  
The coherent turbulent structures such as shedding vortex, sweep and ejection play 
significant roles on mass and sediment transfers. However, there are many uncertainties 
about relation between the turbulence and mass transfers. In this section, exchange 
properties of dye concentration and effects of sedimentation on them are considered.  
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4.1 Dye visualization of mass transfer 
Fig.12 shows instantaneous distribution of dye concentration at y/H=0.94. The mass 
exchange is promoted significantly in the PG region, and, in contrast, the dye is 
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accumulated in the SG region for S =0 and -1/6. These results coincide well with those of 
previous experiments conducted by Uijttewaal et al and Weitbrecht et al. Whereas, for the 
S =1/6, although horizontal area of PG covers the almost whole cavity zone, circulation 
velocities may comparatively weak, and dye remains in the PG region. Of particular 
significance is that mass transport in the side cavity depends strongly on the formation 
properties of the horizontal gyres.  

4.2 Evaluation of transfer coefficient  
Transport equation for concentration exchange between the mainstream and the dead water 
zone such as side cavity, is follows as; 

 DC/Dt=(kUm/Bw)(C-C0) (4)  

C is instantaneous concentration, C0 is initial concentration value and k is transfer coefficient  
given by following equation. 

 k=Bm/(UT) (5) 

T is the specific time when C/ C0 becomes 1/10. It is calculated by using time-variation of C 
during linearly decrease stage. 
Fig.13 shows time-series of concentration at y/H=0.94. for the flat-bed condition. The 
concentaration decreases linearly from t=0s to 50s, and thereafter, time-variation becomes 
smaller. As pointed out by Uijttewaal et al, the linear-decrease corresponds to the mass 
exchange promoted by the PG, and incontrast, after the contribution of the PG, the time-
variation becomes small due to stagnating induced by the SG. This suggests that the PG 
plays significant rolls on the mass transfer beneath interface between the main-channel and 
the dead water zone. Therefore, the transfer coefficient k was evaluated by applying the 
time-gradient of concentration to Eqs.(4) and (5).  
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Fig. 14. Vertical profile of transfer coefficient 
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Fig. 15. Relation between transfer velocity and Reynolds number 

Fig.14 shows vertical profile of transfer coefficient. It decreases toward the free-surface in 
the S <0 series, and this is because area of the SG, in which mass is accumulated as 
mentioned above, becomes larger nearer the free-surface. In the flat bed case, the structures 
of the PG and SG are almost constant in the vertical direction, and vertical variation of k is 
comparatively small. In the S >0 series, the single gyre is formed in the whole depth region, 
and dye concentration is captured in the PG region without transfer to the main stream. It is 
thus found that variations of k are smaller than those observed in the S =0 and S <0 .   

4.3 Parameterization  
In the studies on gas transfer phenomena, reasonable parameterizations are conducted 
using various physical models. In the present study, a following large-eddy model, in which 
effects of large-scale turbulence can be considered, is used for our measured data. 

 1/2 1/2
c ek S R 

   (6) 

in which, / 'm ck kU u  is transfer velocity normalized by velocity-scales. 'cu  is space-
averaged turbulence intensity along the boundary between the main-channel and the side-
cavity. Re /c pu L   is Reynolds number. pL  is the length scale of PG. Sc is Schmidt number 
and Sc is chozen as 1. Fig.15 shows relation between the normalized transfer velocity and 
Reynolds number. It is found that the present data coincide well with the large-eddy model. 
So, it is suggested that when the length scale of PG and turbulent intensity are accuraltely 
given, transfer velocity could be predicted reasonably, irrespective of bed configrations.   

5. Conclusion  
In this chapter, the open-channel flows with dead water zone were highlighted, and the 
effects of sedimentation on horizontal circulation structure and related mass-exchanges 
were considered on the basis of the measured data obtained by the laboratory experiments. 
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Fig.14 shows vertical profile of transfer coefficient. It decreases toward the free-surface in 
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and dye concentration is captured in the PG region without transfer to the main stream. It is 
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In the studies on gas transfer phenomena, reasonable parameterizations are conducted 
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effects of large-scale turbulence can be considered, is used for our measured data. 
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Reynolds number. It is found that the present data coincide well with the large-eddy model. 
So, it is suggested that when the length scale of PG and turbulent intensity are accuraltely 
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5. Conclusion  
In this chapter, the open-channel flows with dead water zone were highlighted, and the 
effects of sedimentation on horizontal circulation structure and related mass-exchanges 
were considered on the basis of the measured data obtained by the laboratory experiments. 
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The both of MG and SG are observed in the flat-bed and downward slope conditions, and in 
contrast, the only MG appears in the upward slope condition. It was found that these 
formations of the horizontal circulations play significant roles on the mass transfer 
properties between the mainstream and the cavity. So, we should consider the effects of the 
bed configuration, when the turbulence structure and the related mass transfer phenomena 
are evaluated in detail. 
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1. Introduction 
Sediment transport and river channel dynamics are the result of the complex interaction 
between natural and human factors, at both local and regional scale. The study of sediment 
transport and river channel dynamics may be an important way to better know and 
understand the mechanisms that rule the functioning of fluvial system, allowing forecasts of 
its future evolution to be made and appropriate adaptation measures to be taken by society  
in front of the risks related to the fluvial dynamics and sediment transfer.  
The purpose of this chapter is to present specific aspects concerning the sediment transport 
and river channel dynamics in Romania and to reveal the role of various control factors. Our 
contribution consists mainly in  regional analyses that highlight the following aspects: i) the 
spatial and temporal variability of suspended sediment transport;  ii) the relationships  
between suspended sediment yield/load and some control variables (precipitation, water 
discharge, catchment's characteristics, and human activities), and iii) the vertical and lateral  
dynamics of selected river channels.  
The chapter summarizes a part of the significant results of our previous studies and some 
more recent researches in the field of sediment transport and channel dynamics in Romania. 
It also includes new issues and approaches, based especially on case studies, which further 
develop the proposed topic. The analyses focus preeminently on two areas: the Carpathian’s 
Curvature region, and the central part of the Romanian Plain (Fig. 1A). We have chosen the 
first area because it has the highest sediment yield in Romania: over 20 – 25 t ha-1 yr-1, meaning 
more than 10 times the average sediment yield on a national scale, which is about 2 t ha-1 yr-1 
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The both of MG and SG are observed in the flat-bed and downward slope conditions, and in 
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Fig. 1. A The main morphological units in Romania and the location of the study areas: 
1: Carpathian’s Curvature region; 2: Central part of the Romanian Plain; 3: Iron Gates 
Region. B. The distribution of suspended sediment yield over the Romanian territory at the 
scale of the major landform units. 

2. Overview on previous researches on sediment transport and river bed 
dynamics in Romania  
In Romania, although researches in the fields of hydrology and fluvial geomorphology date 
back to the early 20th century, the systematic gauging of sediment load within the national 
hydrometric network started after 1950. Initially, the recordings were only concerned with 
suspended sediment concentration (turbidity) and sediment load. In the 1960s, however, the 
efforts were also aimed at the systematic investigation of sediment granulometry and bed 
load transport. Yet, over the time, most of the recordings have dealt with suspended 
sediment load, while the measurements of bed load amounts have been fewer. An 
important role in the scientific research in this field was played by the specialized national 
institutes (of hydrology, pedology, geography, etc.), the universities and the “Stejarul” 
research station in Piatra Neamţ. 
Significant researches on sediment transport. One of the first significant synthesis studies 
on suspended sediment load of the Romanian rivers belongs to Diaconu (1964), who 
highlighted the vertical zonation of suspended sediment yield. Seven years later, in 1971, 
Diaconu published a more ample study, which became a landmark for all subsequent 
investigations concerning river sediment transport in the country. In it, he presented the 
results given by the processing of suspended load data recorded between 1952 and 1967 on 
202 catchments. For the first time in Romania, the author included maps showing the spatial 
variability of suspended sediment yield and suspended sediment concentration (turbidity) 
on a national scale.  In 1972, Ujvári identified the relationships between the rivers turbidity 
and the suspended sediment load on the one hand, and between the former and the 
elevation, on the other hand, under different geological and morphological conditions. 
Another reference work dealing with the investigation of suspended sediment load in 
Romania was accomplished by Moţoc in 1984. The study emphasized the contribution of 
erosion processes and land use to suspended load transport along the Romanian streams. In 
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1987, Mociorniţă and Birtu updated the previous information regarding the spatial and 
temporal variability of suspended load in Romania. The results and discussions relied on 
the processing of the data recorded between 1950 and 1984 by the national gauging network. 
These datasets also included information about the exceptional flood events, which occurred 
in 1970, 1972, 1975 and 1979, and about the alterations of the flow and sediment load 
regimes induced by the increased number of reservoirs.  
A more recent synthesis study that highlighted the relationship between suspended 
sediment yield and the catchment area for different morpholithological conditions of 
Romania was the one conducted by Rădoane (2005). Many studies (methodological and at a 
regional scale) dealing with sediment origin, transport, alluvial budget and granulometry, 
as well as with the factors controlling the river sediment load have been published in recent 
decades. The most relevant ones are authored by Dumitriu (2007), Ichim (1992), Ichim & 
Rădoane (1990), Ichim et al. (1998), Olariu et al. (1999), Rădoane & Rădoane (2001, 2005), 
Rădoane et al. (1998, 2003a, 2006), Roşca & Teodor (1990), Teodor (1992, 1999), Zaharia 
(1998), Zaharia & Ioana-Toroimac (2009), Zăvoianu & Mustăţea (1992). Important papers on 
sediments and fluvial processes are included in the four volumes of the Symposium 
“Provenienţa şi efluenţa aluviunilor” (“Sediments Origin and Outflow”) held in Piatra 
Neamţ (1986, 1988, 1990 and 1992).  
Researches on river bed dynamics. In Romania, the studies on riverbed dynamics started in 
the 1960s. Of the first papers, those accomplished by Diaconu et al. (1962) and Urziceanu 
(1967), clearly stand out from the others. For instance, the study authored by Urziceanu is 
important, inasmuch as it identifies on a national scale some zonal relations among the 
channel dynamics, the sediments diameter and the water velocity based on an index 
expressing the channels mobility. In his turn, Diaconu (1971) tackles the channels variations 
by analyzing the influence of water flow on the hydraulic elements of the channel’s cross 
section (area, mean and maximum depth). Other important contributions to the study of the 
channel vertical dynamics and the river long profiles are those of Ichim et al., (1989), Pandi 
& Sorocovschi (2009), Rădoane et al. (1991, 2003b, 2008a, 2010), Rădoane & Rădoane (2007), 
etc. Aspects concerning fluvial dynamics are presented in the works authored by Cocoş & 
Cocoş (2005), Feier & Rădoane (2007), Ioana-Toroimac et al. (2010), Rădoane et al. (2008b), 
and Grecu et al. (2010 a, b, c).  
Given its practical significance in the context of sustainable development, the 
hydrogeomorphological dynamics has either turned into a major issue or has only been 
tangentially tackled in many doctoral theses, of which are worth mentioning the papers 
accomplished by Popa-Burdulea (2007), Ioana-Toroimac (2009), Ghiţă (2009), Cârciumaru 
(2010) and Văcaru (2010).  

3. Suspended sediment transport – the role of control variables  
The spatial and temporal variability of sediment transport is controlled by a combination of 
different variables, including the natural features of the catchments and human activities. 
Because these variables generally act in a synergistic manner, sometimes it may be very 
difficult to isolate the effect of a particular one (Charlton, 2008). 

3.1 Spatial variability of suspended sediment transport in Romania 
The Romanian rivers, except for the Danube, carry, on the average, 1550 kg s-1 of suspended 
sediments every year, which means a sediment yield of 48.9 million t yr-1 and a specific 
sediment yield of 2.06 t ha-1 yr-1 (Mociorniţă & Birtu, 1987). These values account for a 



 
Sediment Transport in Aquatic Environments 

 

294 

 
Fig. 1. A The main morphological units in Romania and the location of the study areas: 
1: Carpathian’s Curvature region; 2: Central part of the Romanian Plain; 3: Iron Gates 
Region. B. The distribution of suspended sediment yield over the Romanian territory at the 
scale of the major landform units. 

2. Overview on previous researches on sediment transport and river bed 
dynamics in Romania  
In Romania, although researches in the fields of hydrology and fluvial geomorphology date 
back to the early 20th century, the systematic gauging of sediment load within the national 
hydrometric network started after 1950. Initially, the recordings were only concerned with 
suspended sediment concentration (turbidity) and sediment load. In the 1960s, however, the 
efforts were also aimed at the systematic investigation of sediment granulometry and bed 
load transport. Yet, over the time, most of the recordings have dealt with suspended 
sediment load, while the measurements of bed load amounts have been fewer. An 
important role in the scientific research in this field was played by the specialized national 
institutes (of hydrology, pedology, geography, etc.), the universities and the “Stejarul” 
research station in Piatra Neamţ. 
Significant researches on sediment transport. One of the first significant synthesis studies 
on suspended sediment load of the Romanian rivers belongs to Diaconu (1964), who 
highlighted the vertical zonation of suspended sediment yield. Seven years later, in 1971, 
Diaconu published a more ample study, which became a landmark for all subsequent 
investigations concerning river sediment transport in the country. In it, he presented the 
results given by the processing of suspended load data recorded between 1952 and 1967 on 
202 catchments. For the first time in Romania, the author included maps showing the spatial 
variability of suspended sediment yield and suspended sediment concentration (turbidity) 
on a national scale.  In 1972, Ujvári identified the relationships between the rivers turbidity 
and the suspended sediment load on the one hand, and between the former and the 
elevation, on the other hand, under different geological and morphological conditions. 
Another reference work dealing with the investigation of suspended sediment load in 
Romania was accomplished by Moţoc in 1984. The study emphasized the contribution of 
erosion processes and land use to suspended load transport along the Romanian streams. In 

 
Sediment Transport and River Channel Dynamics in Romania – Variability and Control Factors 

 

295 

1987, Mociorniţă and Birtu updated the previous information regarding the spatial and 
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These datasets also included information about the exceptional flood events, which occurred 
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sediment yield and the catchment area for different morpholithological conditions of 
Romania was the one conducted by Rădoane (2005). Many studies (methodological and at a 
regional scale) dealing with sediment origin, transport, alluvial budget and granulometry, 
as well as with the factors controlling the river sediment load have been published in recent 
decades. The most relevant ones are authored by Dumitriu (2007), Ichim (1992), Ichim & 
Rădoane (1990), Ichim et al. (1998), Olariu et al. (1999), Rădoane & Rădoane (2001, 2005), 
Rădoane et al. (1998, 2003a, 2006), Roşca & Teodor (1990), Teodor (1992, 1999), Zaharia 
(1998), Zaharia & Ioana-Toroimac (2009), Zăvoianu & Mustăţea (1992). Important papers on 
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“Provenienţa şi efluenţa aluviunilor” (“Sediments Origin and Outflow”) held in Piatra 
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the 1960s. Of the first papers, those accomplished by Diaconu et al. (1962) and Urziceanu 
(1967), clearly stand out from the others. For instance, the study authored by Urziceanu is 
important, inasmuch as it identifies on a national scale some zonal relations among the 
channel dynamics, the sediments diameter and the water velocity based on an index 
expressing the channels mobility. In his turn, Diaconu (1971) tackles the channels variations 
by analyzing the influence of water flow on the hydraulic elements of the channel’s cross 
section (area, mean and maximum depth). Other important contributions to the study of the 
channel vertical dynamics and the river long profiles are those of Ichim et al., (1989), Pandi 
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etc. Aspects concerning fluvial dynamics are presented in the works authored by Cocoş & 
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Given its practical significance in the context of sustainable development, the 
hydrogeomorphological dynamics has either turned into a major issue or has only been 
tangentially tackled in many doctoral theses, of which are worth mentioning the papers 
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relative high erosion rate in Romania, which makes it necessary that adequate measures to 
reduce it should be taken in order to mitigate the negative consequences generated by this 
phenomenon.  
The analysis of the distribution of liquid flow and suspended sediment yield at the scale of 
the major landform units in Romania shows that 73% of the mean annual suspended 
sediment yield come from the hilly and piedmontane areas (with elevations of 300 to 800 m), 
which account for 31% of the Romanian territory and 24% of the mean annual water volume 
of the rivers (Fig. 1B). These areas are extremly favourable for sediment production. In the 
mountain realm, as well as in the plains and the low tableland regions the percentage of 
suspended sediment yield is only 14% and 13% respectively of the mean annual sediment 
yield, while these areas hold 21% and 48% respectively of the entire Romanian territory.  
One should also notice that the mountain realm is responsible for two-thirds (66%) of the 
mean annual water volume of the rivers, while the plain areas contribute by only 10% 
(Mociorniţă & Birtu, 1987; Pişota & Zaharia, 2002).  
The largest amounts of suspended load are carried by the rivers draining the Subcarpathian 
region, where the values of the mean specific suspended sediment yield exceed 10 t ha-1 yr-1. 
As far as the maximum values are concerned, these are found in the Curvature 
Subcarpathians (more than 20 – 25 t ha-1 yr-1) (Fig. 2A). The high erosion rate in this area, 
which is controlled by natural (geological, morphological, climatic and hydrological) and 
anthropogenic causes (massive deforestations), is mirrored by the extremely high values of 
water turbidity, which exceeds 25,000 g m-3 (Fig. 2B). In the Carpathian realm and the plain 
areas, the values of specific suspended sediment yield are less than 0.5 t ha-1 yr-1, while water 
turbidity keeps below 250 g m-3.  
The values of specific sediment yield increase with the elevation from the sea level to 200 – 
600 m a.s.l., where they reach the maximum. From here upwards, the values generally 
decrease as the elevation grows. At low altitudes, although the rocks are crumbly, the faint 
slopes and low water velocities hinder the erosion. At high elevations, even though the 
steep grades encourage erosion, the protective vegetal cover and especially the hard rocks 
are responsible for the low suspended load values. The most favorable erosion conditions, 
which explain the high values of suspended sediment transport, are encountered between 
200 and 600 m a.s.l. (Diaconu & Şerban, 1994). 
 

 
Fig. 2. The map of suspended sediment yield (A) and river turbidity in Romania (B) 
(according to Mociorniţă & Birtu, 1987, for A, and to Diaconu, 1971, for B) 
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The year-to-year variability of suspended sediment load is more significant than the water 
discharge. The study accomplished by Mociorniţă & Birtu (1987) at the scale of 10 
catchments having different geographical conditions (for the period 1950 – 1985) shows 
variation coefficients for suspended sediment load ranging from 0.5 to 1.12, which is two to 
three times higher than those of the mean annual water discharge. As far as the yearly 
variability of the mean sediment transport is concerned, this is mainly determined by the 
variability of precipitation regime and water flow under the specific geographical conditions 
of each drainage basin. For Romania, the highest suspended sediment transport occurs 
during the interval March – July, when the abundant precipitation combined with the 
spring snow melting, on the one hand, and the summer rain showers, on the other hand, 
encourage sediment supply. This happens because the erosion processes along the slopes 
and within the channels intensify when water discharge increases. During this interval, the 
percentage of the mean monthly suspended sediment load can exceed 20 – 25% of the mean 
annual volume. The lowest suspended sediment loads (less than 5% of the mean annual 
volume) occur in autumn, when both precipitation and water discharges are low 
(Mociorniţă & Birtu, 1987). 

3.2 The Carpathians’ Curvature region – the area with the most important  suspended 
sediment transport in Romania 
The analysis takes into account the external part of the Carpathians’ Curvature region, 
which records the highest values of suspended sediment yield in Romania. The study area 
includes two distinct morphological units: the Carpathians (lying to the north-northeast) 
and the Subcarpathians (which are found east-southeast from the Carpathian area) (Fig. 3). 
One of the main factors that encourage sediment formation and sediment transport is 
geology. In the Subcarpathian region, the crumbly sedimentary rocks belonging to the 
Miocene and Pliocene molasse prevail, while in the Carpathian area, Cretaceous and 
Paleogene flysch formations are common. They include a mosaic of rocks, like sandstones, 
marls, limestones, conglomerates, marly-sandy schists, etc (Mutihac et al., 2007).  
The Carpathian realm is affected by uplift movements of 2 – 3 mm per year, whereas the 
Subcarpathian area rises by 0.5 to 2 mm per year (Cornea et al., 1979). These movements 
influence the channel dynamics and consequently the sediment transport. Besides, because 
the area has a high degree of seismic activity it is often rattled by earthquakes, some of them 
with magnitudes exceeding 6 – 7 degrees on the Richter scale. Of the most powerful events 
of this kind, which occurred during the last century, one can mention the earthquakes of 10 
November 1940 and 4 March 1977, with magnitudes of 7.4 and 7.2 respectively on the 
Richter scale. The shock waves generated by earthquakes may trigger various relief shaping 
processes, such as landslides, mudflows, and collapses, which bring sediments into the river 
channels (Bălteanu, 1983; Zaharia, 1999).  
A major control for the erosion processes and sediment transport is represented by climatic 
conditions in general, and by precipitation in particular. The annual amounts of 
precipitation in the mountain area have values ranging from 70 to 1000 mm in the mountain 
realm and 600 to 700 mm in the Subcarpathian area (Zaharia, 2005). The high erosion rate, 
mirrored by the high amounts of suspended sediment load, is explained by the precipitation 
regime, corroborated with the lithological conditions. In June and July, due to the torrential 
regime of precipitation the maximum amounts fallen in 24 hours may exceed 100 or even 
250 mm (Administraţia Naţională de Meteorologie,  2008; Bogdan & Mihai, 1981). 
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Fig. 3. The Outer Carpathians’ Curvature: location of the study catchments, and of 
hydrometric and meteorological stations. 1: Carpathian area (a: mountainous area; b: 
depression area), 2: Subcarpathian area; 3: Tableland region; 4: Plain area; 5: Elevation (m 
a.s.l.); 6: Drainage network; 7: Watershed boundary of the study catchments; 8: Hydrometric 
station; 9: Weather station; 10: Cities. 

Suspended load transport is closely related to water discharge. Throughout the outer area of 
the Carpathians’ Curvature, the mean specific discharge varies between 10 and 16 l  s-1 km-2, in 
the Carpathian realm and between 3 and 12 l s-1 km-2, in the Subcarpathian area. The flow 
regime is characterized by high discharges in spring (41 – 43 % of the mean annual water 
volume) and summer (24 – 30%), whilst during the winter and fall the flow is more reduced 
(less than 15% of the mean annual water volume). The highest sediment amounts are carried 
during the flood events. These are generated by the abundant rainfalls falling especially in 
summer and spring (Zaharia, 2005). For instance, during the flood event of July 2005, the 
Milcov River recorded at Goleşti 94,000 kg s-1 of suspended sediments, which is over 5,000 
times higher than the mean multiannual sediment load (according to the data provided by 
the Vrancea Water Management System). 
The erosion processes affecting the slopes are controlled to a large extent by vegetation 
cover. In the Carpathian catchments, the degree of afforestation averages 50 – 70%, while in 
the Subcarpathian area it drops to less than 30 – 40% (according to AQUAPROIECT, 1992). 
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Massive deforestations took place in the Carpathians’ Curvature region in the second half of 
the 19th century and they continued until the third decade of the 20th century. After 1976, 
with the implementation of a national program to control soil erosion, significant 
reforestations associated with anti-erosion measures were accomplished in this area 
(Zaharia, 1998). After 1989, the restitution of the forest to the former owners was followed 
by massive and abusive deforestations.  
Human activities. The main activities in the area, which control  the sediment transport in 
the study region, are the massive deforestations, pasture expansion, grazing, mining of sand 
and gravel from river channels, and dam building (in this area there are four important 
reservoirs and a small  impoundment). Because of the specific lithological conditions of the 
Curvature Subcarpathians, deforestations and overgrazing have induced intense slope 
erosion processes and landslides, which generated significant amounts of sediments.  
The favorable natural features and the human activities have accelerated the erosion processes 
in the Subcarpathian area and consequently the values of suspended sediment yield are high: 
over 10 t ha-1 yr-1 and for some parts even 20 – 25 t ha-1 yr-1. In the mountain area, suspended 
sediment yield is less than 5 t ha-1 yr-1. This is explained by the hardness of flysch rocks and the 
higher degree of aforestation, which mitigate the action of the rather abundant precipitation.  
During the year, suspended sediment load varies from month to month as a result of 
hydrological and meteorological conditions. The rivers carry the largest amounts of 
suspended sediments in the interval April – July. In the Putna catchment, the percentage of 
each month within this interval may exceed 20 – 30% of the mean annual suspended 
sediment yield. The winter months have the lowest share of suspended load (less than 3 – 
4% of the total mean annual suspended sediment yield) (according to Zaharia, 1999, for the 
period 1956 – 1992).  
The interannual variability of the mean suspended sediment load is more significant for the 
river catchments that are mostly developed in the Subcarpathian area, where the values of 
the variation coefficient (Cv) of the mean annual suspended sediment load are generally 
higher than 1. As far as the rivers flowing in the Carpathian area are concerned, they have 
Cv values lower than 1 (Zaharia, 2005). 

3.2.1 Relationships between suspended sediment yield  and hydrometeorological 
variables 
As mentioned previously, an important part in sediment formation and sediment transport 
is played by climatic conditions (especially precipitation) and flow discharge features. With 
this in mind, we will try to reveal the influence of precipitation and runoff on suspended 
sediment yield.  
3.2.1.1 Precipitation role in suspended sediment load 
In a previous study (Zaharia & Ioana-Toroimac, 2009) we analyzed the link between the 
erosion dynamics and precipitation in the Carpathians’ Curvature region. Now, we will 
briefly discuss again the results making at the same time some additional comments. The 
study was based on the monthly and annual precipitation values recorded at 24 weather 
stations lying in the Carpathians’ Curvature area and in its immediate vicinity during the 
period 1961 – 2000 (data provided by the National Meteorological Administration – 
N.M.A.). Likewise, we took into account the water discharge and suspended sediment load 
(mean monthly and annual values) recorded for seven catchments during the same period 
(data provided by the National Institute of Hydrology and Water Management – 
N.I.H.W.M.). Table 1 gives the morphometric and geographical features of the study 
catchments, whereas Fig. 3  shows their geographical location.  
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River Hydrometric 
station 

A 
(km2) 

Hm 

(m)
Sm 

(degree)
FR 
(%) 

CMP 
(1961 – 2000)* 

Şuşiţa Ciuruc 172 556 2.6 74 634.7 
Putna Tulnici 365 1014 5.6 54 713.5 
Milcov Goleşti 406 422 3.1 55 630 

Rm. Sărat Chiojdeni-Tulburea 177 790 4.5 58 571.3 
Câlnău Potârnicheşti 194 338 2.2 27 544.2 
Slănic Cernăteşti 422 524 3.8 47 569.4 

Prahova Câmpina 484 1124 5.5 58 926.4 
* Based on the data provided by the N.M.A. 

Table 1. Morphometric and geographical features of the study catchments (according to 
Zaharia & Ioana-Toroimac, 2009, with additions). A: catchment area; Hm: catchment mean 
elevation; Sm: catchment mean gradient; FR: forest ratio; CMP: catchment mean 
precipitation. 

By interpolating the mean annual values of precipitation recorded at the 24 weather stations 
(employing the Natural Neighbor method in Vertical Mapper module from MapInfo soft, 
version 6.5.) and by overlaying the results on the maps of the study catchments, the mean 
annual precipitation falling on each of them was estimated. The data regarding the suspended 
sediment load allowed us to determine the mean specific sediment yield, computed as a ratio 
of suspended sediment load, expressed in t yr-1, and the catchment area (in hectares). Table 2 
shows data on water discharge and suspended sediment load for the study catchments.  
 

River Hydrometric
station 

Qm* 
(1961-2000) 

Qmax*/year
(m3 s-1) 

R 
(1961–2000) 

 
CVQm 

 
CVR 

(m3 s-1) (l s-1 km-2) (kg s-1) * (t ha-1 yr-1)
Şuşiţa Ciuruc 1.39 8.08 491/1991 3.33 6.1 0.51 1.17 
Putna Tulnici 4.75 13.0 333/1971 3.92 3.38 0.36 0.93 
Milcov Goleşti 1.50 3.69 560/1970 18.4 14.3 0.63 1.01 

Rm. 
Sărat 

Chiojdeni-
Tulburea 1.51 8.53 335/1991 9.19 16.4 0.47 0.94 

Câlnău Potârnicheşti 0.392 2.02 146/1972 8.27 13.4 0.77 1.19 
Slănic Cernăteşti 1.38 3.27 410/1975 15.4 11.5 0.47 1.23 

Prahova Câmpina 8.27 17.1 369/1988 10.9 7.1 0.25 0.95 
* Based on the data provided by the N.I.H.W.M. 
Table 2. Data on water discharge and suspended sediment load for the study catchments 
(according to Zaharia & Ioana-Toroimac, 2009, with additions). Qm: mean multiannual 
discharge; R: mean multiannual suspended sediment load; CVQm: variation coefficient of 
the mean annual discharge; CVR: variation coefficient of the mean annual suspended 
sediment load. 

The analysis of the linear correlations between the mean annual precipitation fallen over the 
catchment and the mean suspended sediment yield highlights significant statistical links 
(for an error risk  = 0.02, according to the Bravais-Pearson statistical test), despite the fact 
that correlation coefficients are relatively low (between 0.42 and 0.64) (Table 3). The 
correlation between the mean multiannual suspended sediment yield and the mean 
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multiannual precipitation fallen over the catchment accomplished for the seven study 
catchments shows a correlation coefficient of 0.57, which points at a relatively low 
connection between the two parameters.  
In order to identify the precipitation regional trends and the suspended sediment yield 
variability (at annual scale) the statistical method of Principal Component Analysis (PCA), 
applied with turnover, was employed (with XLSTAT 5.1. soft). This method allowed the 
determination of the regional synthetic indexes for the catchment mean precipitation 
(PC1P), as well as for the mean specific suspended sediment yield (PC1r). These indexes 
correspond to the information retained by the first principal component. The Mann-Kendall 
test was applied to establish the statistical significance of the temporal variability trends of 
the two regional synthetic indexes (PC1r and PC1P). In order to identify the intensity of the 
relationship between the mean specific suspended sediment yield and the precipitation 
variability on regional scale, the linear correlation between the two indexes was 
accomplished, and correlation and determination coefficients were analyzed. The statistical 
relevance of the correlations was established by using the Bravais-Pearson test (Chadule, 1997).  
 

River Hydrometric
station 

Correlation coefficients between 
suspended sediment yield and: 

CMP Qmax Qm 
Şuşiţa Ciuruc 0.64 0.78 0.69 
Putna Tulnici 0.62 0.72 0.62 
Milcov Goleşti 0.42 0.81 0.8 

Rm. Sărat Chiojdeni-
Tulburea 0.46 0.56 0.78 

Câlnău Potârnicheşti 0.54 0.54 0.83 
Slănic Cernăteşti 0.56 0.54 0.74 

Prahova Câmpina 0.55 0.62 0.64 

Table 3. Correlation coefficients of the relationships between suspended sediment yield and 
the hydrometeorological parameters of the study catchments (1961 – 2000). CMP: catchment 
mean annual precipitation (mm); Qmax: maximum annual discharge (m3 s-1);  Qm: mean annual 
discharge (m3 s-1). (according toZaharia & Ioana-Toroimac, 2009, with alterations) 

On regional scale, the linear correlation between the annual synthetic index of specific 
suspended sediment yield (PC1r) and the annual synthetic index of precipitation (PC1P) has 
a correlation coefficient (r) of 0.66 (Fig. 4). According to Bravais-Pearson statistical test, for α 
= 0.02 level of significance, the correlation between the analyzed parameters is statistically 
significant.  However, the value of the determination coefficient (R2 = 0.45) shows a low 
quality of the correlation, which reveals the importance of other local factors in controlling 
the sediment transport. 
Based on the mean monthly and annual amounts of precipitation recorded at the 24 weather 
stations taken into account, we computed the climatic erosive index for each of them as the 
ratio between the squared precipitation of the month with the maximum pluviometric value 
and the total annual amount of precipitation (Pătroescu, 1996). The values of these indexes 
range from 25 (at Râmnicu Sărat, 152 m a.s.l.) to 39.2 (at Lăcăuţi, 1776 m a.s.l.) (Fig. 6A). The 
highest values (over 35) are specific for altitudes between 400 and 1700 m a.s.l. (Fig.  6B). The 
high values of climatic erosive index, in conjunction with the specific lithological conditions 
and the low degree of afforestation, reflect a great potential for sediment generation. 
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multiannual precipitation fallen over the catchment accomplished for the seven study 
catchments shows a correlation coefficient of 0.57, which points at a relatively low 
connection between the two parameters.  
In order to identify the precipitation regional trends and the suspended sediment yield 
variability (at annual scale) the statistical method of Principal Component Analysis (PCA), 
applied with turnover, was employed (with XLSTAT 5.1. soft). This method allowed the 
determination of the regional synthetic indexes for the catchment mean precipitation 
(PC1P), as well as for the mean specific suspended sediment yield (PC1r). These indexes 
correspond to the information retained by the first principal component. The Mann-Kendall 
test was applied to establish the statistical significance of the temporal variability trends of 
the two regional synthetic indexes (PC1r and PC1P). In order to identify the intensity of the 
relationship between the mean specific suspended sediment yield and the precipitation 
variability on regional scale, the linear correlation between the two indexes was 
accomplished, and correlation and determination coefficients were analyzed. The statistical 
relevance of the correlations was established by using the Bravais-Pearson test (Chadule, 1997).  
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and the low degree of afforestation, reflect a great potential for sediment generation. 
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Fig. 4. (left). Linear correlation between the regional index for the annual precipitation (year 
co-ordinate on PC1 Axis for P) and the regional index for the annual specific suspended 
sediment yield (year co-ordinate on PC1 Axis for r) in the Carpathians’ Curvature region 
(according to Zaharia & Ioana-Toroimac, 2009, modified)  

Fig. 5. (right). Interannual variability of the regional index for the annual precipitation 
(PC1P) and of the regional index for the annual specific suspended sediment yield (PC1r) in 
the Carpathians’ Curvature region (according to Zaharia & Ioana-Toroimac, 2009, modified) 

 

 
Fig. 6. The variation of climatic erosive indexes in the Carpathians’ Curvature region (A) 
and their correlation with the weather station’s elevation (B) (1961 – 2000) (the delimited 
areas in Fig. A correspond to the studied watershed boundaries). 

3.2.1.2 The flow regime and its influence on suspended sediment load 
Suspended sediment load is directly influenced by liquid flow. The investigated rivers have 
mean multiannual water discharges ranging from 0.392 to 8.27 m3 s-1 (corresponding to 
specific discharges of 2.02 and 8.27 l s-1 km-2 respectively) (Table 2). During the flood events, 
water discharges may become 300 times higher than the mean multiannual values and 
consequently the rivers carry huge amounts of sediments. In the study area, the highest 
floods within the investigated period occurred in 1970, 1971, 1975, 1981, 1988 and 1991. 
These were also responsible for the maximum annual discharges (Table 2).  
The influence of liquid flow on suspended sediment load is emphasized by the relatively 
high values (0.54 – 0.83) of the linear correlation coefficients between suspended sediment 
yield and the flow parameters (mean and maximum water discharge) (Table 3). However, 
the interannual variability of suspended sediment yield (expressed by the variation 
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coefficient - CVR) is two to three times higher than the mean annual water discharge (Table 
2), which mirrors a higher irregularity of sediment supply. Generally, the sediment regime 
is similar to the flow one. Yet, no simple relationship exists between suspended sediment 
concentration and water discharge for a given cross-section (Charlton, 2008). Figure 7 shows 
the monthly and seasonal variability of suspended sediment load of the Slănic River.  
 

 
Fig. 7. Monthly (A) and seasonal (B) variations of suspended sediment load (R) and water 
discharge (Q) for the Slănic River at Cernăteşti gauging station (1971 – 2000) (% from the 
mean annual total volume ) 

3.2.2 Relationships between suspended sediment yield and catchment features 
In our previous study (Zaharia & Ioana-Toroimac, 2009) we analyzed the outer Carpathian 
Curvature area from the standpoint of the intensity of the relationships between suspended 
sediment yield and three features of the catchments: catchment mean elevation, catchment 
mean gradient and forest ratio. In addition to the present study, we have also taken into 
account the drainage area.  
The accomplished correlations between suspended sediment yield (for the period 1961 – 
2000) and the above mentioned characteristics of the catchments, show that the most 
important role in suspended sediment transport is played by the catchment mean altitude 
(correlation coefficient = 0.52). Catchment size, catchment mean slope and the degree of 
afforestation have a lower influence, which is mirrored by the low correlation and 
determination coefficients (Table 4). The four control variables are inversely related to 
suspended sediment yield, which is shown by the negative values of the “a” parameter of 
the regression line equation (Table 4). 
 

Relationship Correlation 
coefficient

Coefficient of 
determination

Regression line 
equation 

r - A 0.25 0.063 y = -6.578x + 386.08 
r - Hm 0.52 0.28 y = -31.305x + 1009.2 
r - Sm 0.38 0.15 y = -0.1035x + 4.9842 
r - Fr 0.37 0.14 y = -0.0106x + 0.6441 

Table 4. Correlation and determination coefficients of the relationships between suspended 
sediment yield and the catchment’s characteristics (according to Zaharia & Ioana-Toroimac, 
2009, with additions). r: mean multiannual specific suspended sediment yield (t ha-1 yr-1; 
1961 – 2000); A: catchment area; Hm: catchment mean elevation (m a.s.l.); Sm: catchment 
mean gradient (degrees); Fr: forest ratio. 
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Fig. 4. (left). Linear correlation between the regional index for the annual precipitation (year 
co-ordinate on PC1 Axis for P) and the regional index for the annual specific suspended 
sediment yield (year co-ordinate on PC1 Axis for r) in the Carpathians’ Curvature region 
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Fig. 5. (right). Interannual variability of the regional index for the annual precipitation 
(PC1P) and of the regional index for the annual specific suspended sediment yield (PC1r) in 
the Carpathians’ Curvature region (according to Zaharia & Ioana-Toroimac, 2009, modified) 
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consequently the rivers carry huge amounts of sediments. In the study area, the highest 
floods within the investigated period occurred in 1970, 1971, 1975, 1981, 1988 and 1991. 
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coefficient - CVR) is two to three times higher than the mean annual water discharge (Table 
2), which mirrors a higher irregularity of sediment supply. Generally, the sediment regime 
is similar to the flow one. Yet, no simple relationship exists between suspended sediment 
concentration and water discharge for a given cross-section (Charlton, 2008). Figure 7 shows 
the monthly and seasonal variability of suspended sediment load of the Slănic River.  
 

 
Fig. 7. Monthly (A) and seasonal (B) variations of suspended sediment load (R) and water 
discharge (Q) for the Slănic River at Cernăteşti gauging station (1971 – 2000) (% from the 
mean annual total volume ) 

3.2.2 Relationships between suspended sediment yield and catchment features 
In our previous study (Zaharia & Ioana-Toroimac, 2009) we analyzed the outer Carpathian 
Curvature area from the standpoint of the intensity of the relationships between suspended 
sediment yield and three features of the catchments: catchment mean elevation, catchment 
mean gradient and forest ratio. In addition to the present study, we have also taken into 
account the drainage area.  
The accomplished correlations between suspended sediment yield (for the period 1961 – 
2000) and the above mentioned characteristics of the catchments, show that the most 
important role in suspended sediment transport is played by the catchment mean altitude 
(correlation coefficient = 0.52). Catchment size, catchment mean slope and the degree of 
afforestation have a lower influence, which is mirrored by the low correlation and 
determination coefficients (Table 4). The four control variables are inversely related to 
suspended sediment yield, which is shown by the negative values of the “a” parameter of 
the regression line equation (Table 4). 
 

Relationship Correlation 
coefficient

Coefficient of 
determination

Regression line 
equation 

r - A 0.25 0.063 y = -6.578x + 386.08 
r - Hm 0.52 0.28 y = -31.305x + 1009.2 
r - Sm 0.38 0.15 y = -0.1035x + 4.9842 
r - Fr 0.37 0.14 y = -0.0106x + 0.6441 

Table 4. Correlation and determination coefficients of the relationships between suspended 
sediment yield and the catchment’s characteristics (according to Zaharia & Ioana-Toroimac, 
2009, with additions). r: mean multiannual specific suspended sediment yield (t ha-1 yr-1; 
1961 – 2000); A: catchment area; Hm: catchment mean elevation (m a.s.l.); Sm: catchment 
mean gradient (degrees); Fr: forest ratio. 
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Because the number of catchments taken into account in the correlative analysis is relatively 
low, we consider that the results are only informative. They might be further improved by 
considering more catchments, but this would require additional information, which for the 
time being is not available.  

4. River channel dynamics 
River channel morphology is the result of liquid and solid flow transiting the hydrological 
system, associated with the catchment features and human influences. These control 
variables  may induce channel adjustments at a certain time scale. For example, lateral and 
vertical adjustments are noticed at a time scale inferior to 10 years (Knighton, 1984). In this 
general framework, our analysis focuses on four examples (the Trotuş, Prahova, Câlniştea 
and Vedea rivers) in order to contribute to a better understanding of the river dynamics and 
ofthe responsible factors. 

4.1 Vertical dynamics of the Trotuş riverbed 
The study of the bed processes, conducted by Rădoane et al. (2010), for 60 cross-sections 
belonging to the gauging stations in the Eastern Carpathians, highlighted the fact that there 
is no standard model for the river channel evolution. According to this study, there is a large 
variety of evolutions regarding the vertical change of the bed elevation; incision processes 
are dominant (in 52% of the cases) in spite of the aggradation processes (29% of the cases). In 
this context, this section aims to analyze the vertical variations of the riverbed elevation of 
the Trotuş River (162 km in length, with a 4456 km² catchment area, and a 34.6 m3 s-1 annual 
mean discharge at Vrânceni station), which crosses the Eastern Carpathians and 
Subcarpathians ( Fig. 1A and Fig. 3). 
The channel’s vertical dynamics is analyzed for a period of 45 – 48 years for four gauging 
stations (Ghimeş-Făget, in the mountain section; Goioasa, at the border between the 
mountain and Subcarpathian areas; Târgu Ocna, lying in the Subcarpathian realm, and 
Vrânceni, placed at the outer extremity of the Subcarpathian section) (Fig. 3). This study 
extends the analysis period with almost 20 years (unlike the studies of Rădoane & Ichim, 
1987, and Rădoane et al., 1991, which analyzed only half of this period), taking into account 
four gauging stations (unlike the study of Rădoane et al., 2010, which relied on the Goioasa 
gauging station only). The riverbed dynamics is indicated by the “hp oscillation”, which 
represents the difference between the water stage (measured from the “0” elevation of the 
gauging station’s staff) and the maximum depth, computed for every water discharge 
measurement (based on the data provided by the N.I.H.W.M.). The values of this parameter 
allow comparisons to be made between different years, because the “0” elevation of the 
gauging station’s staff does not change (Chirilă, 2010). The evolution of the “hp oscillation” 
is analyzed through the linear and polynomial trends. 
During the entire investigated period, the Trotuş River revealed a general trend to deepen 
its channel at Ghimeş Făget (Fig. 8A), where a significant incision was noticed after 1973. 
Downstream, at Goioasa, despite the general trend of aggradation, several intervals of 
vertical erosion (1971, 1987, 2004-2005) and aggradation (1967-1971, 1975, 1984-1985, 1990-
1994, 2007) were noticed (Fig. 8B). Generally, the aggradation intervals are either 
synchronous or follow important flood events (like those of 1969, 1970, 1975, 1978, 1979, 
1983, 1984, 1989, 1991, 2002, 2004, and 2005). This is due to important degradation processes 
in the river catchment, which are more intense during the floods. The gap between flood 
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occurrence and aggradation processes depends on other factors belonging to the river 
catchment, which influence the time of alluvium evacuation into the main river. At Târgu 
Ocna (Fig. 8C), where the channel has a downcutting tendency, a significant incision was 
noticed after the construction of a reservoir dam on its tributary, the Uz, between 1967 and 
1973. At Vrânceni (Fig. 8D), one can notice a general aggradation trend, which has been 
more intense after 1972. In 2005, the intense degradation processes can be put to the account 
of the strong flood waves that occurred along the Trotuş, of which the most powerful was 
the one in July.   
 

 
Fig. 8. Temporal variability of the bed elevation (hp) for the Trotuş River and the trends 
(linear and polynomial) at selected gauging stations: A) Ghimeş-Făget (study period 1961-
2007; lying 35 km downstream the river’s origin; catchment area, 381 km²; mean elevation of 
the catchment upstream the gauging station, 1116 m); B) Goioasa (study period 1962-2007; 
lying 52.4 km downstream the river’s origin; catchement, area 765 km²; mean elevation of 
the catchment upstream the gauging station, 1052 m); C) Târgu Ocna (study period 1960-
2007; lying 89 km downstream the river’s origin; catchment area, 2091 km²; mean elevation 
of the catchment upstream the gauging station, 1924 m); D) Vrânceni (study period 1963-
2007; lying 126 km downstream the river’s origin; catchment area, 407 km²; mean elevation 
of the catchment upstream the gauging station, 734 m). 

4.2 The Prahova’s channel lateral adjustments 
Several rivers coming down the French and Italian Alps and the Polish Carpathians have 
recently experienced downward erosion, narrowings and metamorphoses (sensu Schumm, 
1977) of their braided channels, due to the changes in liquid and solid discharge (Arnaud-
Fassetta & Fort, 2004; Bravard et al., 1999; Kondolf at al., 2002; Liébault & Piégay, 2002; 
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represents the difference between the water stage (measured from the “0” elevation of the 
gauging station’s staff) and the maximum depth, computed for every water discharge 
measurement (based on the data provided by the N.I.H.W.M.). The values of this parameter 
allow comparisons to be made between different years, because the “0” elevation of the 
gauging station’s staff does not change (Chirilă, 2010). The evolution of the “hp oscillation” 
is analyzed through the linear and polynomial trends. 
During the entire investigated period, the Trotuş River revealed a general trend to deepen 
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Downstream, at Goioasa, despite the general trend of aggradation, several intervals of 
vertical erosion (1971, 1987, 2004-2005) and aggradation (1967-1971, 1975, 1984-1985, 1990-
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occurrence and aggradation processes depends on other factors belonging to the river 
catchment, which influence the time of alluvium evacuation into the main river. At Târgu 
Ocna (Fig. 8C), where the channel has a downcutting tendency, a significant incision was 
noticed after the construction of a reservoir dam on its tributary, the Uz, between 1967 and 
1973. At Vrânceni (Fig. 8D), one can notice a general aggradation trend, which has been 
more intense after 1972. In 2005, the intense degradation processes can be put to the account 
of the strong flood waves that occurred along the Trotuş, of which the most powerful was 
the one in July.   
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2007; lying 126 km downstream the river’s origin; catchment area, 407 km²; mean elevation 
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4.2 The Prahova’s channel lateral adjustments 
Several rivers coming down the French and Italian Alps and the Polish Carpathians have 
recently experienced downward erosion, narrowings and metamorphoses (sensu Schumm, 
1977) of their braided channels, due to the changes in liquid and solid discharge (Arnaud-
Fassetta & Fort, 2004; Bravard et al., 1999; Kondolf at al., 2002; Liébault & Piégay, 2002; 
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Surian & Rinaldi, 2003; Surian & Cisotto, 2007; Zawiejska & Wyzga, 2009). Within this 
general framework, this section aims to analyze the lateral dynamics of the braided 
channels. Because of the lack of information concerning the bedload sediment discharge, a 
secondary purpose is to provide an overview of the indirect responsible factors that 
influence this evolution, be they natural or human.  
The study watercourse is the Prahova River (193 km long, with a catchment area of 3754 
km², and a mean annual discharge of 8 m3 s-1 at Câmpina and 27 m3 s-1 at Adâncata), which 
comes down the Carpathians and crosses the Subcarpathians and the Romanian Plain 
(respectively the piedmont plain of Ploieşti and the subsidence plain of Gherghiţa-Sărata) 
(Fig. 9A). This evolution is analyzed starting from a diachronic study, which is based on 
several documents: Ordnance Survey maps of 1895-1902 (of scale 1:20000), topographic 
maps of 1953 – 1957 and 1977 – 1980 (of scale 1:25000) and aerial photographs of 2003 – 2005 
(of scale 1:5000). These documents are calibrated, georeferenced and corrected in order to 
have the same geographic reference frame and to eliminate most of the geometric 
distortions. The analysis focuses on the active braided channels, which represent all the 
channels filled with water and separated by sandy bars. They indicate an active flooding of 
this area, which moves the sand grains downstream, and allow us to infer an annual 
frequency of occurrence (Peiry, 1988). For this discussion, the width of the active braided 
channel has been measured perpendicularly on its axis, every 250 m along the river.   
The reconstruction of channel pattern with this methodological approach indicates that, 
around the year 1900, the Prahova River formed braided channels both in the 
Subcarpathians and in the Ploieşti piedmont plain. Between 1900 and 1955, on the first 17 
and the last 10 km, the river branches joined into a single channel and the average width 
was reduced by 33% (Fig.  9B, C). This narrowing is probably the result of a hydrological 
recovery after the system had suffered the impact of the hydro-climatic hazards that 
occurred at the end of the 19th century, when several rainy and flood events were recorded 
in the Prahova’s catchment (Mustăţea, 2005). This conclusion is reinforced by the finding 
that the braided channels of the Doftana River, one of the Prahova’s Subcarpathian 
tributaries, also shrank by 35% (Ioana-Toroimac, 2009). Between 1955 and 1980, the 
Prahova’s active channel narrowed by 15%. Despite the construction of dams, on the 
Doftana between 1968 and 1971, and on the Prahova in 1968, the relatively small narrowing 
of the active channel downstream the junction can be explained by the flood of July 1975 
(recurrence interval of 20 years at Prahova-Doftana junction according to Ioana-Toroimac, 
2009). It probably had a morphogenetic character and neutralized the effects of the human 
interventions in the hydrological system. Between 1980 and 2005, the last 10 km of the 
ancient braided stretch turned completely into a single channel, while the average width of 
the active channel diminished by 48%. This drastic retraction coincides with the creation of 
some water management engineering works in Romania (Şerban & Gălie, 2006). We can 
mention here the construction of a small dam on the Carpathian reach of the Prahova River 
in 1982, the setting up of gravel and sand workings (20 areas in 2005 comparing to 3 in 
1980), the reinforcements with gabions and the building of low-head dams. During this 
period, no significant flood affected the Prahova’s catchment. At the same time, a riparian 
forest covered some sections of the active channel, thus preventing its expansion. 
During the entire study period, some shrinkage was noticed upstream, in the Carpathian 
section, on the Prahova’s single channel, but this was less intense (37% between 1900 and 
2005 in comparison with 68% for the braided stretch). This difference of intensity is 
explained by the channel pattern: the braided channels are more sensitive to liquid 
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discharge variations and especially to bedload sediment discharge (Ioana-Toroimac et al., 
2010). Nevertheless, it is still difficult to distinguish the role of each factor in the general 
evolution, because all the factors act simultaneously. At the same time, the feedback loops of 
the hydrological system are hard to understand and there is a lack of cartographic sources 
in-between the four analyzed moments.   
 

 
Fig. 9. The Prahova’s active channel lateral adjustments. A. The physiographic units 
crossed  by the Prahova River; B) Active channel’s width variations; C) Retraction of the 
active  channel between 1900 and 2005; in 2005 the ancient active channel, which was 
covered by  pastures, was locally used for settlement expansion and gravel and sand 
mining; 1: the  active channel in 1900; 2: the limits of the active channel in 1900; 3: the active 
channel in  1955; 4: the active channel in 1980; 5: the active channel in 2005; 6: pasture; 7: 
town; 8: dam;  9: gabions; 10: gravel and sand extraction area; 11: road. 

4.3 Dynamics of the meandering channels: case studies in the Romanian Plain 
This section aims to analyze the dynamics of the sinuous channels. The evolution of the 
meanders mirrors the horizontal dynamics of the channel through lateral cutting, as well as 
the rivers tendency to acquire the graded condition (Grecu & Palmentola, 2003). River 
gradient, liquid and solid flow, tectonics and some local conditions may influence the 
meanders formation and dynamics. The studies accomplished so far on the meander loops 
of some rivers belonging to the Romanian Plain show that these factors act in a synergistic 
way (Grecu et al., 2010c). 
Our analysis is based on selected rivers in the Romanian Plain, because the winding process 
represents a specific feature of the evolution of this area during the Holocene (Grecu et al., 
2009; Grecu, 2010). Besides, the significant alterations of the river system that took place 
over the time suggest an evolution similar to that of the Panonic Basin (Popov et al., 2008; 



 
Sediment Transport in Aquatic Environments 

 

306 

Surian & Rinaldi, 2003; Surian & Cisotto, 2007; Zawiejska & Wyzga, 2009). Within this 
general framework, this section aims to analyze the lateral dynamics of the braided 
channels. Because of the lack of information concerning the bedload sediment discharge, a 
secondary purpose is to provide an overview of the indirect responsible factors that 
influence this evolution, be they natural or human.  
The study watercourse is the Prahova River (193 km long, with a catchment area of 3754 
km², and a mean annual discharge of 8 m3 s-1 at Câmpina and 27 m3 s-1 at Adâncata), which 
comes down the Carpathians and crosses the Subcarpathians and the Romanian Plain 
(respectively the piedmont plain of Ploieşti and the subsidence plain of Gherghiţa-Sărata) 
(Fig. 9A). This evolution is analyzed starting from a diachronic study, which is based on 
several documents: Ordnance Survey maps of 1895-1902 (of scale 1:20000), topographic 
maps of 1953 – 1957 and 1977 – 1980 (of scale 1:25000) and aerial photographs of 2003 – 2005 
(of scale 1:5000). These documents are calibrated, georeferenced and corrected in order to 
have the same geographic reference frame and to eliminate most of the geometric 
distortions. The analysis focuses on the active braided channels, which represent all the 
channels filled with water and separated by sandy bars. They indicate an active flooding of 
this area, which moves the sand grains downstream, and allow us to infer an annual 
frequency of occurrence (Peiry, 1988). For this discussion, the width of the active braided 
channel has been measured perpendicularly on its axis, every 250 m along the river.   
The reconstruction of channel pattern with this methodological approach indicates that, 
around the year 1900, the Prahova River formed braided channels both in the 
Subcarpathians and in the Ploieşti piedmont plain. Between 1900 and 1955, on the first 17 
and the last 10 km, the river branches joined into a single channel and the average width 
was reduced by 33% (Fig.  9B, C). This narrowing is probably the result of a hydrological 
recovery after the system had suffered the impact of the hydro-climatic hazards that 
occurred at the end of the 19th century, when several rainy and flood events were recorded 
in the Prahova’s catchment (Mustăţea, 2005). This conclusion is reinforced by the finding 
that the braided channels of the Doftana River, one of the Prahova’s Subcarpathian 
tributaries, also shrank by 35% (Ioana-Toroimac, 2009). Between 1955 and 1980, the 
Prahova’s active channel narrowed by 15%. Despite the construction of dams, on the 
Doftana between 1968 and 1971, and on the Prahova in 1968, the relatively small narrowing 
of the active channel downstream the junction can be explained by the flood of July 1975 
(recurrence interval of 20 years at Prahova-Doftana junction according to Ioana-Toroimac, 
2009). It probably had a morphogenetic character and neutralized the effects of the human 
interventions in the hydrological system. Between 1980 and 2005, the last 10 km of the 
ancient braided stretch turned completely into a single channel, while the average width of 
the active channel diminished by 48%. This drastic retraction coincides with the creation of 
some water management engineering works in Romania (Şerban & Gălie, 2006). We can 
mention here the construction of a small dam on the Carpathian reach of the Prahova River 
in 1982, the setting up of gravel and sand workings (20 areas in 2005 comparing to 3 in 
1980), the reinforcements with gabions and the building of low-head dams. During this 
period, no significant flood affected the Prahova’s catchment. At the same time, a riparian 
forest covered some sections of the active channel, thus preventing its expansion. 
During the entire study period, some shrinkage was noticed upstream, in the Carpathian 
section, on the Prahova’s single channel, but this was less intense (37% between 1900 and 
2005 in comparison with 68% for the braided stretch). This difference of intensity is 
explained by the channel pattern: the braided channels are more sensitive to liquid 

 
Sediment Transport and River Channel Dynamics in Romania – Variability and Control Factors 

 

307 
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Timar et al., 2005, as cited in Grecu et al., 2010c). The analyzed rivers are the Vedea and 
Câlniştea, which cross a region affected by tectonic uplifts, more intense in the 
neighborhood of the Danube, where they exceed 2 mm yr-1 (Badea, 1983, 2009). The 
relationship between tectonics and meandering processes is tackled in a paper authored by 
Grecu et al. (2010b). Along these rivers, on the winding stretches, morphometric and 
diachronic analyses were accomplished in order to highlight the channel dynamics in the 
long and cross profile.  
The Vedea River (251 km long, with a drainage area of 5364 km2 and a mean annual 
discharge of 11 m3 s-1 according to Ujváry, 1972) has an allochtonous character:  it originates 
in the Getic Piedmont, but more than 2/3 of its length and drainage basin lies in the 
Romanian Plain area (Fig. 10A). The river has a mean gradient of 2.1‰, which drops in the 
lower stretch to 0.5‰. This low inclination is one of the responsible factors for the tortuous 
aspect of the watercourse. In order to highlight the channel dynamics of the Vedea River, we 
proceeded to a diachronic analysis of the stream stretch lying near the junction of the 
Teleorman River (Fig. 10B), which is the Vedea’s most important tributary (178 km long, with 
a drainage area of 1408 km2, a mean annual discharge of 3 m3 s-1 and a mean suspended load 
of 2 kg s-1, according to Ujvári, 1972). This stretch has a high evolution potential due to the 
water and sediment contribution of the Teleorman, especially during the flood events. For 
instance, the balance analysis of suspended sediment load shows that between Alexandria and 
Cervenia (gauging stations placed upstream and downstream the junction of the Vedea and 
Teleorman rivers), the sediment accumulation amounts to 31,360 t yr-1 (value computed based 
on the data collected by Ujvári, 1972, for the period 1952 – 1967).  
The diachronic analysis of this stretch relied on a series of maps developed in 1970 (scale 
1:50000) and on aerial photographs taken in 2006 (scale 1:5000), which had been 
georeferenced and calibrated beforehand. It was ascertained that between 1970 and 2006 the 
section of the Vedea channel lying within the investigated area grew shorter by 2.5 km (from 
12.7 km to 10.2 km). This shortening was due, on the one hand, to the natural adjustments 
(through rectifications and meanders migration) and on the other hand, to the engineering 
works. In its turn, the Teleorman River experienced the same pattern of development, and 
consequently the channel got shorter by 1.1 km, while the mouth changed its position. The 
Vedea’s meanders lying upstream the junction of the Teleorman grew shorter by 600 m and 
the joint alluvial fan of the Vedea and Teleorman displaced the junction point by 0.83 km 
(Cârciumaru, 2010). Beside the meanders evolution, the comparison of the channel cross-
sections accomplished for Alexandria station for the period 1979 – 2005 allowed us to 
understand the gradual aggradation of the riverbed.  
Meanders formation largely depends on the interactions between the water flow and the 
materials eroded from the riverbed and the banks. Within the study period the highest 
discharges of the Vedea River (recorded at Alexandria station) occurred in October 1972 
(949 m3 s-1), July 2005 (834 m3 s-1), July 1975 (544 m3 s-1) and July 1970 (463 m3 s-1) (Grecu et 
al., 2010c). Likewise, during these floods the solid load grew significantly, as it is proven by 
the flood of July 2005, when the suspended load recorded at Alexandria station amounted to 
5,838 kg s-1. Therefore, we may conclude that the natural evolution of the meanders and 
riverbed changes are influenced by these extreme hydrological events, with high 
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Fig. 10A. The central sector of the Romanian Plain, and the location of the Vedea and 
Câlniştea rivers. B. The lateral dynamics of the Vedea channel near the junction of the 
Teleorman between 1970 and 2006 (according to Grecu et al., 2010c, modified). The arrows 
in B show the most modified sectors. 
 

 
Fig. 11A. The meander morphometry of the Câlniştea River (according to Grecu et al., 2010b, 
modified). B. Corellation between the length and the amplitude of the meanders of the 
Câlniştea River in the study reach.M1...M7: meander number; A: meander amplitude; λ: 
meander wavelength; L: channel length; S: sinuosity ratio. 
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Timar et al., 2005, as cited in Grecu et al., 2010c). The analyzed rivers are the Vedea and 
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has a general west - east flow direction, which might be explained by the presence of a fault 
in the bedrock (Coteţ,1976). The accomplished analysis focused on a reach of about 45 km 
long (between Drăgăneşti - Vlaşca and Cămineasca settlements), and was based on the 
topographic maps of scale 1:25000 (edited in 1972). This river reach having a sinuosity 
coefficient of 2.45 (determined as a ratio between channel and valley lengths), was divided 
into seven sections, each of them encompassing a well-developed meander loop. These river 
bends have lengths varying from 4.61 to 7.64 km, amplitudes of 2 to 3 km and wavelengths 
of 1.7 to 3.5 km (Fig. 11A). We have determined a relatively close relationship between the 
meanders amplitudes and lengths (correlation coefficient r = 0.61) (Fig. 11B).  
The meander dynamics was analyzed by overlaying the topographic map of 1972 and the 
Szathmary map of 1856, both georeferenced and calibrated beforehand. For this period, we 
noticed a shortening of the meander lengths, a reduction of their amplitudes and a 
diminution of the channel sinuosity (from 2.89 to 2.45), which on the one hand are the result 
of a natural rectification process, and on the other hand suggest a possible tendency for the 
river to reach the graded condition.  

5. Human activity and the sediments: the role of dam construction in 
sediment transport 
Human activities are an important control factor both for the processes regarding sediment 
generation, transfer and accumulation and for the channel dynamics. At the same time, 
these processes are responsible on short and long run for the alteration of the river channels, 
which entail negative socio-economic and environmental consequences. If in the previous 
sections we have mentioned some human activities (deforestation, sand and gravel 
extraction from river channels, dam construction, etc.), which induce alterations of sediment 
transport and bring about morphological changes of the channels, now we  reveal some 
significant aspects concerning the impact of reservoirs on sediment yield, based on 
examples from Romania.  
On a national scale, there are at present more than 2100 anthropogenic lakes, serving 
various functions. Of these, 246 lie behind dams higher than 15 m, for which they are 
considered reservoirs. From this point of view, Romania holds the 19th position among the 
80 member states of the World Commission on Dams, and the 9th position in Europe 
(Rădoane, 2005). Of the total number of reservoirs, 406 exceed a volume of one million cubic 
meters of water (according to AQUAPROIECT, 1992) and hold together about 85% of the 
storage capacity of the anthropogenic lakes in Romania (Zaharia & Pătru, 2009). More than 
half of the reservoirs (59%) lie in the plain area (Fig. 12), but the highest water volumes (60% 
of the total capacity) are stored by the reservoirs lying in the hilly and tableland areas, 
where  rocks are crumbly and erosion rates high, which largely explains the intense silting 
processes. 
A study accomplished by Rădoane (2005) shows that on the Romanian territory, during a 
mean interval of 15 years, the amount of sediments deposited on the bottom of the 
reservoirs was about 200 million m3 , while the annual deposition rate was 13.4 million m3, 
representing more than a quarter (27%) of the mean annual suspended load. Silting 
processes mostly affect the reservoir chains built on the Olt and Argeş rivers (Fig. 1A), 
which store nearly half of the total sediment volume deposited in the Romanian reservoirs. 
Of the 13 impoundments that exist in the upper and middle catchment of the Argeş River, 
five are more than 70% silted and one is completely filled with sediments (Ogrezeni 
Reservoir) (Teodor, 1999; Rădoane, 2005).  
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Fig. 12. (left). The percentage of the dam reservoirs of each major relief unit in the total 
number and in the total volume of the reservoirs exceeding 1 million m3 

Fig. 13. (right). The variability of the Danube mean annual suspended load at Baziaş and 
Drobeta Tr. Severin (according to the data provided by the “Romanian Waters” National 
Administration) 

The largest reservoir in Romania is the Iron Gates I, placed on the Danube and making up 
the natural border between Romania and Serbia (Fig. 1A). It came into existence during the 
period 1964 – 1972, when the Iron Gates I Hydropower and Navigation System (H.N.S) was 
created, which is one of the most impressive engineering works in Europe and the biggest 
on the Danube. The reservoir is about 140 km long, covers 100 km2, and at the maximum 
retention level (69.5 m a.s.l.) is capable of storing a water volume of 2400 million m3 

(AQUAPROIECT, 1992). 
The balance of the sediments deposited in the Iron Gates I reservoir during the period 1971 – 
2002, computed based on the cumulated differences between the Baziaş gauging station 
(lying where the Danube enters the reservoir) and Drobeta Tr. Severin station (lying 
downstream the dam), shows that the total volume of the deposited sediments amounted to 
117.8 million tons (according to the data provided by the “Romanian Waters” National 
Administration). This volume corresponds to a mean annual rate of 3.7 million tons. The 
mean multiannual suspended load outflow was 33% lower than the inflow, the values 
decreasing from 353.2 kg s-1 (at Baziaş) to 236.5 kg s-1 (at Drobeta Tr. Severin) (data provided 
by the “Romanian Waters” National Administration). Significant reductions were recorded 
in the first decade after the reservoir creation and especially in the years with major flood 
events (1975, 1978). After 1987, however, one can note a relative homogeneousness of the 
suspended load on the two sections  considered, as well as a decrease of sedimentation rate 
(Fig. 13). 
In 1982, the Iron Gates II reservoir (Ostrov) was created 80 km downstream, with an area of 
5200 ha and a water volume of 800 million m3 (AQUAPROIECT, 1992). The creation of the 
two impoundments along the lower course of the Danube was responsible for the drastic 
reduction of the sediment load carried downstream. Thus, before entering the Danube Delta 
(at Ceatal Chilia), the mean annual values of suspended sediment load dropped during the 
interval 1970 – 2000 by 55% in comparison with the period 1921 – 1960 (from 66 million to 
30.4 million t yr-1) .  

6. Chapter summary 
Sediment transport and river channel dynamics are fluvial processes that may have on short 
or long run significant societal and environmental consequences. For this reason, they need 
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to be studied thoroughly in order to mitigate their negative effects. These processes are 
controlled by a combination of variables acting on different spatial and temporal scales.  
Although it is very difficult to isolate the effect of a particular one, in the present work we 
have tried to identify the role played by some natural and human control factors on 
suspended sediment load/yield and on the river channel variability in Romania. In order to 
do that, we have used several case studies focused on two main physiographic units: the 
outer Carpathian’s Curvature (characterized by the highest erosion rate in Romania) and the 
central part of the Romanian Plain (which experiences an intense lateral dynamics of the 
river channels).  
The paper is based on three major types of analyses (statistical, correlative, and diachronic), 
which have helped us emphasize the following aspects: i) the space and  time variability of 
suspended sediment load (at the Romanian scale and in the Carpathian curvature region); ii) 
the intensity of the relationships between suspended sediment yield and some control 
variables (precipitation, water discharge, catchment characteristics, and human activities), 
and iii) the vertical and lateral channel dynamics of some representative rivers  in the 
Carpathian curvature region and the central part of the Romanian Plain. 
In the years to come, we intend to improve these results by integrating more control 
variables (multiple and non-linear correlations), so that to better explain the relationships on 
regional scale. We wish we could take into account a bigger number of catchments, 
provided that we get the necessary information. For a more rigorous analysis of the 
relationship between suspended sediment yield and precipitation, we will take into account 
not only the amounts of precipitation, but also their intensity and frequency.  
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water surface elevation and accordingly the possible inundation depth as well as 
delineation could, however, lead to an increase of awareness and adaptation of flood risk 
management strategies.  
The study focuses on implications related to hazard assessment covering aspects of 
hydrology, hydraulics and sediment transport. Further, the study aims at enhancing 
approaches of vulnerability assessment and therefore, damage estimation by providing a 
direct link of probability distribution functions of inundation depths with the respective 
damage functions of flood-prone utilisations (damage-probability relationship).  
The concept is tested in the river Ill catchment in the Western Austrian Alps which has 
suffered major floods during the recent past (1999, 2000 and 2005). The River Ill, with a 
mean annual discharge of 66 m³/s and a catchment area of approximately 1300m² is the 
main river catchment in south-eastern Vorarlberg, the most-western federal state of Austria 
(Fig.2). The catchment area is characterized by torrential tributaries, hydraulic structures, 
hydropower plants and complex morphological characteristics.  
Hydro-meteorological observations of precipitation, air temperature and runoff were 
gathered. Elevations range from 400 to 3000 m. a. s. l. and the mean annual precipitation 
averages 1700 mm. A 100-year flood event is estimated at 820 m³/s. Current, as well as 
historical surveying data (since 1978), were provided for 60 km of the River Ill and, 
altogether, 15 km of 8 tributaries comprising cross section measurements (with distances of 
100 m on average) and airborne laser scan data. Sediment samples were drawn in 71 
locations. Additional information on geographical features of the catchment (elevation, land 
cover, cadastral information and soil type) and on hydropower influence on the runoff 
regime is considered.  
 

 
Fig. 2. Study area: Austria and the Ill river catchment in the west 

2. Methodology 
The applied methodological approach is elaborated to analyse and quantify the variability 
and uncertainty of single steps of hazard assessment and to enhance vulnerability 
assessment. Therefore, the estimation of hydrological input, possible changes in river bed 
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elevation due to sediment transport and the effects on water surface elevations are 
dissected. Vulnerability analyses and damage estimation tools are methodologically 
improved by connecting the overtopping probability, the variability of inundation depth 
and object related damage functions to obtain a damage-probability relationship (Fig.3). 
Initially, the hydrology of the catchment is simulated with a semi-distributed precipitation-
runoff model. Variability of the hydrograph is obtained by generating numerous scenarios 
with different initial moisture conditions and by considering different spatial and temporal 
distributions, durations and amounts of rainfall. The hydrologic model provides runoff 
scenarios which are subsequently used as an input for the hydraulic and sediment transport 
model. Additionally, the variability of possible morphological changes due to torrential 
sediment entry is analysed. For this purpose scenarios with randomly drawn sediment loads 
from torrential inflows based on probability distribution functions are developed to account 
for the high variability and unpredictability of torrential sediment input to the system. The 
calculated morphological changes of the river bed provide a basis to estimate the variability 
of water surface levels and inundation lines which need to be considered in flood hazard 
maps and flood risk maps. For each scenario the water table, river bed elevation and the 
respective inundation lines as well as inundation depths are calculated. Therefore, every 
single exposed object is linked to a distribution function consisting of estimated damages 
related to flood inundation depth and inundation probability. 
 

 
Fig. 3. Scheme of approach to derive the damage probability of vulnerable utilisations 

2.1 Hydrologic input generation 
The continuous, semi-distributed rainfall-runoff model, COSERO, developed by the 
Institute of Water Management, Hydrology and Hydraulic Engineering, BOKU (Nachtnebel 
et al., 1993, Kling, 2002 among others) is applied to the entire Ill catchment. The model 
accounts for processes of snow accumulation and melt, interception, evapotranspiration, 
infiltration, soil storage, runoff generation and routing. Separation of runoff into fast surface 
runoff, inter flow and base flow is calculated by means of a cascade of linear and non-linear 
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reservoirs. Spatial discretisation relies on the division of the watersheds into sub-basins and 
subsequently into hydrologic response units (HRUs).  
The Ill watershed is divided into 37 sub-basins, based on the location of runoff gauges, 
anthropogenic diversions and reservoirs, with sub-basin areas ranging from 10 to 200 km² 
(Fig.2). 828 HRUs, with a mean area of 1.6 km², are derived by intersection of 200 m-
elevation bands with soil type data (Peticzka and Kriz, 2005) and land use data (Fürst and 
Hafner, 2005).  
The model is calibrated and validated based on observed discharge hydrographs of 6 years 
with continuous daily records and hourly records for 16 flood periods, measured at 14 
gauges (Stanzel et al., 2007). Calibrated parameters of gauged sub-basins are transferred to 
neighbouring ungauged sub-basins. Storage coefficients for base flow and interflow, which 
correlated well with catchment size for the calibrated sub-basins, are assigned according to 
this relation. After this, storage coefficients for fast runoff are allocated in order to achieve 
characteristics of runoff separation into surface flow, interflow and base flow as simulated in 
neighbouring calibrated sub-basins with similar physical features. Nash-Sutcliffe model 
efficiencies (Nash and Sutcliffe, 1970) between 0.80 and 0.90 for the calibration period and 
between 0.75 and 0.85 for the validation period are achieved. Mean relative peak errors of 
the 16 simulated flood periods range between -15 % and +10 %.  
After calibration, the rainfall-runoff model is applied to simulate flood runoff scenarios. 
Design storms with assumed return periods of 100 years are used as input. The underlying 
assumption of using design storms with a 100-year recurrence interval is that they may 
produce flood peaks of the same return period. While this premise can be regarded as 
appropriate for design purposes, it is clear that a rainstorm with a given return period may 
cause a flood with a higher or lower return period (Larson and Reich, 1972). This is due to 
factors affecting the runoff event like the distribution of rainfall in time and space or 
antecedent soil moisture and river discharge. Therefore, several scenarios, with variations of 
major influencing factors, are defined. Precipitation scenarios are obtained by varying total 
precipitation depth, storm duration and temporal and spatial distributions. Each rainfall 
scenario is combined with three different initial catchment conditions, which are selected 
from simulated state variables of historical flood periods.  
Storm durations of 12 and 24 hours are selected for the assessment. Recorded events leading 
to floods in the years 2000, 2002 and 2005 showed rainfall duration within this range. These 
assumptions are also in accordance with the common procedure of testing storm duration 
up to twice the concentration time which is estimated as being 11 to 13 hours for the Ill 
catchment (BMLFUW, 2006 b). Precipitation depths of 100-year storms with 12 hours 
duration are provided by a meteorological convective storm event model (Lorenz & Skoda, 
2000). Design storms based on these meteorological modelling results are recommended by 
Austrian authorities (BMLFUW, 2006 b) and therefore, are a common basis for design flood 
estimations in Austria. The values given by this model refer to point precipitation. Areal 
precipitation, to be used as input for rainfall-runoff modelling, is obtained by reducing the 
point precipitation values with areal reduction factors (ARF). The developers of the 
convective storm event model recommend two different procedures to determine such 
factors, both depending on catchment area, precipitation depth and duration of the storm 
(Lorenz & Skoda, 2000; Skoda et al., 2005). ARF resulting from these two calculations varied 
considerably and defined the range of ARF values used to reduce mean 12-hour point 
precipitation depths for the Ill catchment. Precipitation depths of 24-hour storms are based 
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on statistical extreme value analyses provided by local Austrian authorities and values from 
the Hydrological Atlas of Switzerland (Geiger et al., 2004). 
Total precipitation depth is disaggregated to 15-minute time steps applying three different 
temporal distributions, with peaks at the beginning, in the middle or at the end of the event. 
Three different spatial distributions are considered: a uniform distribution, a distribution 
with higher precipitation in the south and another with higher precipitation in the north of 
the watershed. The spatial patterns of the two non-uniform distributions correspond with 
typical distributions of precipitation in the catchment.  
The described variations in the parameters - storm duration, areal reduction factors and 
resulting precipitation depths, temporal distribution and spatial distribution of rainfall - 
generated 42 precipitation scenarios. The combination with three different initial catchment 
conditions led to 126 runoff scenarios (Fig.4). 
 

 
Fig. 4. Derivation of scenarios for hydrologic input variation 

2.2 Hydrodynamics and sediment transport 
The considered catchment area is characterized by torrential tributaries, hydraulic 
structures, hydropower plants and complex morphological characteristics. Therefore, it is 
crucial to apply a model with no restrictions and limitations regarding internal and external 
boundary conditions. Apart from these demands, a calculation in different fractions of 
sediment is required.  
Satisfying these requests, the software package GSTAR-1D Version 1.1.4, developed by the 
U.S. Department of the Interior (Huang & Greimann, 2007) is used. GSTAR-1D (Generalized 
Sediment Transport for Alluvial Rivers – One Dimension) is a one-dimensional hydraulic 
and sediment transport model for use in natural rivers and man-made canals which applies 
16 different sediment transport algorithms. It is a mobile boundary model with the ability to 
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simulate steady or unsteady flows, internal boundary conditions, looped river networks, 
cohesive and non-cohesive sediment transport, and lateral inflows.  
The model uses cross section data and simulates changes of the river bed due to sediment 
transport. It estimates sediment concentrations throughout a waterway given the sediment 
inflows, bed material, hydrology and hydraulics of that waterway. Resulting from the one-
dimension solutions for flow simulation the limitations are the neglect of cross flow, 
transverse movement, transverse variation and lateral diffusion. Therefore, the model 
cannot simulate such phenomena as river meandering, point-bar formation and pool-riffle 
formation. Additionally, local deposition and erosion caused by water diversions, bridges 
and other in-stream structures cannot be simulated (Huang & Greimann, 2007).  
The hydrodynamic model is calibrated and validated based on runoff data from seven 
gauging stations by varying calculated roughness coefficients which refer to 71 sediment 
samples (Nachtnebel & Neuhold, 2008). Sediment transport is calibrated and validated 
based on historical cross section measurements (1978-2006) and the respective runoff time 
series as well as by balancing calculated volumes of transported sediments.  
Hydrological input to the model is delivered by the precipitation-runoff model. Boundary 
conditions as well as initial conditions concerning sediment transport are defined and 
derived from sediment samples. Model calibration and validation is conducted on a stretch 
of 4.5 km where reliable historical measurement data is available. Calibration is done for the 
time period of 1985 to 1991; the validation period is defined with 1991 to 1993. Further 
efforts to obtain reliable sediment transport volumes are done by comparing calculated 
sediment volumes with estimated accumulations upstream of a power plant. At this power 
plant, including a movable weir and a reservoir, days of flushing (to empty the reservoir 
from sediment accumulations and enabling the highest possible head) are recorded by the 
operating company. This analysis aims at having evidence of the model’s sensitivity for 
periods of increasing sediment transport. Comparing the calculated accumulations with this 
information enables a qualitative statement for parameters like conveyance, bed load rate, 
bed load motion, beginning of bed load motion, etc. This analysis is done for the year 2006, 
the only year with reliable data sets.  
Calibration as well as validation show satisfying results (Fig.5). The coefficients of 
determination are very high although there are some cross sections which show substantial 
differences of measured and calculated cross section thalweg points. 
Analysing the unsatisfactory cross sections revealed that they are located in river bendings 
where transverse flow occurs and therefore, transverse sediment transport is highly likely. 
These effects cannot be simulated by one-dimensional models.  
As this study focuses on more conceptual goals the restrictions of model accuracy and 
reliability are accepted and the model setup is characterised as accurate. 
Another focal point of the study is to analyse and quantify potential sediment inputs from 
torrential tributaries for various flood scenarios (HQ1, HQ5, HQ30 and HQ100). Considerable 
uncertainty exhibits from the estimation of the sediment input from torrential inflows. 
Therefore, an observed flood event from 2005, with an estimated recurrence interval of 100 
years, was investigated in more detail.  
Local authorities provided estimates of sediment accumulations as well as data of removed 
sediment volumes in the frame of reconstruction and maintenance works after the flood 
event. Further, sediment volumes in torrential catchment areas are assessed to classify the 
validity of model results.  
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Fig. 5. Comparison of measured and calculated river bed elevations 

Sediment transport models are compiled for the main river system and 8 tributaries. Two 
river bed conditions were defined for each tributary. The first of these assumed a fully-
armoured upper layer with a mean layer thickness of 15 cm and the second model scenario 
calculated a river bed without any armouring. This assumption addresses the range of 
possible sediment input from its minimum, an armoured upper layer, to its maximum, by 
calculating the full potential transport rate.  
Fig. 6 presents the example of the tributary river Alfenz, where simulated sediment transport 
loads referring to various water discharges are illustrated. The transport rates [t/h] are 
calculated for water discharges up to 160 m³/s (the estimate for a 100-years flood event). 
Calculated sediment loads for an assumed armoured upper layer are only simulated up to a 
30-years flood event (110 m³/s) as values of shear stress indicated that the armoured layer will 
be forced open and therefore the transport of the potential transport rate is assumed.  
Sediment routing is solved with the Meyer-Peter and Müller formula (1948, Eq. (1)), which is 
appropriate for alpine gravel-bed rivers like the river Ill and its torrential tributaries:  

  
(1)

 
Where γ and γs = specific weights of water and sediment, respectively, R = hydraulic radius, 
S = energy slope, d = mean particle diameter, ρ = specific mass of water, qb = bed load rate 
in under water weight per unit time and width, Ks = conveyance, Kr = roughness coefficient 
and (Ks/Kr)S = the adjusted energy slope that is responsible for bed-load motion.  
Based on 8 simulated tributaries (with available measurement data, sediment samples and 
estimates of potential available sediment volumes in the catchment area) sediment input 
functions are estimated for 47 unobserved torrents  (Neuhold et al., 2007; Nachtnebel & 
Neuhold, 2008).  
Accounting for the high variability and unpredictability of torrential sediment input during 
flood events, scenarios are developed representing spatio-temporal variability of rainfall, 
discharge and sediment transport. According to hydrological rainfall patterns (northern 
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simulate steady or unsteady flows, internal boundary conditions, looped river networks, 
cohesive and non-cohesive sediment transport, and lateral inflows.  
The model uses cross section data and simulates changes of the river bed due to sediment 
transport. It estimates sediment concentrations throughout a waterway given the sediment 
inflows, bed material, hydrology and hydraulics of that waterway. Resulting from the one-
dimension solutions for flow simulation the limitations are the neglect of cross flow, 
transverse movement, transverse variation and lateral diffusion. Therefore, the model 
cannot simulate such phenomena as river meandering, point-bar formation and pool-riffle 
formation. Additionally, local deposition and erosion caused by water diversions, bridges 
and other in-stream structures cannot be simulated (Huang & Greimann, 2007).  
The hydrodynamic model is calibrated and validated based on runoff data from seven 
gauging stations by varying calculated roughness coefficients which refer to 71 sediment 
samples (Nachtnebel & Neuhold, 2008). Sediment transport is calibrated and validated 
based on historical cross section measurements (1978-2006) and the respective runoff time 
series as well as by balancing calculated volumes of transported sediments.  
Hydrological input to the model is delivered by the precipitation-runoff model. Boundary 
conditions as well as initial conditions concerning sediment transport are defined and 
derived from sediment samples. Model calibration and validation is conducted on a stretch 
of 4.5 km where reliable historical measurement data is available. Calibration is done for the 
time period of 1985 to 1991; the validation period is defined with 1991 to 1993. Further 
efforts to obtain reliable sediment transport volumes are done by comparing calculated 
sediment volumes with estimated accumulations upstream of a power plant. At this power 
plant, including a movable weir and a reservoir, days of flushing (to empty the reservoir 
from sediment accumulations and enabling the highest possible head) are recorded by the 
operating company. This analysis aims at having evidence of the model’s sensitivity for 
periods of increasing sediment transport. Comparing the calculated accumulations with this 
information enables a qualitative statement for parameters like conveyance, bed load rate, 
bed load motion, beginning of bed load motion, etc. This analysis is done for the year 2006, 
the only year with reliable data sets.  
Calibration as well as validation show satisfying results (Fig.5). The coefficients of 
determination are very high although there are some cross sections which show substantial 
differences of measured and calculated cross section thalweg points. 
Analysing the unsatisfactory cross sections revealed that they are located in river bendings 
where transverse flow occurs and therefore, transverse sediment transport is highly likely. 
These effects cannot be simulated by one-dimensional models.  
As this study focuses on more conceptual goals the restrictions of model accuracy and 
reliability are accepted and the model setup is characterised as accurate. 
Another focal point of the study is to analyse and quantify potential sediment inputs from 
torrential tributaries for various flood scenarios (HQ1, HQ5, HQ30 and HQ100). Considerable 
uncertainty exhibits from the estimation of the sediment input from torrential inflows. 
Therefore, an observed flood event from 2005, with an estimated recurrence interval of 100 
years, was investigated in more detail.  
Local authorities provided estimates of sediment accumulations as well as data of removed 
sediment volumes in the frame of reconstruction and maintenance works after the flood 
event. Further, sediment volumes in torrential catchment areas are assessed to classify the 
validity of model results.  
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and (Ks/Kr)S = the adjusted energy slope that is responsible for bed-load motion.  
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centred, southern centred and uniformly distributed – see Fig. 4) areas of high probability of 
sediment input are defined related to the river sections [km] 60-40, 40-20 and 20-0. 
For these three sections sediment input was randomly defined relying upon sediment input 
functions (e.g. Fig. 6) and calculated discharge rates. A minimum (armoured upper layer for 
all tributaries) and a maximum (no armouring for all tributaries) scenario, related to the 
restricting transport functions (Fig. 7), are simulated. Within these extremes, 10 scenarios 
were compiled by randomly drawing input capacities of each torrential inflow dependent 
on the magnitude of the associated flood peak in the torrential sub-catchment.  
 

 
Fig. 6. Upper and lower sediment input boundary condition for the River Alfenz 

To obtain realistic input distributions only one of the three sections (60-40, 40-20, 20-0) is 
allowed to be a dominant source of sediment input. Furthermore, to account for rainfall 
clusters a boundary condition for the acceptance of a randomly chosen scenario is defined: a 
minimum percentage of 50 % related to the section’s torrential catchment areas had to 
deliver maximum sediment input (i.e. potential transport rate). The 12 resulting scenarios 
were simulated with observed runoff data taken from the 2005 flood event with an 
estimated recurrence interval of 100 years. 

2.3 Risk assessment 
Accounting for the variability of processes (hydrology, hydrodynamics and sediment 
transport) on a micro scale, probability distribution functions for object related inundation 
depths can be obtained. The variability of the water surface elevation (VWSE) is dependent on 
the variability of the bed elevation (VBE), as well as on the variability of the hydrologic input 
(VHI). 

 VWSE=ƒ(VBE|VHI) (2) 
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Relating the resulting variability of the water surface elevation (Eq. (2)) with the dyke top 
edge elevation (h), the variability of inundation depth (VID) can be obtained on a micro scale 
basis (Eq. (3)).  

 VID=ƒ(VWSE|h) (3) 

Corresponding to utilisation related damage functions (fD), typically based on the 
inundation depth (hI) and the associated damage (D), a damage probability function (fDP) 
can be derived by multiplying the damage function (inundation depth dependent) with the 
variability of the inundation depth (Fig. 3, Eq. (4)).  

 ƒDP=VID*ƒD(D|hI) (4) 

 

 
Fig. 7. Derivation of scenarios for sediment input variation 

3. Results 
Variability and uncertainty is described related to the processes hydrology, hydrodynamics 
and sediment transport as well as risk assessment based on the scenario analyses. The 
results of hazard assessment are expressed quantitatively, the results of vulnerability 
assessment qualitatively. 

3.1 Hydrology 
Fig. 8 illustrates 126 flood waves resulting of 100-years rainfall events as described in Fig. 4 
for the catchment outlet at Gisingen as well as the relative distribution of associated peak 
discharges. The effects of applied parameter variations, which can be seen as a way of taking 
into account various uncertainties related to the hydrological assessment of design floods, 
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Relating the resulting variability of the water surface elevation (Eq. (2)) with the dyke top 
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basis (Eq. (3)).  

 VID=ƒ(VWSE|h) (3) 

Corresponding to utilisation related damage functions (fD), typically based on the 
inundation depth (hI) and the associated damage (D), a damage probability function (fDP) 
can be derived by multiplying the damage function (inundation depth dependent) with the 
variability of the inundation depth (Fig. 3, Eq. (4)).  

 ƒDP=VID*ƒD(D|hI) (4) 

 

 
Fig. 7. Derivation of scenarios for sediment input variation 

3. Results 
Variability and uncertainty is described related to the processes hydrology, hydrodynamics 
and sediment transport as well as risk assessment based on the scenario analyses. The 
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into account various uncertainties related to the hydrological assessment of design floods, 
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are shown in Table 1. Each variation of a single parameter over the full range of applied 
values – while keeping the others constant – yields a maximum variation in resulting runoff 
peaks. For a relative measure this value is related to the mean discharge of runoff peaks. The 
values given in Table 1 are the mean of relative peak variations for all considered scenarios. 
This mean relative variation shows the sensitivity of the flood simulation to changes in the 
respective parameter and establishes an evaluation approach for the respective uncertainty. 
Regarding the basin outlet at Gisingen, the spatial distribution of rainfall has the smallest 
impact on flood peaks. Obviously, this impact is much higher at the most-upstream gauges 
with a smaller catchment area (with either high or low precipitation), with relative runoff 
peak variations of up to 117 %. The mean variation for all Ill gauges is 41 %. Even though 
only three different spatial patterns are tested in this study, this shows that the importance 
of considering uncertainty of spatial rainfall distribution for design flood simulations 
depends on the spatial focus of the subsequent assessment. Other parameter variations lead 
to similar runoff peak variations at the basin outlet and at upstream gauges. With 11% 
relative runoff peak variation, changes in the temporal distribution of rainfall have a 
markedly lower impact on flood peaks than variations of the initial catchment conditions 
(27%) The variation of ARF for 12-hour storms has by far the largest effect on simulated 
flood hydrographs, as it directly alteres the total depth of a precipitation scenario. Storm 
duration, the second parameter influencing total precipitation depth cannot directly be 
assessed for the River Ill, because 12-hour and 24-hour storms are determined with different 
methods and other factors apart from duration influenced the resulting total depth. An 
evaluation of 2 to 12-hour storms resulting only from the mentioned meteorological 
convective storm model for Ill tributary sub-catchments shows mean variations in simulated 
runoff peaks of 20 % (Stanzel et al., 2007). In this analysis also uncertainty related to the 
estimation of fast runoff model parameters is investigated. Resulting runoff peak variations 
in tributary rivers are rather small (5 %) – as better observations are available for calibration 
on the River Ill, the effects of uncertainty in parameter estimation is assumed to be even 
smaller when regarding the entire basin. 
 

 
Fig. 8. Calculated hydrographs for 100-year rainfall events and distribution of simulated 
peak values  
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In relation to the normative 100-year design value of 820 m³/s at the gauge in Gisingen, the 
simulated peaks range from 45 % to 160 %. Several peaks are far below as well as over the 90 
% confidence interval of statistical extreme value analyses of observed runoff, underlining 
that 100-year rainfall events produce flood events of different return periods. Yet, the large 
range of hydrographs shows how much of the possible variability of flood waves is 
disregarded by a design flood approach.  
 
Varied Parameter   Mean variation of simulated runoff peaks at Gisingen 

Spatial rainfall distribution   4 % 

Temporal rainfall distribution  11 % 

Initial catchment conditions  27 % 

Areal reduction factor   88 % 

Table 1. Sensitivity of flood peaks due to input variation for Gisingen (basin outlet) 

3.2 Hydrodynamics and sediment transport 
Hydrodynamic and sediment transport simulation results are illustrated exemplarily for a 
highly dynamic section (km 30 to 29) chosen from the considered 60 km. The selected river 
section is characterised by a torrential inflow located at the upper boundary. The sediment 
input function of this torrential inflow is documented in Fig. 6. The first 300 m of the 
considered reach are dominated by hydraulic structures (in- and outflow for energy 
generation, weir and chute) which cause spacious accumulations of sediment due to a 
reduction of flow velocity and accordingly to lower shear stress. In the case of higher 
discharge the accumulated sediment moves downstream where a dynamic river bed is 
encountered. 
In Fig.9 the modifications of river bed elevations due to hydrological and sediment input 
variations are illustrated. The three lines represent the maximum (dark grey), the mean 
(dashed grey) and the minimum (light grey) calculated bed elevation changes resulting from 
varying the discharge by means of 126 scenarios (Fig. 4). The inflow of the tributary 
immediately upstream km 30 leads to locally calculated accumulations of roughly 0.80 m. 
The black vertical lines indicate the station of considered cross sections and display the 
range of calculated bed elevation changes due to randomly selected sediment input of 
torrential inflows. The magnitude is based on the simulation of 12 input scenarios (Fig. 7). 
Fig. 10 outlines the differences (max/min) of water surface elevation and embankment 
elevation. Continuous lines correspond to the orographic right-hand hinterland with 
numerous utilisations such as private housing. Thick lines define the limits due to 
hydrological input variation and the thin ones, the limits due to sediment input scenarios. 
Corresponding to the orographic left-hand side, with no vulnerable utilisations, results are 
represented by grey dashed lines (thick for hydrology and thin for sediment input). The 
value 0.00 represents a water surface elevation equal to the dyke top edge. Overtopping 
occurs when displayed lines show positive values.  
Due to hydrologic input variation (126 scenarios – 25 % of them exceed the design water 
level, see Fig. 8), a high probability of overtopping is indicated. Considering sediment input 
variation (12 scenarios) based on discharge data of a 100-year flood (2005) only the lower 
part of the section is subjected to inundation. From chainage 29,100 m to 29,000 m even the 
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are shown in Table 1. Each variation of a single parameter over the full range of applied 
values – while keeping the others constant – yields a maximum variation in resulting runoff 
peaks. For a relative measure this value is related to the mean discharge of runoff peaks. The 
values given in Table 1 are the mean of relative peak variations for all considered scenarios. 
This mean relative variation shows the sensitivity of the flood simulation to changes in the 
respective parameter and establishes an evaluation approach for the respective uncertainty. 
Regarding the basin outlet at Gisingen, the spatial distribution of rainfall has the smallest 
impact on flood peaks. Obviously, this impact is much higher at the most-upstream gauges 
with a smaller catchment area (with either high or low precipitation), with relative runoff 
peak variations of up to 117 %. The mean variation for all Ill gauges is 41 %. Even though 
only three different spatial patterns are tested in this study, this shows that the importance 
of considering uncertainty of spatial rainfall distribution for design flood simulations 
depends on the spatial focus of the subsequent assessment. Other parameter variations lead 
to similar runoff peak variations at the basin outlet and at upstream gauges. With 11% 
relative runoff peak variation, changes in the temporal distribution of rainfall have a 
markedly lower impact on flood peaks than variations of the initial catchment conditions 
(27%) The variation of ARF for 12-hour storms has by far the largest effect on simulated 
flood hydrographs, as it directly alteres the total depth of a precipitation scenario. Storm 
duration, the second parameter influencing total precipitation depth cannot directly be 
assessed for the River Ill, because 12-hour and 24-hour storms are determined with different 
methods and other factors apart from duration influenced the resulting total depth. An 
evaluation of 2 to 12-hour storms resulting only from the mentioned meteorological 
convective storm model for Ill tributary sub-catchments shows mean variations in simulated 
runoff peaks of 20 % (Stanzel et al., 2007). In this analysis also uncertainty related to the 
estimation of fast runoff model parameters is investigated. Resulting runoff peak variations 
in tributary rivers are rather small (5 %) – as better observations are available for calibration 
on the River Ill, the effects of uncertainty in parameter estimation is assumed to be even 
smaller when regarding the entire basin. 
 

 
Fig. 8. Calculated hydrographs for 100-year rainfall events and distribution of simulated 
peak values  

 
Integrating River Bed Dynamics to Flood Risk Assessment 327 

In relation to the normative 100-year design value of 820 m³/s at the gauge in Gisingen, the 
simulated peaks range from 45 % to 160 %. Several peaks are far below as well as over the 90 
% confidence interval of statistical extreme value analyses of observed runoff, underlining 
that 100-year rainfall events produce flood events of different return periods. Yet, the large 
range of hydrographs shows how much of the possible variability of flood waves is 
disregarded by a design flood approach.  
 
Varied Parameter   Mean variation of simulated runoff peaks at Gisingen 

Spatial rainfall distribution   4 % 

Temporal rainfall distribution  11 % 

Initial catchment conditions  27 % 

Areal reduction factor   88 % 

Table 1. Sensitivity of flood peaks due to input variation for Gisingen (basin outlet) 
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Due to hydrologic input variation (126 scenarios – 25 % of them exceed the design water 
level, see Fig. 8), a high probability of overtopping is indicated. Considering sediment input 
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minimum values of calculated water surface elevations lead to inundation of the flood plain. 
Therefore, damages have to be expected for floods lower the design value of the protection 
scheme (recurrence interval of 100 years, including freeboard). 
 

 
Fig. 9. Changes of river bed elevations due to hydrological and sediment input variation 

 

 
Fig. 10. Differences of water surface elevations and dyke top edge 

3.3 Risk assessment 
The associated uncertainty of results obtained by design-flood-based procedures (BMFLUW, 
2006 a) is emphasized by the overtopping probability caused by 138 considered scenarios 
(126 hydrologic scenarios, 12 sediment transport scenarios; Fig. 11). Alongside the River Ill 
settlements and utilisations are mainly protected by dykes and natural barriers with an 
estimated flood safety up to a recurrence interval of 100 years. Fig. 11 outlines the 
probability of overtopping along the 60 km due to variation of discharge input (126 
scenarios).  
The calculated overtopping probability of 12.27 % indicates that 7.4 km are not protected 
against floods caused by 100-year rainfall events which have not been previously identified 
as such. In the frame of this study affected utilizations are not elaborated in detail. The 
analysis of the section displayed in Fig. 9 and Fig. 10 (km 30-29) proves that there are also 
settlements in the inundated areas.  
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Referring to the results of the hydrological input variation, it has to be underlined, that 
considered discharges resulting from 100-year rainfall events lead to as much as 160 % of the 
applied design value discharge (normative 100-year flood event) for the gauge furthest 
downstream.  
Analysing scenarios by means of sediment input variation obtained by an observed 100-year 
flood event in the year 2005, the overtopping probability equals 1.59 % for the entire reach. 
Nevertheless, at 40 cross sections dykes or barriers are overtopped and therefore most likely 
to break. 
 

 
 

Fig. 11. Overtopping probability and height 

4. Conclusion 
Integrating river bed dynamics to flood risk assessment enables a refined, more realistic, 
estimation of water tables and inundation lines. Obviously, uncertainty increases by 
including additional processes such as sudden changes of the river bed. However, the 
opportunity to identify related variability is provided. The presented method provides an 
identification of process related variability and uncertainty, considering hydrologic input 
generation, hydrodynamic and sediment transport.  
To obtain reliable results it is essential to analyse scenarios from “no damage” up to the 
“worst case”. State of the art approaches usually consider a small number of design flood 
events (in Austria: HQ30, HQ100, HQ300) to assess the overall flood risk which are usually 
in between “no damage” and “worst case”. Thinking about protected areas a HQ300 is by 
no means appropriate to assess worst case scenarios – in these cases flood risk will be 
under-estimated remarkably. Additionally, normatively defined scenarios usually rely 
upon uniform recurrence intervals of flood peaks at any location in the catchment area 
independent from the overall size, i.e. they disregard spatial and temporal rainfall 
characteristics. Therefore, the presented survey adapts state of the art approaches by 
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minimum values of calculated water surface elevations lead to inundation of the flood plain. 
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substituting the scenario approach (a few normatively defined design floods) through a 
multi scenario approach by means of variation of inputs (hydrographs and sediment 
load).  
Further, vulnerability analyses and damage estimation tools were improved 
methodologically by interrelating the overtopping probability, the variability of inundation 
depth and a damage function to obtain a damage-probability relationship (Fig. 3). Hence, 
uncertainty and sensitivity are implicitly comprised in the probability distribution function 
of the expected damage.  
Discharge input scenarios are obtained by rainfall-runoff simulations with different 100-year 
rainfall events. Sediment input scenarios are simulated based on a flood event with an 
estimated recurrence interval of 100 years by randomly drawing loads of torrential inflows. 
A sensitivity analysis indicates that the discharge input variation leads to flood peaks as 
high as 160 % of the normative 100-year design flood. A higher probability of inundations of 
vulnerable utilizations like settlements, infrastructure, etc. results from discharge input 
variation (12.3 %) than from sediment input variations (1.6 %). Regarding the magnitude of 
bed elevation changes, however, the influence of sediment input variation is found to be 
much higher than the influence of discharge input variations. Consequently, the derivation 
of sediment input functions appears to be the most important task wherever the 
incorporation of sediment transport calculations or estimations are applicable. In this 
context scarce data availability seems to be the restricting factor (Nachtnebel & Neuhold, 
2008). Therefore, an upgrade of continuous sediment gauges as well as the volumetric 
survey of accumulations, especially after flood events, is desirable. By means of an extended 
data base the derivation of sediment input functions as well as calibration and validation of 
sediment transport models would be more feasible and should be adaptable to further river 
types and scales. 
Results indicate that damage has to be assumed where safety was expected. This clearly 
implies that flood risk assessment approaches should be revised with respect to a multi-
scenario and multi-process approach to obtain a more realistic basis for decision 
making. 
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