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Foreword to the XXIst TELEMAC-MASCARET User Conference 
 
 
 
 

Dear participants, 
 
Artelia is delighted to be organizing the 21st TELEMAC-MASCARET User Conference in 
Grenoble, the “capital of the Alps”. To quote Stendhal, in this city: “there’s a mountain at the 
end of every street”. Grenoble was also the birthplace of hydropower in 1869, and where the 
first computational laboratory was created in 1951. 
Artelia was one of EDF’s first partners to become involved in developing TELEMAC-
MASCARET. It began its own history of numerical modelling in 1962, when the first one-
dimensional mathematical model was built to study flooding on the Mekong. Collaboration 
started in the 80s with the development of the first 2D (CYTHERE-ES1) and 3D (ODYSSEE) 
codes, which were the precursors of TELEMAC. Ever since the first version of TELEMAC 
was released in 1992, Artelia has used it for its own studies. 
Long-standing TELEMAC-MASCARET users will be familiar with this region, as Users Club 
meetings were organized at Artelia’s offices in 2000 and then in Chamrousse in 2002 and 
2006. At this last event, there were 51 participants (only a few of whom will participate in this 
year’s conference). As for the newcomers, we are very happy to welcome them here in 
Grenoble and we hope they will return in the future. 
Year after year, the number of abstracts increases; this year there were 46. Some of them 
(29) have become full articles and constitute this document, while others (10) have been 
converted into oral presentations. The rest simply vanished during the summer. 
Nevertheless, this activity and the success of this conference demonstrate the good health of 
the TELEMAC-MASCARET system, and also explain why the programme was changed at 
the last minute in order to propose a conference over two and half days, instead of two days 
as initially planned. 
On behalf of Artelia and the TELEMAC-MASCARET consortium, I am pleased to welcome 
you all to Grenoble for this 21st TELEMAC-MASCARET User Conference. 
 
Thank you for your participation 
  
  
 
Christophe COULET 
 
ARTELIA Eau & Environnement 
6, rue de Lorraine 
38130 Echirolles - FRANCE 
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Abstract — An important part of this work is focused on the 

analysis of wind-waves in the Berre lagoon, and how the 

bottom roughness modified by sea grass meadows further 

affects the wave’s height in a shallow water area. The 

prevailing winds in Berre lagoon are the Mistral (Northwest 

wind), the Southeast and the West winds. These analysis will 

come as a result of many simulations done using numerical 

modeling software like Tomawac and GPUSPH 3D. The 

primary objectives is to calibrate Tomawac with the physical 

observations made at the site. All the Tomawac simulation 

results on the attenuation of wave height due to sea-grass 

meadow are compare with the data and with the GPUSPH 3D 

simulations for which the plant are representing by a range of 

solid particles surrounding by fluid particles taken into account 

the 3D interaction fluid/solid. 

I. INTRODUCTION 

Coastal ecosystems like the Zostera marina and Zostera 
noltii sea grass meadows have been part of the Berre lagoon 
in the Mediterranean France since centuries ago, occupying a 
surface that exceeds 60 km² [1]. According to some 
researchers, urban and industrial pollution and the diversion 
of Durance River for hydroelectric power in 1966 resulted in 
an increase in freshwater and silt inputs, perturbing the 
lagoon in such a way that the Zostera meadows declined 
dramatically. As a consequence, Zostera marina completely 
disappeared, and the Zostera noltii has been reduced to four 
patches covering only 0.015 km². An important part of this 
work is focused on the analysis of wind-waves in the Berre 
lagoon, and how the bottom roughness modified by sea-grass 
m  dow  fu  h    ff c    h  w   ’  h  gh        h   ow w     
area. The prevailing winds in Berre lagoon are the Mistral 

(Northwest wind), the Southeast and the West winds. These 
analysis will come as a result of many simulations done 
using numerical modelling software like Tomawac and 
GPUSPH 3D [2]. 

The primary objectives are to calibrate Tomawac [3] with 
the physical observations made at the site [4]. The first step is 
to study the energy dissipation methods inside a no sea grass 
area. Then we incorporate the effects made by sea grass, on 
w   ’  p op g   o . W  comp     h   um   c      u    w  h 
in-situ data to determine the better method to simulate the sea 
grass effects. The Tomawac model is used to simulate the sea 
states by solving the balance equation of the action density 
directional spectrum. The wave directional spectrum is split 
into a finite number of propagation frequencies and 
directions to be calculated. The model is said to be a third 
generation model (e.g. like the WAM model [5], [6]), since it 
does not require any parameterization on the spectral or 
directional distribution of power. The waves are created by 
the wind generation model and propagated in the domain. 
The Janssen formulation is used for the wind generation. The 
J      ’  fo mu    o    qu             p   m     .  om  of 
these parameters may take a range of values to adjust the 
wind generation model to our site configuration (i.e. fetch 
length, water depth of the lagoon). Another important 
parameter used in this model is the bottom friction 
dissipation. It is computed by the contribution of the bottom 
friction in the source term with the Hasselmann et al.'s 
formulation [7], modified by Bouws and Komen [8]. 
According to the authors, the bottom friction dissipation 
could take a wide range of values.  
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II. STUDY AREA AND METHODOLOGY 

A.  Study area 

The study area of this project is a beach located in the 
Berre lagoon in the Mediterranean coast of France. It is 
m    o  d            ch  bou  “  d m      o    d   o  o     
a Zostera noltii meadow” done in this same location, that the 
area of Berre lagoon is 155 km

2 
and that it  is one of the 

biggest lagoons in coastal Mediterranean area. Furthermore, 
this lagoon is considered as a brackish water body, due to its 
connection with the Mediterranean Sea by the narrow 
Caronte channel. Also, it receives water and sediments from 
three small river catchments: the Cadière River (73 km

2
), The 

Arc River (400 km
2
) and The Touloubre River (730 km

2
). 

(See Fig. 1). 

 

Figure 1.  Location of the Berre Lagoon with respect to some rivers and 

channels 

 

Figure 2.   Location of area of study and the respective fetch length of all 

three main winds tested 

B. Methodology 

It is said that sea grass meadows like the Zostera noltii 
fulfil several coastal ecosystem services such as coastal 
protection, provision of shelter for fishes and fish nesting 
sites, and water oxygenation. In fact, these aspects are related 
in part on the capacity of these meadows to attenuate waves 
and to slow down currents. 

An important part of this project is focused on the 
analysis of waves generated by winds in the lagoon, and how 
the roughness of the bottom (in this case, the bottom filled 
with sea grass meadows) furth    ff c    h  w   ’  h  gh     
this area. The principal winds that have an influence over the 
Berre lagoon are the Mistral (north-western), the Southeast 
and the West winds. This analysis will come as a result of 
many simulations done using numerical modelling softwares. 
The primary objectives of this project are as follows: 

 Calibrating Tomawac with the physical observations 
made in-situ (for constant wind and direction) with 
no sea grass zone. 

 Studying the energy dissipation methods, used to 
incorporate the effects made by sea grass, for waves 
and comparing results numerically. Also to 
determine which method is better for simulating the 
effect of sea grass. 

 Using wind time series to develop currents in 
Telemac. 

 Using Telemac current file as an input file for 
Tomawac and also applying wind time series in 
Tomawac to obtain more reliable results. 

In a first step, efforts are put in to understand the working 
methodology of the aforementioned tools. It was strived to 
calibrate the results of Tomawac with the actual physical 
result using constant winds with no sea grass and also, to 
study the effects sea grass would have on waves. The two 
dissipation methods were studied and were compared 
numerically. A second approach with a 3D SPH method will 
be also tested.  

III. BACKGROUND 

Before Zostera noltii was a species of sea grass known by 
the common name dwarf eelgrass. It was originally described 
in 1832 by Hornemann, and was later placed under the 
subgenus, Zosteralla. However, since this species were 
reclassified as Nanozostera noltii by Tomlinson and 
Posluzny in 2001, actually the name adopted is Zostera 
noltei . 

 

Figure 3.  Example of a Zostera noltii. 

Zostera noltii has a wide distribution in the Atlantic 
Ocean, and it is also found in shallow coastal waters in north 
western Europe, the Mediterranean Sea, Black Sea, Caspian 
Sea and Aral Sea. Its growth starts in the spring season when 
new leaves start to appear and the lengthening and branching 

http://en.wikipedia.org/wiki/Seagrass
http://en.wikipedia.org/wiki/Europe
http://en.wikipedia.org/wiki/Mediterranean_Sea
http://en.wikipedia.org/wiki/Black_Sea
http://en.wikipedia.org/wiki/Caspian_Sea
http://en.wikipedia.org/wiki/Caspian_Sea
http://en.wikipedia.org/wiki/Aral_Sea
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of the rhizome. Dense beds of shoots appear with sea grass 
meadows covering the intertidal flats during the summer, and 
at this time, flowering takes place. By autumn, growth has 
stopped and over the winter most of the leaves either get 
broken off or are eaten by birds so that the only parts left are 
the submerged rhizomes. 

In addition, this sea grass has a creeping rhizome of 
approximately 0.5-2 mm in diameter and is unable to grow 
vertically. A rhizome is a modified subterranean stem of a 
plant that is usually found underground, and it is often 
sending out roots and shoots from its nodes. This lack of 
vertical growth and the small size of the plant make this 
species susceptible to burial. 

Zostera noltii is considered as an important part of the 
intertidal and shallow subtidal ecosystems of estuaries, bays 
and lagoons. Further, it plays an important role in the capture 
of suspended particulates, in a way that when these 
sediments are captured by it, they tend to settle between the 
plants and accumulates.  

In this sense, Zostera noltii and other sea grasses are 
important in establishing sediments and reducing wave 
energy, and may provide a coastal defense against erosion. It 
is however sensitive to being smothered by shifting sediment 
and has a low capacity to recover when buried. This may be 
due to its relatively short leaves and its lack of vertical 
rhizomes.  

Although Zostera noltii populations may be declining 
slowly, the IUCN Red List of Threatened Species lists it as 
being of "Least concern". 

Another important characteristic of the lagoon is the 
winds. In the case of the Berre lagoon, it is constantly subject 
to the influence of three types of winds: Mistral wind, 
Southeast and West wind. Firstly, the Mistral is described as 
a strong, cold and northwesterly wind that blows from 
southern France into the Gulf of Lion in the 
northern Mediterranean, with sustained speeds often 
exceeding 40 km/h, and sometimes reaching 100km/h. It is 
most common in the winter and spring, and strongest in the 
transition between the two seasons.  

In [4], it is mentioned that from analyzing wind data from 
nearby Marignane weather station, the northwestern winds 
(Mistral) had the most dominant effect over the Berre lagoon 
(accounting for 41.4% of the record). Furthermore, it was 
found that the Mistral winds presented the highest wind 
speed as well (up to 30 m/s). On the other hand, Southeast 
winds are the second most abundant in the area of study with 
29,1% and maximum speed of 23 m/s. An important remark 
is that strong winds (speeds higher than 10 m/s), are nearly 
equally distributed throughout the year but are slightly more 
common in winter and spring (27.6% from January to March, 
26.6% from April to June, 22.7% from July to September and 
23.1% from October to December). For example, in this 
research was found that the highest wind from February 2012 
to March 2013 study period was recorded during the winter 
of 2013 with 19.31% of winds with a speed over 10 m/s. 
From that 19,31% of all winds to give an order of magnitude 

to compare two of them, 15.43% corresponded to Mistral 
wind and 1.29% to southeast wind. 

Another relevant comment about winds is that their speed 
and duration are two parameters that directly affect the 
generation of waves in the sea. It is now important to 
mention that in fluid dynamics, wind wave or, more 
precisely, wind-generated waves, can be defined as surface 
waves that occur on the free surface of oceans, seas, lakes, 
rivers, and canals or even on small puddles and ponds. They 
usually result from the wind blowing over a vast enough 
stretch of fluid surface. It is said then that the generation of 
wind driven waves is initiated by the disturbances of cross 
wind field on the surface of the sea water. 

Wind waves are a local manifestation of the energy that 
has been transferred to the sea from the wind. However, this 
energy travels downwind away from the source area, rather 
like ripples in a pond when a stone is dropped in, or from the 
bow wave from a ship. These waves that move away from 
their source are known as swell. The stronger the wind is at 
the source area, the bigger will be the swell and the further 
will it travel. The longer that the wind blows in the source 
area, the longer will the swell persist, even long after the 
wind has ceased or changed direction. 

As these waves move away from the source area, energy 
is transferred from the short wavelength, high frequency 
waves to longer wavelength, lower frequency waves. Thus, 
the wavelength of swell increases with distance away from 
the source but the height, or amplitude, decreases relatively 
slowly. 

Nevertheless, when the swell effect takes place and when 
the generated waves are reaching the coast, due to the bottom 
slope the wave height will increase. But the energy of the 
wave will decreases due to the bo  om’   ough       d 
turbulence. 

Reflection and refraction are two other phenomena 
related to wind-generated waves that are worth mentioning. 
The first one refers to a change in direction of waves when 
they bounce off a barrier. In this case, not all the energy is 
dissipated when the waves hit the wall, in fact some of it 
remains to bounce back and create a very confused sea. On 
the other side, the refraction involves a change in the 
direction of waves as they pass from one medium to another. 
This effect is related to the bending of waves because of 
varying water depths underneath. 

An important factor in the formation, size and power of 
these waves is known as the fetch length, which can be 
described as the maximum length of open water over which 
the wind can blow unobstructed. Another key definition of 
this parameter, which applies directly to this project, is the 
distance imposed in order to let the wave develop. 

In the research cited above is also said that the Berre 
lagoon is considered as a fetch-limited setting in which the 
wave regime consists of only short-fetch waves with periods 
of 2 to 4s.  

http://en.wikipedia.org/wiki/Estuary
http://en.wikipedia.org/wiki/Lagoon
http://en.wikipedia.org/wiki/IUCN_Red_List_of_Threatened_Species
http://en.wikipedia.org/wiki/Least_concern
http://en.wikipedia.org/wiki/Gulf_of_Lion
http://en.wikipedia.org/wiki/Mediterranean
http://en.wikipedia.org/wiki/Fluid_dynamics
http://en.wikipedia.org/wiki/Surface_wave
http://en.wikipedia.org/wiki/Surface_wave
http://en.wikipedia.org/wiki/Free_surface
http://en.wikipedia.org/wiki/Ocean
http://en.wikipedia.org/wiki/Sea
http://en.wikipedia.org/wiki/Lake
http://en.wikipedia.org/wiki/River
http://en.wikipedia.org/wiki/Canal
http://en.wikipedia.org/wiki/Puddle
http://en.wikipedia.org/wiki/Pond
http://en.wikipedia.org/wiki/Wind
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As mentioned before, the Berre lagoon is under the 
influence of three main winds: Mistral, Southeast and West 
winds, and their respective fetch lengths can be observed in 
Fig. 2. 

 

A. Tomawac 

Tomawac models in time and spacial dom     h  w   ’  
agitation and wind-driven waves with the finite element 
method. This program uses a group of input files and 
    hm   c’  c  cu    on to generate the output files. 

The results of Tomawac could be used for the following 
four purposes: Wave Climate Forecasting, hind casting, study 
of wave climatology and maritime or coastal site features 

Tomawac was used to calibrate the numerical wave 
heights produced by winds with actual recorded wave heights 
at particular stations at site. A correct calibration of model 
would result in predicting the behaviour of waves at the 
lagoon and can help in implementing necessary measures at 
the beach to cope with them. 

Several physical characteristics are present in a sea or 
coast which results in changing the characteristics of waves. 
Tomawac takes into account refraction, shoaling, bottom 
friction and bathymetric breaking. The wave-atmosphere 
interaction is the sole reason for the production of waves in 
the model i.e. due to winds. Also, it results in the dissipation 
of wave energy (white capping, wave propagation against 
winds).  

The physical processes mentioned earlier results in 
energy dissipation. Following energy losses are modelled in 
Tomawac: 

 Wind driven interactions with atmosphere. This 
interaction acts as an input source of energy to the 
waves. But one thing is important to mention that 
Tomawac does not model the loss of energy which 
results from the blocking of wave by wind. 

 Whitecapping dissipation or wave breaking, due to 
excessive wave steepness during wave generation 
and propagation. 

 Bottom-friction inducing emery dissipation. 
Dissipation through wave blocking due to strong 
opposing currents. 

 Non-linear resonant quadruplet interactions, results 
at greater depths. 

 Non-linear triad interactions, which are considered at 
small depths. 

 Wave propagation due to the wave group velocity 
and to the velocity of the medium in which it 
propagates. 

 Shoaling: Wave height variation process as the water 
depth decreases, due to the reduced wavelength and 
variation of energy propagation velocity, current 

induced refraction, interactions with unsteady 
currents. 

Wave’s energy in TOMAWAC 

The total energy induced in the wave is the sum of 
dissipated and induced energies produced as a result of 
physical interactions: 

 Q=Qin + Qds + Qnl + Qbf + Qbr + Qtr (1) 

Where Qin = Wind driven wave generation 

Qds = Whitecapping-induced energy dissipation 

Qnl = Non-linear quadruplet interactions 

Qbf = Bottom friction-induced energy dissipation 

Qbr = Bathymetric breaking-induced energy dissipation 

Qtr = non-linear triad interactions 

These terms are numerically modeled and different 
methods have been proposed by researchers for calculating 
their values. In this method, the energy losses associated to 
the sea grass friction are expressed in function of the plants 
dimensions which will allow the user to change the 
parameters for next possible simulations in different 
conditions. By defining the losses with a more complex 
model and by calibrating these parameters with some real 
data the user will improve the model accuracy and create a 
simulator applicable to different sea grass cases. 

The derivate of spectral wave density in time and in 
spatial domain reflects the variation of energy due to external 
actions and turbulence in the control volume. The following 
formula predicts how the sea grass changes the propagated 
wave energy and is add in the evaluation of Q from eq. 1.  

   
 

  √ 
         (

  

  
)
      (    )        (   )

        (   )
    

   (2)

This equation used by [9], based on the linear wave 
theory and an assumption of impermeable bottom, was 
proposed by [10], [11] and establishes a relationship between 
the wave energy loss and vegetation parameters in the case of 
random waves that are assumed to have the Rayleigh 
probability density distribution function [12]. The parameters 
in the aforementioned formula are: 

                      

                (      ) 

                                                

                     

With      (
  

   
)
 

 

where Uc is the current velocity magnitude. m=1.25 and 
 =0.6   wh ch      pp o  m   d u   g L    d Y  ’  d    
[13]. 
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             , g = gravity 
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The energy equation was coded into the source code. 
Previously, in roughness method, the roughness of the sea 
grass area was subsequently changed and simulations were 
performed. However, in energy loss method, the physical 
characteristics of sea grass were coded. The simulations were 
performed for a set of parameters which were selected on 
some test results conducted on the sea grass samples. The 
simulated winds were: 

 Mistral 22 m/s 

 Southeast 14 m/s 

 West 11 m/s 

Simulations were performed by assuming different values 
of the parameters described earlier in the formula. 

 

B. SPH 3D 

The SPH method is based on the theory of interpolation 
([14]; [15]; [16]; [17]). Its formulation is often divided into 
two parts: the first being the integral representation and the 
second "the particle approximation". 

The integral representation of an arbitrary function  rF  

is defined as follows: 



      ''' drrrrFrF
V

  

 

where  'rr   represents the Dirac delta function, V 

the area of integration and the position vector r. For the SPH 
method an approximation to the delta function is: 



      ','' drhrrWrFrF
V

 
 

where h is the smoothing length defined by the area of 
influence of the smoothing function (or weight function) W. 

In the SPH method, the system is represented by a finite 
number of particles each carrying mass and other fluid 
parameters and occupying a defined area of space. We use 
"particle approximation" to discretize the domain. If )'(rF  

is known in N discrete points r1, r2 … rN then it can be 
approximated by: 



   



N

b
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b

b
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m
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where the subscript b corresponds to a particle neighbour. 
The kernel function must satisfy ([14]; [16]; [17]) : 
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The first condition is the normalization condition, the 
second condition is the Delta function property that is 
observed when the smoothing length approaches zero and the 
third condition is the compact condition where   is a 
constant related to the length of smoothing and defines the 
effective area of the smoothing function. 

The stability of the SPH algorithm depends heavily on the 
second derivative of the kernel [18]. There are different 
kernel functions, the most known is a Gaussian function. In 
this study, we use primarily the function of the third order of 
Monaghan and Lattanzio [18] known as the B-spline 
function. 



   

















s

ss

sss

h
hrW

v

20

21225.0

1075.05.11

), 3

32

 

with 
h

r
s   and   the normalization constant equal to 

7/10  for two dimensions.  

The accuracy of the SPH method can be improved by 
increasing the number of neighbours, which also 
significantly increases the computation time. In the case of 
3D, a number of neighbouring particles around 80 is a good 
compromise between accuracy and computation time. 

Fluid-solid interaction 

To simulate sea-grass under wave, we need to have solid 
particles of an order of millimeters and also to create a flume 
of some meters. So, we decide to create different size of 
particles in function of their types, and also to adjust some 
interaction law. We test three different forces to determine 
which one will work best for our kind of simulations.  

The well knows Lennard-Jones formulation is a purely 
repulsive force principally used for molecules interactions.  
The force  ( ) per unit mass between a solid and a fluid 
particle separated by a distance   has the form: 

 ( )   ((
  

 
)
  
 (

  

 
)
  
)  

 

  
               

 ( )           
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The constants    and    must satisfy the condition 
      to be repulsive, and was set to            as 
proposed by Monaghan [17].  Different lengths scale    have 
been tested because of our different particles sizes, and it 
seems that to prevent particles penetration it is better to use 
the biggest particles initial spacing which is for us the 
distance between to fluid particles. 

The coefficient D depends of the water depth   and it is 
usually taken as       but as it applied to all the 
p    c   ;    do   ’     m  o h    g      mpo    c . 

This two boundary forces give closed results to calculate 
solid and fluid interactions. 

With this method, we are able now to use different size of 
particle: for water and for plants. This allows us to create 
plants with the real thickness, to have a lot of plants (200 in 
Fig. 4) or to have several density of the sea-grass meadow 
(see Fig. 5).  

 

Figure 4.  GPUSPH 3D simulation with 200 plants  

 

Figure 5.  GPUSPH 3D simulation with the real bathymetry of the “pointe 

de Berre” and with plants on the zone 2 (see Fig. 6)  

 

IV. RESULTS AND DISCUSSIONS 

The figure 1 shows the lagoon and the beach location 
with measurement station during the survey. In this paper we 
use the in situ data do calibrate the wave simulation with a 
constant wind condition. We calibrate the waves with the 
data of the more offshore station.  

TABLE I.  CALIBRATION OF TOMAWAC SIMULATION  

Wind 
Wave Height Wave Height 

Numerical (m)  In-Situ (m)  

Mistral  1.27  1.2  

SE  0.38  0.38  

West  0.70  0.56  

 

The four other stations are used in this paper to compare 
 h  w   ’  h  gh   b  w             um   c    pp o ch  : 
Tomawac with roughness method or loss energy method and 
SPH method. The figure 6 shows the different zone of plants 
we numerically create for these numerical comparisons. 

Results from roughness and energy loss method will be 
compared. The best possible way for this would be to make a 
Telemac-Tomawac association taking into account a time 
series wind file, boundary conditions file with current 
coming from all rivers and entering by the channel connected 
with the Mediterranean Sea.  

But in a first step and for this paper, simplest examples 
with less complex inputs were made. The previous 
simulations were made with constant wind while the real 
values were a consequence of irregular wind in time and 
spatial domain; the simulation ignores and neglected a lot of 
external actions.  

The first objective was to find the roughness coefficient 
for the entire bay which is obtained by comparing numerical 
result with the observed value on the off shore station 
neglecting the work made by the sea plants there. After 
calibrating this parameter, simulations were made by 
changing the roughness values of a specified area in the 
source code. And the last mode of simulations was the 
Energy loss method which uses the physical characteristics 
of sea grass. 

By doing a numerical comparison between the wave 
heights obtained by roughness and energy method, we would 
be able to choose the better method which gives reliable 
results regarding the work done by the sea grass. Further, in 
future, the method could be directly use for calibrating the 
model taking into consideration the sea grass and wind 
velocity-direction time series.  

In the energy method, different cases were applied 
characterizing various physical parameters of sea grass to 
study the effect of work they would offer on waves. The 
cases have already been presented in the previous section 

The curves behaviour is the same as in the roughness 
method. The effect of parameters used in the energy loss 
method can be physically explained. Variation of plant 
density, height or diameter directly impacts the amount of 
energy dissipated but it can also be seen from the graphs that 
the effect is not much evident, though difference do exist in 
the values. The effects of parameters are exactly in 
accordance to the physics of the variables. Increasing the 
density, diameter and height of plant should decrease the 
wave height. 

For this energy method the same assumptions and 
justifications used on the roughness method can be made for 
each wind direction, so only some ideas will be added in the 
present article. These two methods differences are essentially 
on how the energy is dissipated. On the first one a friction 
force in the bottom of the control volume is added during 
finite element method computations, while on the second one 
a continue d fo m   o  o   h   p c     w    ’ compo  m    
is applied on the finite elements volume. After calibration, 
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this method gives the opportunity of predicting the 
propagation through any sea grass depending on its 
dimensions, which is a remarkable and powerful tool. By 
comparing the previous method results with these ones the 
same values on the off shore station should be obtained. The 
main difference between this and the roughness method 
should be on the more relevant waves heights increase before 
the sea grass zones.  

Both the methods dissipate energy in the sea grass zone. 
However, it can be seen from the Table II that the energy loss 
method results in more dissipation as compared to roughness 
method. Also, the method incorporates the physical 
characteristics of the plants which are more logical rather 
applying a roughness value in the bounded region. Literature 
gives us a limit for selecting the better energy dissipation 
method.  

TABLE II.  RESULT WITH THE TWO METHODS : M1 ROUGHNESS 

METHOD AND M2 LOSS-ENERGY METHOD , WOP = WITHOUT PLANTS, WP = 

WITH PLANTS 

Wind  

Wave height (m) Difference in % 

Wind 

Velocity 

WOP WP 

M1 

WP 

M2 

 

M1 

 

M2 

Mistral 22 m/s 0.32 0.28 0.21 10 37.8 

SE 14 m/s 0.25 0.24 0.21 4.7 17.3 

West 11 m/s 0.24 0.23 0.22 2.6 5.6 

 

It states that the percentage difference of wave height at a 
station should be between 25-40% for heights corresponding 
to no sea grass and heights corresponding to one of the 
energy dissipation method. The energy method seems to 
more correspond with the classical result in wave attenuation 
in the literature. 

To evaluate and compare the Tomawac result with the 
energy method and the SPH 3D, we create a new sea grass 
zone (Zone 1 on Fig. 6) and we look at the wave height along 
the line plot in the middle of the simulation domain for the 
3D SPH using the real bathymetry on this figure.  

 

Figure 6.  Study area with numerical sea grass test zone and measurment 

stations. 

Th  T b        how   h  w   ’  h  gh   ob       o g  h  
line across zone 2 of sea-grass (see Fig. 6). With the SPH 3D 
method we can give the plant flexibility we want. The fixed 
plants are tested here but will be more use to compare with 

experiment where the sea-grass meadow is represented with 
piece of wood. The results seem to be coherent: a higher 
wave height before the WFP, because they play more a wall 
role. The simulations with Fixed or flexible plant give an 
     u   o  of  h  w   ’  h  gh s after the zone.  

TABLE III.  RESULT WITH THE GPU SPH 3D FLUID-STRUCTURE 

INTERACTION METHOD , WOP = WITHOUT PLANTS, WP = WITH PLANTS 

AND WFP = WITH FIXED PLANTS 

GPU 

SPH 

3D 

Wave height (m) 

Before 

Zone 2 

Middle 

Zone 2 

After 

Zone 2 

WOP 0.3306 0.28461 0.3066 

WP 0.32675 0.28474 0.30807 

WFP 0.33113 0.2868 0.30606 

 

 

Figure 7.  Wave height (m) evolution from offshore with or without plants 

obtain with Tomawac and loss energy simulation to compare with GPUSPH 

3D from table III. 

The figure 7 shows the result obtain with the Tomawac 
simulation using the energy loss method in the case of the 
zone 2 as in the simulation with the GPU SPH 3D method. 
We obtain the attenuation of the wave height in the same 
order but more in the middle of the zone.  

In conclusion the loss-energy method implemented in 
Tomawac and the development in term of Fluid-Structure 
interaction add in the GPU SPH 3D allow us to simulate 
wave due to wind over sea-grass meadow with real 
dimension  in time and space. For making the results more 
reliable, wind time series should be used for Telemac for 
producing the currents and these currents file should be use 
as an input for the Tomawac. Obviously, currents would be 
causing change in energies at very instants; therefore, 
incorporation of such parameters can further enhance the 
results. The interaction wave-current could be included in the 
loss-energy method through the   parameter and as to be 
tested with the current measurement in-situ. 
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Abstract:  

Vegetation is a common feature in coastal and riverine flows. It interacts both with the water flow and with the 
sediment fluxes, therefore affecting the morphodynamics of the system. Here we focus on the case of submerged and 
flexible vegetation, such as eelgrass that grows on the tidal flats of Southwestern Canada.  

Using flume experiments, we studied how such vegetation may affect first the water flow, then the sediment 
fluxes. For the hydrodynamics, we found that the friction law was modified by the vegetation. Moreover, as the plant 
bending changes with the water velocity, the friction law itself depends on the water velocity. For the 
morphodynamics, we found that the skin friction and the sediment flux were reduced in the plants, because most of 
the shear stress was contributed by the plant drags. In a constant sediment input environment, the morphodynamic 
response was an increase of the bed slope in the plants. We partitioned the total shear stress between the skin friction, 
the form drag generated by the bedforms and the form drag generated by the plants, and we found that the ratio of the 
skin friction to the total shear stress depends on the vegetation density but does not depend on the water velocity. 

Based on these experimental results, we proposed new methods to take the effect of vegetation into account in a 
2D hydrodynamic model such as Telemac2D-Sisyphe. In Telemac2D, we incorporated a modified Manning’s friction 
law where the Manning’s coefficient is a function of the local velocity. The higher the velocity, the more the plant 
bends, and the less friction it generates on the flow. In Sisyphe, we defined a specific skin friction correction that 
accounts for a reduction of the skin friction in the vegetated areas only. The correction is a function of the local 
vegetation density. 

We tested the model by running simulations of the flume experiments and we found that it reproduced well the 
main morphodynamic response of the bed. Future work involves testing the model at larger scales both in tidal and 
riverine hydrodynamic conditions. 
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Abstract — A two-way coupled system between the 

hydrodynamic model TELEMAC-3D and the spectral wave 

model TOMAWAC was developed in order to get the three-

dimensional description of waves and current interaction 

effects. The mathematical framework is based on the recent 

work presented by [2] in which the glm2z-RANS equations are 

deduced. First, the coupled system was tested against an 

academic test case [3]. Then in order to analyse and validate 

the numerical results of nearshore circulation, two sets of 

laboratory measurements were used: one on a planar beach [7] 

and another one on a barred beach [6].  

I. INTRODUCTION 

Within the coastal waters there are a number of processes 
that have distinct temporal and spatial scales. Their 
interaction renders the description of nearshore 
hydrodynamics rather complex. The combined environment 
of waves and currents provides one example of those 
interactions. In the nearshore area the wave breaking and the 
induced generated currents, such as longshore and rip 
currents, can create a dangerous environment for humans and 
have a great impact on morphodynamics. 

For many years the radiation stress concept [9] was 
largely used within a two-dimensional approach to analyse 
the above mentioned combined flow. Nevertheless, in the 
past decade it has been shown that the three-dimensional 
effects of waves and current interactions are essential to get a 
correct description of these phenomena. A number of authors 
proposed different ways of approaching this problem. Two 
main groups can be distinguished regarding the theoretical 
framework: either the radiation stress concept is used [11] or 
a vortex force approach is applied [10], [2].  

[2] chose to work with the set of GLM equations [1] in 
which there is a clear distinction between the oscillatory and 
the mean motion. They were able to get second order 
expressions for the wave forcing terms needed to close the 
GLM equations. Through a change in the vertical GLM 
coordinates to Cartesian coordinates they obtained the so-
called glm2z-RANS equations. With this theory the 
description of the interaction effects between waves and 
currents can be achieved throughout the entire water depth. 

In the present work the glm2z-RANS equations were 
used to develop a new coupled system between a 
hydrodynamic circulation model and a spectral wave model. 
The TELEMAC-MASCARET numerical platform was the 
chosen tool to work with. The new equations were 
implemented in the three-dimensional model TELEMAC-3D 
[8] together with new boundary conditions. New 
parameterizations were incorporated in the models to 
compute the wave forcing terms. The later are calculated by 
the spectral wave model TOMAWAC [4] and passed to 
TELEMAC-3D by internal coupling. 

Firstly, in order to test the coupled system, it was 
performed an academic test case based on the adiabatic test 
presented by [3]. Secondly, laboratory data was used to 
verify the numerical results and study the three-dimensional 
effects of waves and currents interaction. There were 
available measurements from two different wave-basin 
configurations: one on a planar beach [7], where wave 
induced longshore currents were reproduced, and another, on 
a barred beach [6], in which a rip current system was 
generated. 

A description of the mathematical formulation developed 
in TELEMAC-3D together with an explanation of the 
practical implementation of the coupling made with 
TOMAWAC is given in the following section. On section III 
the numerical results obtained with the adiabatic test case are 
presented. Section IV shows the comparisons between 
numerical output and measurements for the two test cases of 
wave induced nearshore circulation. On section V some 
concluding remarks are highlighted.  

II. COUPLING SYSTEM 

A. Governing equations 

As already mentioned TELEMAC-3D was the chosen  
model. To take into account the three-dimensional effects of 
the combined environment new wave forcing terms had to be 
introduced. With that aim the mathematical framework 
proposed by [2], the glm2z-RANS equations, were 
implemented. Following [3] the vertical current shear was 
neglected in the wave forcing terms. 
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The equations of mass (1) and horizontal momentum 
conservation (2) considering an incompressible fluid and the 
hydrostatic assumption are 
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ˆ ˆ( , )u w  represent the quasi-Eulerian velocities given, in 

a second order approach, by the difference between the 

Lagrangian mean velocities and the Stokes drift ( , )s sU W . 

The acceleration due to gravity is given by g and Sx 
represents the hydrodynamic model horizontal source terms, 

for instance, the Coriolis force. H and z  are, respectively, 

the horizontal and vertical and turbulence viscosities. The 
viscosity values can either be prescribed by the user or 
computed by a turbulence closure model. Furthermore, 
within the wave-current environment and due to wave 
breaking there is an enhancement of the vertical mixing. To 
take into account this effect the formulation proposed by [14] 
was followed implying that a wave-enhanced vertical mixing 

( wbz ) is added to the vertical turbulence viscosity. 

The new wave forcing terms included in the 
hydrodynamic model momentum equations are the Stokes 
drift, the horizontal gradient of the wave-induced pressure 

(J), the vortex force in x , which is represented in 

3 3 sU    (defined by the vectorial product between the 

mean flow vertical vorticity 3 and the horizontal Stokes 
drift) and the stokes-Coriolis force represented by 

3 3 sf U   . 

To guarantee mass conservation, the mass induced by the 
Stokes drift in the depth-integrated continuity equation (3) 

was included. The symbol  . denotes a depth-integrated 

variable. 
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Moreover, the bottom shear stress in the hydrodynamic 
model was modified in order to take into account the wave-
current interaction effects on the bottom roughness, 
following the [5]’s theoretical framework. 

At the offshore open boundary two conditions are 
imposed for the phase-averaged elevation (4) and the 
horizontal velocities (5) [12]: 

 ˆ J
g

    

 ˆ
su U    

The momentum lost by waves due to depth-induced wave 
breaking and bottom friction was imposed in the 
hydrodynamic model as free surface and bottom stresses, 
respectively. These non-conservative wave forcing effects 
were included and calculated in the wave model. 
TOMAWAC v6.p2 [4], a third generation spectral wave 
model, was the chosen model. It solves the wave action (N) 
conservation equation in Cartesian (x, y) or spherical spatial 
coordinates and the domain is discretized in unstructured 
grids. 

B. Implementation 

In the following, it is given a brief explanation to describe 
how the coupled system works (Figure 1). 

TELEMAC-3D starts the calculation. The Nikuradse 
roughness, the z-levels, and the computed depth-integrated 
velocities and mean surface elevation are communicated to 
TOMAWAC.  In its turn, the wave model computes, over a 
time step, the wave forcing terms: the Stokes drift 
components, the wave-induced pressure, the wave breaking 
and the bottom-induced dissipation momentum contributions. 
The last two terms are imposed as surface and bottom 
stresses, respectively, in the hydrodynamic model. 
Furthermore, the wave model calculates the wave-enhanced 
vertical mixing coefficient that is added to the vertical 
turbulence viscosity in TELEMAC-3D. This process is 
repeated each time step or made within a coupling period 
defined by the user. The coupling period between 
TELEMAC-3D and TOMAWAC can be larger than the time 
step of the models. The time step of each of the models does 
not have to be the same, just a multiple of each other. Both 
models run with the same horizontal mesh. 

 

Figure 1.   Scheme of the different terms computed and exchanged by 

TELEMAC-3D and TOMAWAC 
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III. ACADEMIC TEST CASE 

In order to test the implementation of the glm2z-RANS 
equations in the coupled system TELEMAC-3D and 
TOMAWAC it was performed an academic test case 
presented by [3]. It is an adiabatic case with monochromatic 
waves propagating over a step that evolves from 6 m to 4 m 
depth (Figure 2). As no dissipation occurs the flow generated 
by the propagating waves over the bottom slope can be 
considered irrotational.  

 

Figure 2.  Bathymetry representation for the adiabatic test. The colour 

scale represents the bottom elevation (m). 

The upstream (x= 0 m) and downstream (x= 800 m) 
boundaries are defined as open boundaries where the mean 
sea surface is zero and condition (5) is applied for the 
velocities. The horizontal mesh was discretized with 
elements of triangular basis of 5 m in x direction and 25 m in 
y direction. The hydrodynamic model was run with 10 
horizontal planes equally spaced throughout the water depth. 
In TOMAWAC, a monochromatic wave was imposed with 
wave height H= 1.02 m and wave period T= 5.26 s. The 
waves propagate along the positive x axis. Sources and sink 
terms are deactivated both in TELEMAC-3D and 
TOMAWAC. The time step chosen for the hydrodynamic 
model was 0.2 s while for the wave model was 2 s. The 
models run until stationarity was achieved. 

On Figure 3 it is possible to verify the wave height 
evolution over the domain. Due to the bottom slope the 
waves shoal increasing the wave amplitude and inducing a 
mass transport in the shallower part of the domain (Figure 4). 
To compensate the divergence of the Stokes drift a mean 
steady current is generated with opposing direction to the 
propagating waves (Figure 5). 

 

Figure 3.  Wave height evolution. Incident wave height H= 1.02 m and 

peak wave period T= 5.26 s. 

 

Figure 4.  Horizontal Stokes velocity evolution. Incident wave height     

H= 1.02 m and wave period T= 5.26 s 

 

Figure 5.  Horizontal quasi-Eulerian velocity evolution. Incident wave 
height H= 1.02 m and wave period T= 5.26 s 

 

 

 

 

 



21stTelemac&Mascaret User Club Grenoble, France, 15-17 October, 2014 

 

 

14 

As there are no source or sink terms in the domain and 
the mean current vertical shear is weak, the evolution of the 
horizontal velocity by itself (Figure 6) is equal to the 
contribution of wave induced pressure gradient (Figure 7) 
together with hydrostatic pressure gradient (Figure 8). The 
variables represented in the figures below are computed and 
given as an output by the coupled system, showing this 
particular momentum balance. 

 

Figure 6.  Evolution of the velocity advection by itself 

 

Figure 7.  Evolution of the wave induced pressure horizontal gradient  

 

Figure 8.  Evolution of the hydrostatic pressure horizontal gradient 

IV. NEARSHORE CIRCULATION 

A. Planar beach 

Wave induced longshore currents can play an important 
role in different situations, as in nearshore morphodynamics. 
Therefore it is important to model and study properly their 
dynamics.  

In this section the modified equations implemented in the 
coupled system are tested against measurements obtained on 
a laboratory wave basin. The main purpose of the experiment 
was to reproduce the wave-induced longshore currents 
generated by obliquely incident breaking waves on a planar 
beach [7]. The facility has approximately 30 m x 50 m, a 
slope of 1:30 in the main section and 1:18 at the toe of the 
beach. A pumping system was installed in the lateral walls 
aiming to ensure longshore uniformity of the currents. Four 
wave paddles generate irregular waves with an incident angle 
of 10º relative to the beach, a significant wave height of Hs= 
0.225 m and a wave peak period of Tp= 2.5 s. The bottom 
was made of concrete. Values of surface elevation and 
velocities were obtained by ten capacitance type wave 
gauges and ten Acoustic-Doppler Velocimeters (ADVs), 
respectively, which were co-located along a cross-shore 
direction of the wave basin. 

The computational domain was discretized with Δx= 
0.2 m and Δy= 0.8 m. Ten horizontal planes were distributed 
uniformly throughout the water depth in TELEMAC-3D. The 
time step was set to Δt= 0.2 s for both hydrodynamic and 
wave models. The offshore boundary conditions were 
defined with expressions (4) and (5) and the lateral 
boundaries characterized with periodic conditions in order to 
ensure the longshore uniformity of the wave generated 
currents. The Nikuradse roughness was set to ks=0.0001 m. 

The chosen turbulence model was the k- LP (Linear 
Production) model that computes the vertical turbulence 
viscosity. The horizontal turbulence viscosity value was set 

to h= 0.2 m
2
s

-1
. The Coriolis force is neglected. 

To model wave propagation a JONSWAP spectrum with 

a peak enhancement factor of = 7 was imposed. The 
significant wave height and the wave period were the same 
as the ones used in the laboratory experiments. The spectral 
domain was discretized with 25 frequencies with the 
minimum frequency equal to 0.1 Hz and the frequency ratio 
q= 1.07. For the depth-induced wave breaking the [13]’s 

model was chosen with the parameters B= 1.25 and = 0.75. 
Both effects of waves on the current and of the current on the 
propagation of waves were taken into account. The model 
ran continuously until a stationary state was achieved. 

On Figure 9 the comparison between results computed by 
the coupled system and experimental data for the evolution 
of the significant wave height is shown. It can be seen that 
the model fits well the measurements along a cross-shore 
section from offshore to the beach. 
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Figure 9.  Comparison between numerical results (line) and experimental 

data (dots) of the significant wave height along a cross-shore section of the 
wave basin (y = 27 m) 

 

Figure 10.  Comparison between numerical results (line) and data (dots) of 

the longshore velocity at one third of the water depth 

On Figure 10 the longshore velocity measured at one 
third of the water depth is compared to the one computed by 
TELEMAC-3D/TOMAWAC. It can be verified that not only 
the evolution along a cross-shore section (y = 27 m) but also 
the magnitude of the computed velocity agrees well with the 
measurements. The differences observed in the offshore part 
of the domain are probably due to the fact that in the 
laboratory basin some difficulties were found to control an 
internal and spurious recirculation that occur near the wave 
paddles. 

On Figure 11 the cross-shore (above) and longshore 
(below) velocity vertical profiles are represented along a 
cross-shore transect y= 27 m. When approaching the beach 
the cross-shore velocities show an important shear from the 
bottom to the free surface, evidencing the importance of 
taking into account the three-dimensional effects of waves 
and current interactions. The longshore velocity vertical 
shear is not so relevant but the magnitude is almost three 
times the values of the cross-shore velocities.

 

 

Figure 11.  Comparison of numerical results (lines) with experimental data 
(dots) of cross-shore (above) and longshore (below) velocity vertical 

profiles along a cross-shore transect y= 27m 

B. Barred beach 

In the present section the capability of the coupled system 
to model rip currents is tested. Measurements obtained in a 
laboratory wave basin [6] were used to validate the numerical 
results. Here the bathymetric contour lines are no longer 
parallel to the coastline, but instead there are two bars which 
induce wave breaking and the generation of a rip current 
system. The wave basin is 17.2 m in the cross-shore direction 
and 18.7 m in the longshore direction. The slope is 1:5 from 
offshore up to three meters from the wave maker and then 
1:30 till the end of the beach. The generated waves were 
monochromatic and perpendicular to the beach. The vertical 
structure of rip currents was assessed through the installation 
of three Sontek Acoustic Doppler Velocimeters. [6] 
measured the vertical structure of the rip currents and applied 
a bin average technique to analyse the data. The bin is a 
categorization of the data, sorted by the velocities measured 
at the top the water column (u1). This implicit scale is 
defined by intervals of the referred velocities values. The 
criteria used were: bin 25 (u1 > 0.25 (ms

-1
)), bin 20 (0.25 > 

u1 > 0.20 (ms
-1

)), bin 15 (0.10 > u1 > 0.15 (ms
-1

)) and bin 10 
(0.15 > u1 > 0.10 (ms

-1
)). 

The computational domain was discretized equally for 
both models with Δx = Δy = 0.2 m (Figure 12). In the z 
direction eight horizontal planes were defined for 
TELEMAC-3D. 
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Figure 12.  Computational domain for the rip current test case 

The time step was set to Δt= 0.03 s for both 
hydrodynamic and wave models. Conditions (4) and (5) were 
once more assigned at the offshore boundary and walls were 
defined at lateral and shoreward boundaries. The Nikuradse 

roughness was set to ks= 0.01 m. The k- model was the 
chosen turbulence model to compute the vertical turbulence 

viscosity. A value of H= 0.001 m
2
s

-1
 was set for the 

horizontal turbulence viscosity. The numerical simulations 
with TOMAWAC were performed with spectral parameters 
that match the monochromatic laboratory experiments. This 
way, a significant wave height was set to Hs= 0.067 m. The 
minimum frequency was set to 0.187 Hz, the number of 
frequencies to 7 and the frequential ratio to 1.4. The 
directional discretization was made through 24 direction bins. 
For the depth-induced breaking the model proposed by [13] 

was chosen with = 0.9 and B= 1. 

The comparison between numerical results obtained by 
the coupled system and the measurements made along the 
cross-shore section y= 13.6 m are depicted on Figure 13. The 
upper panel, relative to bin10, shows how the rip current 
vertical structure evolves from offshore to the beach. 
Offshore the domain, the cross-shore velocity increases from 
the bottom up to the free surface. It can be observed that the 
model has difficulties in modelling the current in this area, 
overestimating the velocities. From x= 11 m until the 
shoreline the velocity reaches its maximum below the bar-
crest level and starts to slightly decrease near the free surface. 
The vertical distribution of the cross-shore velocities is quite 
well represented by the numerical model, mostly in the 
vicinity of the rip channel.  

The lower panel of Figure 13 shows that the magnitude of 
these rip currents can attend high values and that the model is 
able to capture them. 

 

 

 

 

Figure 13.  Comparison of the cross-shore velocity vertical profiles through 
the rip channel from numerical model and from experimental data [6]  

within bins 10, 15, 20 and 25. The full vertical lines represent the 

measurement sections. 

V. CONCLUDING REMARKS 

A new coupled system between the three-dimensional 
hydrodynamic model TELEMAC-3D and the spectral wave 
model TOMAWAC was developed. The glm2z-RANS 
equations [2] were implemented in the numerical model 
together with the simplifications proposed by [3]. New 
parameterizations were included in order to calculate the 
wave forcing terms. 

An adiabatic test case presented in [3] was made in order 
to test the coupled system. Then, measurements obtained in 
two laboratory basins with different set ups were compared 
with numerical results. Firstly longshore currents induced by 
waves breaking on a planar beach were modelled. Then a 
second test was performed, which consisted in reproducing a 
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rip current system generated by waves breaking on a barred 
beach. Numerical results were in good agreement with 
laboratory data showing the capability of the coupled system 
to model, at least at this scale, waves and current interactions 
in the nearshore area.  

ACKNOWLEDGEMENT 

Maria João Teles would like to acknowledge the support 
of a PhD grant (SFRH/BD/61269/2009) from FCT 
(Fundação para a Ciência e Tecnologia), Portugal. The 
authors would also like to acknowledge all the support given 
by the TELEMAC-MASCARET development team. 

REFERENCES 

[1] Andrews, D. G., McIntyre, M. E., 1978a. An exact theory of non 
linear waves on a Lagrangian mean flow. Journal of Fluid Mechanics, 
Vol. 89, pp 609-646. 

[2] Ardhuin F., Rascle N., Belibassakis K.A. (2008). Explicit wave-
averaged primitive equations using a generalized Lagrangian mean. 
Ocean Modelling, Vol. 20(1), pp 35-60 

[3] Bennis A.-C., Ardhuin F., Dumas F. (2011). On the coupling of wave 
and three-dimensional circulation models: Choice of theoretical 
framework, practical implementation and adiabatic tests. Ocean 
Modelling, Vol. 40(3-4), pp 260-272 

[4] Benoit M., Marcos F., Becq F. (1996). Development of a third 
generation shallow water wave model with unstructured spatial 
meshing. Proc. 25th Int. Conf. on Coastal Eng.  (ICCE'1996), 2-6 
September 1996, Orlando (Florida, USA), pp 465-478 

[5] Christoffersen, J. B., Jonsson, I. G., 1985. Bed friction and dissipation 
in a combined current and wave motion. Ocean Engineering, Vol. 12, 
pp 387-949 423. 

[6] Haas, K. A., Svendsen, I. A. (2002). Laboratory measurements of the 
vertical structure of rip currents. Journal of Geophysical Research, 
Vol. 107 (C5), 3047 

[7] Hamilton, D. G., Ebersole, B. A., 2001. Establishing uniform 
longshore currents in a large scale sediment transport facility. Coastal 
Engineering, Vol. 42, pp 199-218. 

[8] Hervouet J.-M. (2007) Hydrodynamics of free surface flows, 
modelling with the finite element method. Editions Wiley & Sons. 
ISBN 978-0-470-03558, 342 p. 

[9] Longuet-Higgins, M. S., Stewart, R. W., 1962. Radiation stress and 
mass transport in gravity waves, with applications to surf beats. 
Journal of Fluid Mechanics, Vol. 13, pp 481-504. 

[10] McWilliams, J. C., Restrepo, J. M., Lane, E. M., 2004. An asymptotic 
theory for the interaction of waves and currents in coastal waters. 
Journal of Fluid Mechanics, Vol. 511, pp 135-178. 

[11] Mellor, G., 2003. The Three-Dimensional Current and Surface Wave 
Equations. Journal of Physical Oceanography, Vol.33, pp 1978-1989. 

[12] Rascle, N., 2007. Impact of waves on the ocean circulation. PhD 
thesis, Université de Bretagne Occidentale, France. 

[13] Thornton, E. B., Guza, R. T., 1983. Transformation of wave height 
distribution. Journal of Geophysical Research, Vol. 88 (C10), pp 
5925-5938. 

[14] Uchiyama, Y., McWilliams, J. C., Shchepetkin, A. F., (2010). Wave-
current interaction in an oceanic circulation model with a vortex-force 
formalism: Application to the surf zone. Ocean Modelling, Vol. 34, 
pp 16-35 

  



21stTelemac&Mascaret User Club Grenoble, France, 15-17 October, 2014 

 

 

18 

 



19 

Data assimilation with the 1D hydraulic code 

Mascaret and multi-dimensional coupling 

between Telemac and Mascaret 

Sébastien Barthélémy
1
, Sophie Ricci

1
, NicoleGoutal

2
, Etienne LePape

3
, Olivier Thual

1,4 

1
 URA 1875 CNRS/CERFACS (barthelemy@cerfacs.fr), 

2 
LNHE EDF R&D, 

3 
SCHAPI, 

4
 INPT 

 

Abstract: 

In the context of data assimilation (DA) the covariance functions prescribed in the background error covariance 
matrix are of fundamental importance as they translate information on the observed variables at the measurement 
locations into correction of the cross-correlated variables over the entire domain. In order to diagnostic the covariance 
and correlation functions in the context of hydraulic an ensemble Kalman filter algorithm (EnKF) was implemented 
on top of the 1D hydraulic code Mascaret using the OpenPalm coupling software and the study is carried out on the 
tidally influenced "Adour maritime" catchment located in south west of France. This algorithm assimilates in-situ 
water-level observations to correct both water-level and discharges. The members within the ensemble were 
generated by perturbating the upstream forcings that are supposed to be the main source of uncertainty. In order to 
enlarge the spread of uncertainty within the ensemble that tends to be under-dispersive an additional covariance 
inflation algorithm based on the correlation functions diagnosed by the EnKF and a posteriori diagnostics is 
implemented. This leads to an improvement of the results of the assimilation over the entire domain compared to the 
model only and an improvement of short-term forecasts (1h-3h). The reliability of the analyzed state (water-level and 
discharge) is closely related to the number of members of the ensemble. In the present study, about 80 members were 
used. As these members can be run in parallel using the OpenPalm functionality Parasol the cost of the ensemble-
based assimilation remains compatible with real-time flood forecasting constraints. 

The corrected 1D simulation provides the boundary conditions for a limited-area 2D model over the city of 
Bayonne. The TELEMAC software, developed by EDF, is used to represent the flow for the confluence between Nive 
and Adour rivers (in the centre of the city of Bayonne) as well as in the "Plaine d'Ansot" (a flood plain located 
upstream of Bayonne along the Nive river) where the flow is no longer mono-dimensional. The 1D model with data 
assimilation (that has no flood plains and infinitely high banks) and the 2D model overlap with the use of a source-
term (that represents lateral inflows when the 2D model is in flood) to 1D model to maintain this one close to the 2D. 
Hence when the 2D is not in flood it is only forced by the 1D model where as when the 2D model is in flood the two 
models are coupled in order to build a data-driven high-fidelity model for the Adour catchment for operational use in 
the context of flood-forecasting. 

This study demonstrates on an hydraulic network used in an operational context the benefits that flood-forecasting 
can draw back from the use of data assimilation methods for both correction of the hydraulic state over the 1D 
domain and the correction of the forcings of the 2D model. 

mailto:barthelemy@cerfacs.fr
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Abstract— This document aims to present preliminary work 

carried on in the framework of the development of a storm 

surge model for the Belgian coastal area. The PUG Matlab 

toolbox for pre- and post-processing of unstructured grids is 

first presented along with an open source strategy to design 

triangular, unstructured grids. Then, the ongoing development 

in the Beluga branch of the TELEMAC source code is briefly 

discussed. It aims to read space- and time-varying wind 

velocity and air pressure fields in the open NetCDF format. 

 

I. INTRODUCTION 

A storm surge is an offshore rise of water, which is 
primarily caused by winds pushing on the sea surface. In 
shallow water areas, storm surges can be particularly 
damaging when they occur at the time of a high tide, 
potentially causing devastating coastal flooding. This 
phenomenon is one of the major natural threats for the 
Belgian coastal area and the region surrounding the tidal part 
of the Scheldt basin (Fig. 1). It is therefore a subject of high 
interest in terms of long-term coastal protection and 
sustainable development in Belgium.  

Studying local impacts of storm surges is a rather multi-
scale problem as the latter are formed at the scale of the 
entire North Sea. The use of an unstructured grid model 
seems therefore to be a natural choice, thanks to the ability of 
such models to simulate various scale processes in a rather 
flexible way.  

There are many software solutions to generate triangular, 
unstructured grids, e.g. Blue Kenue and Janet, which are 
recommended on the TELEMAC website, Gmsh [1, 2], 
which is used in this project, and ADMESH [3], to name a 
few. All of them have pros and cons, but none of them offer 
satisfactory built-in functionalities to define the contour of 

the domain, which can be painful to obtain. Indeed, most of 
the time, available data come from several sources of 
different kinds, and their combination is handmade, so that 
everything has to be done each time from scratch. Another 
issue is the lack of a standard file format to save unstructured 
grids or model outputs. As a result, many different file 
formats coexist, and the choice of a specific mesh generation 
program is often driven by its possible output file formats 
rather than its mesh generation capabilities. 

The PUG
1
 Matlab toolbox is developed with the aim to 

offer a solution to those problems encountered by many 
unstructured grid model users. Indeed, it gathers several 
functionalities to define domain contours in an integrated 
framework, and it generates TELEMAC input files from 
Gmsh grids. The latter functionality will be extended to other 
file formats in the future. Used together with Gmsh and 
Inkscape, which is a computer aided-design (CAD) software 
program, PUG offers an original open source procedure to 
define domain contours (Section II) and design unstructured 
grids (Section III). 

Finally, to perform realistic storm surge simulations on 
those unstructured grids, a slightly modified version of 
TELEMAC-2D is used. Indeed, in its standard version, the 
model cannot be forced with wind velocity and air pressure 
fields that vary both in space and time. The Beluga branch of 
the source code is being developed to take these 
meteorological conditions into account through NetCDF files 
(Section IV). 

 

 

                                                           
1 PUG stands for “(pre- and post-) Processing Unstructured Grids,” it can be 
downloaded on http://www.oliviergourgue.net/download. 
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Figure 1.  Map of the North-Western Europe (upper panel), with zoom on 
the tidal part of the Scheldt basin (lower panel). 

 

II. DOMAIN CONTOUR DEFINITION USING PUG AND 

INKSCAPE 

A. Contour data from GSHHG 

PUG uses the Global Self-consistent, Hierarchical, High-
resolution Geography (GSHHG) database to define the 
shorelines of a model domain. GSHHG is a high-resolution 
geography data set, amalgamated from two databases in the 
public domain: World Vector Shorelines (WVS) and CIA 
World Data Bank II (WDBII). The data have undergone 
extensive processing and are supposed to be free of internal 
inconsistencies such as erratic points and crossing segments 
[4]. The M_Map mapping package

2
 for Matlab is used to 

access the data. 

GSHHG comes in five different resolutions, i.e. crude (c), 
low (l), intermediate (i), high (h), and full (f), so that the user 
can select the most appropriate regarding the expected grid 
resolution in the area. For the storm surge model of the 
Belgian coastal area, low resolution is used far from the area 
of interest, intermediate resolution is used in the Eastern part  

                                                           
2 http://www.eos.ubc.ca/~rich 

 
Figure 2.  Contour data from GSHHG describing the coastlines of North-

Western Europe; low (l) resolution is used far from the area of interest, 

intermediate (i) resolution in the Eastern part of the Channel, and full (f) 

resolution along the Belgian and Dutch coastlines. 

 

of the Channel, and full resolution is used along the 
Belgian and Dutch coastlines (Fig. 2). 

However, even the full resolution of GSHHG lacks 
details in some areas. PUG offers two alternatives to 
overcome this problem (Subsections B and C).  

B. Contour data from KML files (Google Earth) 

Usually, GSHHG does not include manmade coastal 
constructions such as ports, artificial islands, dams or sluices. 
Sometimes also, GSHHG is simply not accurate enough in 
some locations where fine grid resolution is required. 

If the area to correct is not too large, it is quite convenient 
to define the coastline by creating a path in Google Earth, 
and pointing and clicking along the land boundary. Then, if 
the path is saved into a KML file, PUG can read it and add it 
to the domain contour. 

For the storm surge model of the Belgian coastal area, 
this technique is used to include many details of the Belgian 
and Dutch, such as, for example, a fine description of the port 
of Zeebrugge (Fig. 3).  

C. Contour data from a point cloud alpha shape 

Sometimes, the area to include is too large to consider a 
“point-and-click” procedure in Google Earth. That may be 
the case for example when fine grid resolution is needed in 
estuaries, rivers or embayments. However, it is usually in the 
area of major interest of the model that so fine grid resolution 
is required, and it can be assumed that a large amount of data 
is available there. PUG takes advantage of that by computing 
an external contour of any point cloud of data. This is done 
efficiently using the concept of alpha shape, which is a 
concave generalization of a convex hull. The Matlab package 
Alpha shapes3 is used to compute those contour domains. 

                                                           
3 http://www.mathworks.com/matlabcentral/fileexchange/28851-alpha-
shapes 
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Figure 3.  Contour data from a KML file (in black) is used to represent the 

port of Zeebrugge, Belgium, because the full (f) resolution of GSHHG (in 

gray) is not accurate enough. 

 

 
Figure 4.  The alpha shape (in black) from a bathymetry data point cloud 

(in colors) is computed to complete contour data from GSHHG in full (f) 

resolution (in gray) in the Scheldt basin. 

 

This technique is used to include the tidal part of the 
Scheldt basin in the computational domain of the storm surge 
model of the Belgian coastal area (Fig. 4).  

D. Contour data from ETOPO1 

Subsections A to C describe procedures to define land 
boundaries. However, unless the computational domain is the 
entire world ocean, it is necessary to define an open 
boundary offshore as well. Open boundaries can be drawn 
manually, for example by using Google Earth (Subsection 
B). However, in some cases, it may be useful to define them 
following physical criteria. For example, it is not uncommon 
to place the offshore open boundary at the shelf break, i.e. at 
the end of the continental shelf, usually because the tidal 
forcing signal is well know there [5, 6]. 

The shelf break is generally defined as a contour line at a 
specific depth. Therefore, PUG is implemented with the 
ability to extract contour lines from a bathymetry data set and 
add them to the domain contour. For that, it makes use of 
ETOPO1, which is a 1 arc-minute global relief model of 
Earth's surface built from numerous global and regional data 
sets [7]. For the storm surge model of the Belgian coastal  

 
Figure 5.  The contour line 200 m below the mean sea level (in black) is 

extracted from the bathymetry database ETOPO1 to close the domain 

contour made up with coastlines from different sources (in gray). 

 

area, the open boundary is defined as the contour line 200 
m below the mean sea level (Fig. 5).  

E. Manipulation of raw contour data using Inkscape 

Grid design is not possible without a well-defined domain 
contour, which consists of one closed external contour, and 
possibly several closed internal contours describing island 
coastlines. However, raw data uploaded as described in the 
previous subsections usually do not form a well-defined 
domain contour. A few manipulations are therefore still 
necessary before considering mesh generation, such as 
remove entire or part of lines, remove individual points, join 
lines, etc. 

When dealing with a large number of points, such 
manipulations are not really convenient in Matlab. On the 
other hand, that is exactly what CAD software is made for. 
Among various alternatives, the professional quality vector 
graphics software Inkscape

4
 presents several advantages: it is 

open source, runs either on Windows, Mac OS X or Linux, 
and uses the open standard SVG (Scalar Vector Graphics) as 
its native format. That is why PUG is implemented with the 
ability to read and save contour data in SVG files. 

The procedure to define a domain contour using PUG and 
Inkscape is therefore the following: 

 load raw contour data and save them in a SVG file 
using PUG (Subsections A to D), 

 manipulate raw contour data using Inkscape to obtain 
a well-defined domain contour, 

 load the well-defined domain contour and convert it 
into the appropriate grid design software input 
format using PUG. 

 

                                                           
4 http://www.inkscape.org 
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III. GRID DESIGN USING GMSH 

Once the domain contour is properly defined, the open 
source software Gmsh

5
 is used to generate unstructured 

triangular grids. Gmsh also runs on Windows, Mac OS X and 
Linux, and is widely used in many branches of engineering 
because of its high flexibility in defining variable mesh 
densities [1, 2]. However, it remains poorly known within the 
TELEMAC user community, probably because it does not 
support grid exportation to selafin files. This should not be a 
problem anymore, since one of the functionality of PUG is to 
write selafin files for TELEMAC from Gmsh grid files.  

Gmsh reads the domain contour from an ASCII file, 
which is called the geometry (GEO) file. The latter can be 
generated by PUG. Then, two different methods can be used 
to design a grid. It can be done through the Graphical User 
Interface (GUI), but, as every manipulation made through the 
GUI is transcribed into the GEO file, grid design can also be 
done by editing the latter directly. This second approach 
offers an efficient solution for small changes, or to script 
frequently used sequences. In practice, both methods are 
often used complementarily. 

Fig. 6 presents a grid designed for the storm surge model 
of the Belgian coastal area, whose mesh density is a function 
of the following criteria: 

 distance to coastlines (mesh density increases when 
getting close to coastlines, to have a good 
representation of them without increasing the 
computer cost offshore), 

 distance to areas of interest (mesh density increases 
when getting close to the Belgian coast and the 
Scheldt estuary), 

 bathymetry in the Belgian continental shelf (mesh 
density increases in shallow areas of the Belgian 
continental shelf, to have a good representation of 
the top of the sand banks, which play an important 
role in the damping of wind wave energy towards the 
coast), 

 bathymetry and its gradient in the Scheldt estuary 
(mesh density increases in deep and steep areas of 
the Scheldt estuary, to have a good representation of 
the main channels where most of the tidal energy 
transport takes place). 

 

IV. STORM SURGE MODELING USING TELEMAC-2D 

The key factor responsible for storm surges is the 
evolution of the marine meteorological conditions, i.e. wind 
velocity and, to a lesser degree, air pressure. Therefore, to 
simulate the development of storm surges, the model must be 
able to take those forcings into account. However, to date, in 
its standard version, TELEMAC is only able to consider 
wind and air pressure varying in time, but not in space.   

                                                           
5 http://geuz.org/gmsh 

 

 

 

 
Figure 6.  Unstructured grid generated by Gmsh, made up with 261926 

triangles, with a characteristical length ranging from 100 m in the port of 
Zeebrugge (middle panel) and some parts of the Scheldt basin (lower panel) 

to 5 km offshore. 

 

The development of the Beluga branch of the TELEMAC 
source code aims to impose meteorological forcing through 
NetCDF files. Provided they fulfil the Climate and Forecast 
(CF) convention, doing so ensures that the forcing files are 
self-describing. In practical terms, the user defines the 
NetCDF file in the steering file, and the data are interpolated 
in space and time by TELEMAC to provide meteorological 
conditions at each grid node and at each time step.  
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To date, it is already possible to perform two-dimensional 
hydrodynamic simulations with wind velocity and air 
pressure varying in space and time. However, the  

 
Figure 7.  Upper panel: Air pressure [Pa] (colors) and wind velocity [m/s] 

(arrows) fields on the 5th of January 2013 at midnight. Lower panel: Water 
elevation [m] (colors) and depth-averaged velocity [m/s] (arrows) computed 

by the model at the same moment.  

 

developments are not mature enough to consider merging 
the branch to the trunk. Some part of the code is still hard 
coded, and the NetCDF FORTRAN library functionalities 
are still not exploited to their maximum. 

The current version of the model uses the triangular grid 
of Fig. 6 with a time step of 60 s, and it is driven by tides and 
marine meteorological conditions. The tidal forcing is 
imposed at the shelf break using the European Shelf OTIS 
Regional Tidal Solution dataset, which provides amplitudes 
and phases of eleven major harmonic constituents for water 
elevation and transport, with a spatial resolution of 1/30° [8]. 
The computer time is about 40 min for one month of 
simulation on sixteen processors. 

Snapshots of very different and heterogeneous 
meteorological conditions in the North Sea are presented on 
the upper panels of Fig. 7 and Fig. 8 to illustrate the need of 
the above-mentioned developments in the Beluga branch of 
TELEMAC for this project. The corresponding water surface 

elevation and depth-averaged velocity are shown on the 
lower panels of Fig. 7 and Fig. 8 for illustration.  

 
Figure 8.  Upper panel: Air pressure [Pa] (colors) and wind velocity [m/s] 

(arrows) fields on the 10th of January 2013 at midnight. Lower panel: Water 
elevation [m] (colors) and depth-averaged velocity [m/s] (arrows) computed 

by the model at the same moment.  

 

V. CONCLUSIONS AND PERSPECTIVES 

The development of the PUG Matlab toolbox offers an 
almost open source strategy to design unstructured grids, 
when used together with Inkscape and Gmsh. However, to 
really offer a complete open source experience, compatibility 
with GNU software like Octave should be ensure in the 
future, to avoid the use of a Matlab license. 

The developments in the Beluga branch of the 
TELEMAC source code to impose meteorological forcing 
through standard NetCDF files are promising. However, 
some effort has still to be made before they can be useful for 
other applications in a wider community. 
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Abstract— Xynthia event has generated a significant storm 

surge on Ile de Ré the 28th of February 2010. Storm impact 

feedback showed that overtopping was responsible for several 

failures of coastal defences leading to important flood area and 

damages. This paper aims to describe the methodology used to 

assess the flood risk based on coupled Telemac2D - Tomawac 

models. 

Engineering approach usually employs a high resolution 

flooding grid forced by time series of water levels computed in 

a larger scale and lower resolution run. Weir law can also be 

used to impose water discharge caused by overflowing or wave 

overtopping. A recent study [6] suggests that these approaches 

are only valid if a two-way nesting is employed. Otherwise the 

flooding in the finer grid may be strongly overestimated. 

Other studies [1] [3], have shown that storm surge associated to 

Xynthia was amplified by the presence of very young and steep 

waves, which increase sea surface roughness. Moreover, 

oceanic processes must be well represented in order to have 

accurate storm surge distribution.  

This paper describes the methodology adopted to set up a 

unique regional allowing for adequate integration of land/sea 

interactions and representation of the main water propagation 

obstacles, while keeping reasonable computation time. 

In this approach, overtopping calculation is more complex 

compared to a classical weir law. Hence, an innovating internal 

routine has been developed to represent wave overtopping 

based on Eurotop manual [5]. It allows introducing discharge 

caused by wave overtopping combined or not with overflowing. 

The method also takes into account the eventual breach 

formation in coastal structures. The accurate estimation of 

hydraulic forces on coastal structures allows for a better 

assessment of defense failures threshold. These results add 

strength to the experience feedback on breach formation and 

improve the numerical model for flood propagation. 

I. INTRODUCTION 

The 28th of February 2010, Xynthia storm hits the French 
Atlantic coast. The storm surge combined with the high tide 
and waves caused water defences failure along the coastline 
from the Gironde (Bordeaux) to the Loire Estuary. A 
significant amount of land, (>50 000 ha) was consequently 
flooded and 47 people died as a result of the storm. 

The highest water level of 4.5 meters NGF (General 
Levelling of France) was measured at La Rochelle. The 

storm surge height of 1.5 m caused a lot of water flowing 
over coastal protections. Even if the volumes of water 
overflowed significantly the coastal dikes, the major part of 
floods landward during Xynthia is attributable to the failure 
of coastal protection. 

This study aims to assess the flood risk on Ile de Ré with 
the reference event Xynthia. A full coupled Telemac2D - 
Tomawac model is then needed for maritime part in order to 
represent accurately Xynthia water level on the island’s 
coast. Once the sea level is calculated at the shore, another 
important issue in this study was to represent the water 
flowing over the coastal defences and flood propagation 
landward. This step required to collect accurate topographic 
measurements on dikes to calculate hydraulic forces on each 
coastal protection. Hydraulic forces consist mainly on sea 
level, sea state and resulting overtopping. Overtopping 
discharge is the most difficult parameter to calculate. A 
specific module was developed to determine these discharges 
within the coupled Telemac2d – Tomawac model, from the 
sea state at the toe of each structure and depending of the 
typology of the coastal protections. Moreover, the accurate 
evaluation of hydraulic forces on coastal protections allows 
making improvements on breach formation simulation. 

II. MODEL SETUP 

A.  Model strategy 

Xynthia was an untypical storm crossing the studied area 
in a few hours, with very low pressure, short young waves 
and shifting wind from South to North-west. In order to 
properly represent oceanic conditions, it is important to 
consider a wide enough area to model every concerned 
process. Forcing must also be considered variable in space 
and in time to be realistic. 

Furthermore, studies [1], [3] show that storm surge was 
amplified by the presence of very young and steep waves, 
which increase the sea surface roughness. This sea state is 
due to the atypical trajectory of Xynthia storm, which crossed 
the Bay of Biscay from the Southwest towards the Northeast, 
reducing the zone of wave generation to some hundred 
kilometers. 

Concerning the propagation of landward water volume, 
engineering approach usually employs a high resolution 
flooding grid forced by time series of water levels computed 
in a larger scale and lower resolution run. A basic weir law 

mailto:dugor@casagec.fr
file:///F:/CASAGEC_ING/05_Publication/2014/rihouey@casagec.fr
file:///F:/CASAGEC_ING/05_Publication/2014/pierre.lang@ingerop.com
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can also be used to impose water discharge caused by 
overflowing or wave overtopping [8]. A recent study [6] 
suggests that these approaches are only valid if a two-way 
nesting is employed. Otherwise the flooding in the finer grid 
may be strongly overestimated. 

The approach used in this study consists of the 
implementation of a unique regional model allowing an 
accurate consideration of land/Sea interactions while keeping 
reasonable computation times. It requires the integration of 
wave overtopping phenomena according to sea conditions, 
coastal defences and their structural failures. Meanwhile, the 
volumes of water overflowing must be able to go out freely 
of the model through the coastal protections. 

B. Marine part 

The maritime area of the numerical model takes into 
account the oscillating volumes of Charente estuaries. North 
limit of the model is situated north to Les Sables d'Olonne 
whereas south limit is located in front of Royan. The mesh 
width is about 100km large. 

 

Figure 1.  Global computanional mesh. 

The model is forced to its oceanic boundaries by the 
global oceanic tide model (TPXO). 

Wind is forced by the Meteo France model "AROME" 
validated by several meteorological stations located inside 
the study area (Sables d’Olonne, La Rochelle, Saint- 
Clément-des-Baleines, Chassiron). The wind data are varying 
in time and space. 

Storm surge generated by the atmospheric pressure 
gradient is imposed on the model by the inverted barometer 
method. A reduction of 1hPa in pressure corresponds to a rise 
of 1 cm of sea level. A gap of 2 hours is considered to take 
into account the distance of the measurement station (La 
Rochelle) from the oceanic border of the model. 

Waves are imposed on the oceanic boundary with a 
temporal series which was adjusted with the observations of 
a wave gauge located at the border of the model ocean 
boundary. Waves are then modified by wind and currents. 
Unfortunately, there are no available measurements to 
calibrate the wave model close to Ile de Ré. 

C. Land part 

Dikes and embankments are the main obstacles to the 
flood propagation. It is thus necessary to represent them 
correctly in the mesh. Every coastal dike was investigated 
along 100 m spaced cross-sections. Crest topographic 
measurements were also performed in order to evaluate 
discontinuities between the cross-sections. This survey 
collected the different dike typologies, the presence of 
parapets, the general state, the foreshore and structure slopes. 
All the geometry characteristics are implemented in the 
global mesh.  

 

 

Figure 2.  Example of cross profile surveyed. 

Main considered embankments are: roads, secondary 
flood protections and marshes edges. They were determined 
from both Lidar topography and field surveys. To represent 
those structures, meshes are imposed following lines 
corresponding to the crest or the toe of the structures. To 
represent correctly a dike, 4 nodes are needed (2 at crest and 
2 at toes). Furthermore, for dikes which may be overflowed, 
one node heightened by 2 cm has been added in the middle 
of the crest to avoid numerical leaking phenomena (figure 
below). 

 

 
Figure 3.  Representation of coastal defence 

For the resolution of distribution equations, the slope 
cannot be vertical. This method is thus applicable on Ile de 
Re as there is no vertical wall as coastal protections.  

The hydraulic works are integrated into the model. For 
marshes, the hypothesis generally made is a closed lock. 
However, some hydraulic works are opened or with check 
valve when technicians or local residents feedbacks are 
available. 
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The land nature and the corresponding friction 
coefficients are taken into account in the modelling with a 
Strickler law (figure below). This coefficients distribution 
was realized with the local GIS data base on land occupation. 
The value of the coefficients was then adjusted to calibrate 
the model. Buildings are not represented in the mesh. They 
have however a very important role in flood dynamic 
because of the volume of water removed, the effects of 
blocking, drainage anomalies... The presence of numerous 
buildings in the urban area is partially represented by local 
roughness modifications. For instance, in La Flotte- en-Ré, a 
Strickler coefficient of 1 has been applied after calibration as 
the flood propagation is faster than observations due to 
building effects and very narrow streets. 

 

Figure 4.  Repartition of rugosity coefficient regarding the land occupation 

The final mesh is composed of 369 464 computational 
nodes. Concerning land part, size of triangles range between 
1 and 50 m and for marine part, the size of meshes range 
between 20 m on the coast up to 3 km offshore. 

 

Figure 5.  Mesh detail in the zone of interest. 

III. REPRESENTATION OF COASTAL PROTECTION FAILURES 

Even if the volumes of water overflowing the coastal 
protection are significant, the major part of flood impact 
during Xynthia is attributable to coastal protection failures. 
An important work has been carried out in order to get 
information on coastal protection failures. Figure below 

shows the location of failures and the flooded area validated 
by the councils of Ile de Ré [4]. 

 

 

Figure 6.  Coastal defence failures (red : breach; orange:head-cutting 
erosion; green : gabions dislocation ; blue : parapets failure) and area 

flooded during Xynthia. The numero gives the information on failure 

height. 

An important step in the project was to accurately 
determine the hydraulic forces on coastal dikes (water level, 
wave parameters and overtopping discharge) in order to 
understand the mechanism of the occurred failures during 
Xynthia. Overtopping discharge is the most difficult 
parameter to calculate. A specific module was developed to 
precisely determinate these discharges. The module is 
function of sea state at the toe of each structure and 
depending on the typology of the coastal protections. 

A. Wave overtopping 

The method chosen to calculate wave overtopping 
discharge is based on the Eurotop manual [5]. 

1) General formulae for protection with uniform slope: 
Overtopping discharge q is defined as below: 
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  the wave steepness,   
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breaking parameter. 

Where     and        are the wave height and the mean 
period; Rc, the crest freeboard corresponding to the 
difference between the crest height and the water level ; 
tan(α), the slope ;           influence factors corresponding 

respectively to the presence of berms, the rugosity and the 
incidence angle of waves. The formula above takes into 
account a safety margin allowing the determinist calculations 
or the conception of structure. 

2) Case with negative freeboard:  
If the water level is higher than the crest of the dike, large 

quantities of water overflow/overtop the structure. In this 
situation, the amount of water flowing to the landward side 
of the structure is composed by a part which can be attributed 
to overflow and a part to overtopping. 

 Qtotal = Qoverflow + Q overtopping (3) 

The effect of overtopping is then assumed by the formula 
below (4) and (5) also given by Eurotop manual [5] as the 
water level reaches or overtakes the crest height of the dike. 

 Si         
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 Si            
 

√     
 

        
     

      
   (5)

3) Typologies of coastal structures : 
The following parameters are taken into account in the 

calculation of wave overtopping: 

 Slope of the beach, 

 Height of the structure toe, 

 Slope of the foreshore and slope of the structure face, 

 Height of the crest with or without parapets, 

 Materials constituting the external face of the dike 
for rugosity matter. 

4) Methodology setup: 
To make the calculations of wave overtopping, the 

various parameters are taken at every time step during the 
simulation. The parameters concerned are: 

 Water level at the structure toe, 

 Height, direction and period of waves at a distance 
known from the structure toe, 

 Height of the dike crest, breached or not. 

A discharge q is then imposed behind each structure 
representing the overtopping as source point on computation 
nodes behind dikes. 

The wave model gives reliable results to dozens of meters 
offshore to the structure toe according to bathymetric 
configuration. In order to have reliable data, the minimum 
distance was verified for every section (figure below). 

 
Figure 7.  methodology to represent the wave overtopping. 

The data are then calculated at the dike toes with 
formulae described above. These formulae depend on 
breaking parameter, wave steepness, foreshore slope, and 
depth of water at the structure toe. During a breach 
formation, the height of the crest decreases. The progressive 
diminution of the crest freeboard causes the increase of the 
overtopping discharge. Same process is applied during 
parapets breaking. 

A precise analysis of field data set consists in defining the 
dikes which can be potentially overflowed, then locate 
breaches, configure the parameters and the mesh nodes used 
to calculate the wave overtopping discharge. 

An output is then written for each dike to control wave 
overtopping discharge introduced landward. 

B. Coastal protection failure 

Breaches or head-cutting erosion of dikes are represented 
in the numerical model through the breach module available 
in the V6P3 version of Telemac 2D. Four parameters are 
considered to represent a breach: 

 Initial time 

 Development time 

 Final crest height 
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 Failure length 

Two of those parameters (final crest height and failure 
length) are well known with the feedback completed after 
Xynthia [4]. To estimate the two other parameters, a study 
has been carried out on each dike to know hydraulic forces 
which occurred during Xynthia. The figure below illustrates 
the front of a dike (grey), the height of foreshore slope 
(yellow), the water level (blue line), the wave parameters 
(red and green lines), the overtopping discharge (magenta 
line) and the breaches (cyan dots). The vertical black lines 
represent the surveyed cross-sections. 

 

Figure 8.  Hydraulic forces on dike. 

With this outputs on each dike, initial time and 
development speed for failures have been chosen according 
to structure typology. According to Morris, 2008 [9], the 
formation of a failure can change significantly regarding the 
type of material used in the dike core. Three categories from 
different materials, typically used in the construction of dike 
(non-cohesive materials, cohesive materials and boulder 
rocks), have different behavior during failure. For parapets or 
dikes made of rocks or sands, the failure can be done in a 
quasi-immediate way. However, head-cut erosion in a dike 
made of highly cohesive material, like clay, can be much 
longer (> 1h). 

A velocity of 0.5 m/hours downward for failures 
development in dikes made of clay has been taken as first 
hypothesis according to experience feedback [4]. Two types 
of failures have been observed after Xynthia in these dikes:  

 Protection with cohesive fill exposed to wave 
(Hs>0.7m) inducing significant wave overtopping 
(Height of failure ≈ 2 m), 

 Protection with cohesive fill overflowed without 
significant wave attack (Height of failure ≈ 0.6 m). 

The figure below represents the water level during 
Xynthia into the “Fier d’Ars” (blue line) and the 
development of crest erosion for two similar dikes made of 
clay with the speed of 0.5 m/hours. The first dike (black line) 
is located on a sheltered area without wave attack. Its failure 
is initialized only by water overflow and finished when water 
level is lower than crest height. Applying the same erosion 
velocity for a dike exposed to short period waves (red line) 
and with the final crest height of 2 m, the initialization is then 
estimated approximately 1 hour before water overflowing. 

The failure initialization is explained by wave overtopping 
erosion. 

 

Figure 9.  Breach development on dike made of clay regarding initial time 
after wave overtopping or water overflow. 

These values have been tested further with sensitivity 
analysis in order to match the observed failures after Xynthia 
storm. 

IV. MODEL CALIBRATION 

For this study of flood on Ile de Ré, the reference event is 
the storm Xynthia. The validation data (levels of water, flood 
marks, area flooded, swell, wind and atmospheric pressure 
data) are numerous and relatively accurate. Other storms like 
Martin (1999) can supply validation data on water level 
during storm conditions but the flooded area was not 
significant enough to calibrate our model. Older storms and 
flooding on Ile de Ré have not enough information on storm 
surge and flooded area. 

A. Astronomical tide validation 

The model is firstly calibrated for astronomical tide only, 
without processes impacting the sea level (wind, atmospheric 
pressure or waves). This calibration is done comparing the 
predictions supplied by the SHOM for different tide gauges 
in the study area. This comparison is made on 22 days, from 
February 14th to March 8th, 2010. This period covers period 
of neap and spring tide. An example of results is illustrated 
below. 

  
Figure 10.  Comparison between model results and SHOM data at La 

Rochelle. 

The numerical model outputs are very close to SHOM 
predictions. The main statistical indices of the comparison 
are presented in the table below: 
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TABLE I.  STATISTICAL INDICES ABOUT MODEL RESULTS ON 

ASTRONOMICAL TIDE 
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Correlation 

r² (%) 
99.3  98.5 99.3 99.4 99.3 99.3 99.1 

Bias (m) 0.07 0.02 0.11 0.11 0.01 0.07 0.04 

RMSE 
(m) 

0.17 0.11 0.21 0.17 0.15 0.17 0.19 

 

B. Water level during storm conditions 

1) Water level at tide gauges: 
The water level modelled by the numerical model is 

compared with the observations of the tide gauges of La 
Rochelle-La Pallice, Château d'Olonne and La Cotinière. The 
main statistical indices of the comparison are presented in the 
table below. 

TABLE II.  STATISTICAL INDICES ABOUT MODEL RESULTS ON 

XYNTHIA WATER LEVEL 

Tide gauges La Pallice 
Les Sables 

d’Olonne 
La Cotinière 

Correlation r² 99.34 % 99.25% 99.09% 

Bias (m) -0.005 0.08 0.09 

RMSE (m) 0.23 0.26 0.23 

The results illustrated on the following figures, show that 
the model represents well the storm surge (amplitude and 
phase) on the tide gauge of La Rochelle, and in a correct way 
in the North (Sables d'Olonne) and in the South (La 
Cotinière). 

 

Figure 11.  Model results compared with tide gauge at La Rochelle. 

 

Figure 12.  Model results compared with tide gauge at Sable d’Olonne. 

 

Figure 13.  Model results compared with tide gauge at La Cotinière. 

2) Water level on Ile de Ré coast during Xynthia: 
The marine model shows that there is a strong gradient of 

water level (upper to 50 cm) between south part and north 
part of the Island (figure 13). It is thus advisable to compare 
sea levels reached during Xynthia on sectors at the back of 
coastal protection (not influenced by waves or by water 
propagation on land). 

 

Figure 14.  Water level on the Ile de Ré coast and the two harbor offices 
used for water level control (red dots). 

Two sites have been selected on the east coast 
(represented by the red dots on the map above). These flood 
marks located on two harbor offices have been confirmed by 
different people and seemed to be sheltered of waves. 

TABLE III.  VALIDATION OF WATER LEVEL ON THE COAST 

Harbor office Highest water mark Highest water level modelled 

Saint-Martin 4.43 m 4.40 m 

Ars-en-Ré 4.05 m 4.00 m 

 

The model results present a good coherence, so the 
marine part for the event Xynthia is considered calibrated. 

C. Flooding landward 

1) Experience feedback: 
The calibration of the flooded area is an exercise much 

more complex than the marine part. Indeed, flood expansion 
data and level of water reached are provided from photos, 
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feedbacks and water marks surveyed on field. These data 
have a more or less subjective nature and their reliability is to 
take with care. 

2) Calibration of area flooded: 
The figure below represents the flooding area simulated 

by the numerical model for Xynthia. The influence of sectors 
flooded is correctly represented by the model on the whole 
territory of the study. Some improvements could however be 
brought on different aspect. Indeed, when topography is flat, 
the sensitivity of the model about water propagation is high. 
A sensitivity analysis should be carried out to evaluate the 
error margins. These uncertainties should be taken into 
account for the flood risk assessment.  

 

 

Figure 15.  Model results of maximum flood expansion (blue) compared 

with area flooded observed (red line). 

Furthermore, lot of flooded area such as the marshes has 
not been well surveyed during the storm as they are not 
easily reachable. 

3) Water level on area flooded: 
As a supplement to the area flooded, the maximal sea 

levels reached punctually by the numerical model are 
compared with the water mark of the study [7] which can be 
affected by uncertainties. Indeed, certain information 
corresponds to a maximal water level reached during the 

event under direct influence of the urbanization (wall 
creating a stop point for example). The associated water level 
is thus higher than the "average" level of sea level modelled. 
Moreover, the analysis of the water marks [7] shows that 
some of them could be removed from the analysis, because 
they indicate obvious incoherence on the same sector [2]. 

So, approximately 67 water marks were compared with 
the model result. The maximal levels of water modelled are 
approximately 15 cm under the level of water marks, which 
is coherent regarding the explained uncertainties. Thus, the 
model correctly represents the maximal levels of water on the 
whole Île de Ré. 

TABLE IV.  VALIDATION OF WATER LEVEL ON WATER MARKS 

Cities 

Number 

of water 

mark 

Mean 

deviation 

(m) 

Absolute 

mean 

deviation 

(m) 

Max 

(m) 

Min 

(m) 

Ars en Ré 9 0.23 0.26 0.54 -0.11 

Saint Clément 5 0.15 0.15 0.25 0.03 

La Couarde 9 0.16 0.19 0.4 -0.07 

La Flotte 10 0.00 0.10 0.3 -0.27 

Loix 4 0.26 0.26 0.4 0.15 

Les Portes 10 0.01 0.15 0.53 -0.29 

Rivedoux  11 0.03 0.18 0.3 -0.44 

Saint-Marie 3 0.50 0.5 0.5 0.45 

Saint-Martin  6 0.05 0.12 0.24 -0.18 

TOTAL 67 0.15 0.21 0.53 -0.45 

 

4) Sensitivity analysis 
Simulations have been carried out to assess the sensitivity 

of different hypothesis taken on the coastal protection failure 
scenario (speed of breach formation, and initial time of 
failure development). These different tests aimed firstly to 
calibrate our hypotheses and secondly to measure the 
sensitivity of these two parameters. 

The sectors in the South of the island are less sensitive to 
the variations of the dike failures because of the nature of the 
protections (sand cores, parapets or rocks). Moreover, height 
of the natural land is higher than to the North except for some 
basins.  

Sectors the most sensitive to the variations of the failures 
are in the 5 cities located in the North and more particularly 
the flat and low area. On these sectors, often protected by 
long embankments made of local clay, initiation and speed of 
failure development are more significant in terms flood 
influence. 

Different simulations included in the sensitivity analysis 
should be taken into account for the flood risk assessment. 
Indeed, the numerical modelling of such complex 
phenomena generates uncertainty at different levels. 

 

V. CONCLUSION 

A full coupled Telemac2D - Tomawac model has been 
developed to asses flood risk on Ile de Ré with the reference 
storm Xynthia. 
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 Calibration data are various for the maritime part and the 
representation of sea level during the storm is fairly good. 
Nevertheless, the calibration on land part is much more 
complex. Indeed, flood expansion data and level of water 
reached are provided from photos, testimonies and water 
marks surveyed on field. These data have a more or less 
subjective nature and their reliability is to take with care.  

If the overflowed amount of water was significant, the 
major part of floods during Xynthia is due to coastal 
protection failures. An important work has been carried out 
in order to get information on coastal protection failures [4]. 
Furthermore, a detailed topographic survey of coastal 
protection was performed to calculate accurately the 
hydraulic forces on them. As overtopping discharge is the 
most difficult parameter to evaluate, a specific module was 
developed to calculate these discharges according to the sea 
state at the toe of each structure and to their typology. Those 
hydraulic forces are then used to determine coastal defence 
failure initiation. 

Final calibration shows good results on water level at 
coast and comparison with observation in the land part yield 
also to fairly weak errors. Finally sensitivity analyses supply 
an overview of the different parameters which have no 
validation data. 

The methodology developed to assess the flood risk on 
Ile de Ré has the advantage to be fairly accurate according to 
[6]. It also contributes understanding coastal defence failure 
processes that are a major issue in flood risk assessment.  
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Abstract—Characterization of the coastal climate was required 

for a project considering development activities in close 

proximity to the low lying shoreline inside an existing harbour 

on Lake Erie. The coastal climate of Lake Erie was assessed 

using the TELEMAC open source numerical modeling code. 

Lake wide models capturing the effects of wind generated 

waves and surge hydrodynamics were developed using the 

TOMAWAC spectral wave model and TELEMAC-2D 

hydrodynamic model, respectively. The main forcing to the 

lake wide models were wind fields that varied in both time and 

space. After obtaining local water level and offshore wave 

conditions during times of peak surge, an ARTEMIS phase 

resolving wave model was used for calculations of wave 

agitation through the harbour entrance. The ARTEMIS model 

results were also used to obtain the wave conditions near the 

site of the proposed works. A summary of the intricacies of the 

numerical modeling efforts carried out in this project are 

presented in the paper, along with the main findings. 

I. INTRODUCTION 

The North American Great Lakes are a series of 
interconnected fresh water ecosystems that connects to the 
Atlantic Ocean through the St. Lawrence River at the eastern 
part of the basin. The border between Canada and United 
States generally lies mid-way though each lake (with the 
exception of Lake Michigan, which is entirely within the 
United States). The Great Lakes formed at the end of the last 
glacial period, about 10,000 years ago as the retreating ice 
sheets moved northward and etched the then existing land 
mass. The result was the formation of the five Great Lakes, 
named Lake Superior, Lake Michigan, Lake Huron, Lake 
Erie, and Lake Ontario. The water inside the Great Lakes has 
been left by the retreating glaciers, with only about 1% on 
average originating from upland sources (rivers, precipitation 
and groundwater that eventually discharge into the lakes). 
Historically, evaporation and outflows from the Great Lakes 
have been balanced by the upland sources, making levels in 
the lakes fairly constant. Fig. 1 shows the Great Lakes 
systems, together with their main interconnected rivers. 

 

Figure 1.  Great Lakes basin 

Due to their physical characteristics (mainly sheer size) 
each of the five Great Lakes are considered inland seas. Each 
lake has its own wave climate and defined littoral drift 
characteristics, making them self sustained coastal systems. 
The North American climate plays significant roles in the 
seasonal response of the lakes. For example, approximately 
two months of every year large portions of the lakes are 
frozen, particularly near the shoreline. Basin hydrology 
defines long term water level in the Great Lakes, which can 
fluctuate in the order of one meter +/- between the seasons. 
Local wind climate controls the short term fluctuation of the 
water levels (storm surges), and governs the generation of 
waves for each lake. 

This paper focuses on characterizing the site specific 
coastal climate inside a harbour on the north shore of Lake 
Erie. Lake Erie, the shallowest of the Great Lakes is 
approximately 400 km long, 100 km wide and has a mean 
depth of about 20 m. Maximum depth of the lake 
approximately 64 m and is situated on its eastern basin, 
offshore of the Long Point spit. Of particular concern in the 
site specific assessment were the 100-yr instantaneous water 
levels, which are governed in part by regional hydrology 
(which establishes mean levels) and in part by wind climate 
(which is responsible for storm surges in the lake). Prevailing 
winds are oriented parallel to the long axis and are 
responsible for producing storm surges for majority of its 
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eastern shorelines. The maximum wave conditions are 
coincident with times of maximum surge, thus making site 
specific evaluations heavily sensitive to winds. 

A. Literature review 

The Ministry of Natural Resources (a branch of the 
Canadian provincial government) has developed technical 
guidelines titled “Technical Guide for Great Lakes - St. 
Lawrence River Shorelines” [1] with a focus on the 
evaluating hazards with the adjacent to the lakes and its 
connected channels (rivers that link the lakes). The Technical 
Guide focuses on dynamics of physical processes operating 
near shorelines of the Great Lakes and its connecting 
channels. Main physical processes covered in [1] deal with 
coastal flooding, erosion and dynamic beaches, and ways in 
which they influence and shape shorelines.  

MNR Technical Guide [1] also presents a methodology 
and results of the assessment of 100-yr instantaneous water 
levels for the Canadian shoreline of the Great Lakes. Even 
though the MNR publication date is 2001, the assessment of 
storm surge water levels was performed in 1989 and is 
considered dated, especially in light of recent development in 
the field of storm surge modeling. Regardless, [1] used the 
best available methodology at the time the analysis was 
undertaken. Corresponding wave climate was not included in 
the Technical Guidelines publication, probably because a 
wave hindcast study carried out by the US Army Corps of 
Engineers produced offshore wave conditions at select nodes 
for the US and Canadian shoreline of the Great Lakes [2].  

As it pertains to storm surges on Lake Erie, one of the 
first documented studies is the investigation reported in [3], 
where extreme wind tides (referred nowadays as storm 
surges) were linked with meteorological conditions over the 
lake. The authors analyzed water levels from a period 
between 1940-1959 and found that differences in levels 
between eastern and western ends of the lake can be expected 
to be excess of 2 m with a return period of 2-yrs. Analysis of 
storm tracks failed to reveal simple relationships between 
magnitude of set-up and storm paths. Work carried out by the 
same author in subsequent years builds on the previous work 
and ultimately develops a methodology for prediction of 
storm surges on Lake Erie based on statistical methods. The 
methods are heavily dependent on having a forecast of winds 
that vary in time and space. 

Reference [4] reports on the numerical model developed 
using an impulse response function to forecast and hindcast 
water levels in Lake Erie. The storm surge model in [4] takes 
into account i) 2D nature of the lake and winds over it, ii) 
operates on an hourly time step, iii) is applicable for the 
entire lake, iv) incorporates physics required to explain storm 
surges, and v) is applicable for operational forecasting. One 
of the main conclusions presented in [4] is that spacial 
variation of the wind field is as important as the mean wind 
in determining peak surge levels.  

A more recent US study [5] presents a methodology to 
generate wave and storm surge estimates for a large number 
of extreme wind events along Lake Michigan. The study is 

part of US's Federal Emergency Management Agency 
(FEMA), and is carried out to update coastal flood hazard 
information for the Great Lakes coastal communities along 
the US shorelines. The study uses wind and pressure fields 
obtained from i) on ground observed data, and ii) global 
circulation model outputs (NOAA's NCEP CFSR reanalysis). 
Hydrodynamic model ADCIRC is used to model storm 
surges, and wave model WAM is used for the assessment of 
wind generated waves.  

A paper published in [6] presents a summary of 
investigations that looked into modeling storm surges on 
Lake Erie. The study was carried out using Regional Ocean 
Modeling System (ROMS) coupled with the SWAN wave 
model using wind fields provided by National Oceanic and 
Atmospheric Association (NOAA). The study focused on 
modeling aspects of storm surges prediction. In particular, 
reference [6] found that contribution to wave setup plays an 
important role in the overall prediction of surge heights.  

Of the above studies presented, only the MNR study [1] 
presents surge characteristics for the Canadian shoreline. The 
analyses undertaken in the MNR Technical Guide [1] are 
dated, and could be quite conservative for some zones of the 
lakes. In order to update the characteristics of storm surges 
and wave climate for a site on the Canadian shore, especially 
as it relates to the assessment of coastal climate at an existing 
harbour site, new global surge and wave models were 
required. 

B. Structure of paper 

The overall purpose of the paper is to present a 
methodology for estimating a site specific coastal climate 
(surge and waves) inside an existing harbour along the north 
shore of Lake Erie. The coastal climate is used for providing 
site specific design parameters for use in impact assessment 
evaluations and engineering design of new waterfront 
structures. The rest of this paper is organized as follows: 
Section 2 summaries the coastal climate of the Great Lakes, 
focusing specifically on surge and wave characteristics of 
Lake Erie. The section documents specific evaluation of 
water levels and focuses on a methodology developed to 
estimate the 100-yr peak instantaneous levels at the subject 
site using existing data and a calibrated TELEMAC-2D 
storm surge model. Likewise, estimates of offshore wave 
height during periods of peak surge were estimated using a 
calibrated TOMAWAC model, simulated using the same 
inputs as the surge models. Section 3 of the paper presents 
the ARTEMIS wave model and ways it is applied to study 
the propagation of offshore waves to the subject site along 
with model results. Section 4 ends the paper with summary 
and concluding remarks. 

II. LAKE ERIE COASTAL CLIMATE AT THE GLOBAL SCALE  

Seasonal levels of Lake Erie are linked to climate and 
regional hydrology which are responsible for fluctuation in 
monthly levels in the lake. Lake Erie water levels vary 
seasonally and are highest at the peak summer months. Peak 
storm surges typically occur during the fall months, when 
average levels are below the summer highs. 
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Lake Erie is the shallowest of the Great Lakes and is 
oriented such that its long axis is parallel with the prevailing 
southwest wind directions. These features (lake orientation 
and dominant winds) and the fact that most of the lake is 
about 20 m deep cause Lake Erie to be very responsive to 
wind storms, which can produce significant storm surge 
events. Storm surge events are defined as winds pushing the 
water up on one side of the lake while causing lowering of 
the opposite side. The dominant winds for Lake Erie are from 
the southwest direction, meaning the lake can experience 
significant increases of water levels along its northeastern 
shores. Increases in water levels are particularly damaging 
when long term monthly average water levels are high (such 
during the mid 1980's). 

A. Assessment of water levels 

Previous calculations of peak water levels presented in 
MNR Technical Guidelines [1] were based on the following 
methodology: 

a) Frequency distribution of highest annual monthly 
lake level was derived for each lake.  

b) Surge or wind setup values were obtained from 
recorded surges at gauging stations and by modeled surges 
between gauges using the Environment Canada 1980's 
vintage SURGE model. A frequency distribution of highest 
annual recorded surges was obtained. 

c) A combined probability analysis was completed of 
the highest annual monthly mean water level and best fitting 
frequency distribution of surge values to obtain 100-yr peak 
instantaneous water levels. 

The computation of flood frequencies outlined above is 
different than is typically the norm. Rather than using shorter 
records of hourly observed water levels (at time of their 
analysis only data between 1960-1989 were available), it was 
deemed more prudent to use longer records of monthly data 
and combine monthly averaged levels with estimated surge 
heights. Recognizing the fact that storm surge effects in 
Great Lakes vary with distance of fetch, MNR Technical 
Guideline [1] developed a flexible methodology that took 
into account long history of monthly averaged water levels, 
combined with estimated storm surge heights. 

The conservatism in the above methodology lies in the 
fact that annual monthly high lake levels (which typically 
occur during the summer months) are added to the peak 
surge heights (which occurs during fall months, when 
monthly average levels are lower). As a result, the estimated 
100-yr instantaneous water levels tend to be conservative.  

Given that hourly record of water levels for the gauge at 
the subject site is available for the period between 1962-2013 
(significantly more than during the original study), a classical 
frequency analysis results for the gauge at the subject site is 
carried out using two methods: i) annual maximum peak 
instantaneous water level data, and ii) peak over threshold 
water level data. This type of analysis eliminates the 
conservatism noted above. 

The inspection of the available gauge record at the 
subject site revealed that some key storms had missing data, 
meaning that peak lake levels were not available. Since these 
storms are some with the highest recorded Lake Erie water 
level, they would certainly have an influence on the 100-yr 
water level to be computed. 

In order to estimate the missing value for the storm with 
missing peaks, a TELEMAC-2D hydrodynamic model of 
Lake Erie was developed. The model was set up using a 3 km 
by 3 km triangular mesh, and refined to 300 m for the 
nearshore area of the lake adjacent to the subject site. The 
bathymetry for the model used was provided by NOAA. The 
initial condition of the model was the observed water level 
prior to the start of each surge event. Because of interest to 
this study is the hindcast of water levels, a number of 
simplifying assumptions were made in the modeling. These 
assumptions included neglecting Detroit River inflow and 
Niagara River outflow from the lake. Even though these 
inputs represent significant discharges (5,000+ m

3
/s), they 

are not critical in the simulations of storm surges for the 
eastern basin of Lake Erie. Thus, the simplifications made 
are believed to be justified, given the scope of the modeling. 
Fig. 2 shows the outline of the TELEMAC-2D domain, 
alongside with select stations along Canadian shoreline 
where water levels are measured. 

 

Figure 2.  Lake Erie global domain 

Since the phenomena that generate storm surges in Lake 
Erie are wind events, a number of different sources of wind 
information were explored. Observed wind data from land 
stations around the perimeter of Lake Erie were obtained 
from NOAA's National Climate Data Center (NCDC) along 
Canadian and US shores of the lake. Overlake wind 
magnitudes were computed from land based observations 
according to known relationships between air and water 
temperatures during times of storm surges. The winds were 
interpolated in space via an inverse distance weighting 
method algorithm by modifying meteo.f subroutine.  

For surge events where observed winds were not 
available, NCEP CFSR reanalysis (1979-2010) and CFSRv2 
(2010-present) hourly winds were obtained from the National 
Center for Environmental Prediction and used to force the 
TELEMAC-2D surge model. The CFSR winds over Lake 
Erie required a small amount of adjustment in order to make 
them consistent with observations [7]. Similar adjustments to 
the CFSR and CFSRv2 winds were made on a wind surge 
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study for the Lake St. Clair [8].  Wind stations used in the 
global modeling is shown in Figure 3. 

 

Figure 3.  Sources of wind data used in surge and wave models 

A sample output from the TELEMAC-2D hydrodynamic 
model for the storm surge of November 2006 is shown in 
Fig. 4 for Kingsville, Fig. 5 for Port Stanley, Fig. 6 for Port 
Dover and Fig. 7 for Port Colborne.  

Estimating missing peak surge values via the 
TELEMAC-2D surge model meant the classical water level 
frequency analysis could be performed on the historic data 
(supplemented with peaks estimated from storms with 
missing data), resulting in more meaningful and 
representative estimates of the peak flood levels, without the 
conservatism identified previously. 

B. Assessment of offshore waves 

Given that TELEMAC-2D model, together with all its 
necessary inputs was developed as part of the surge study, 
assessment of wind generated waves with TOMAWAC 
became relatively straight forward. The same domain, 
bathymetry and wind forcing were used in the TOMAWAC 
model as was previously used in the TELEMAC-2D surge 
model. For purposes of producing wind generated waves 
offshore of the subject site, a direct coupling with the 
TELEMAC-2D model was not required since water levels 
and currents play only minor roles in the development of 
wind generated waves, especially in offshore locations. This 
justification meant that the Lake Erie global TOMAWAC 
model could be run simply by specifying an average water 
level, and a wind field that varied in time and space.  

Results of the TOMAWAC simulations are compared 
with observations of significant wave heights recorded at 
three wave buoys in Lake Erie (two operated by Canadian 
and one by US governments). Plots showing wind generated 
wave heights for a 30 day period in November of 2013 for 
locations offshore of Cleveland, Port Stanley, and Port 
Colborne are shown in Fig. 8, Fig. 9, and Fig. 10, 
respectively. Excellent agreement is observed between 
observed and simulated wave heights. 

For evaluations and final design, two characteristics wave 
heights were extracted from the TOMAWAC modeling: 

 

 

Figure 4.  Kingsville water levels 

 
Figure 5.  Port Stanley water levels 

 
Figure 6.  Port Dover water levels 

 
Figure 7.  Port Colborne water levels 
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Figure 8.  Cleveland wave heights 

 
Figure 9.  Port Stanley wave heights 

 
Figure 10.  Port Colborne wave heights 

Southwest Conditions (N225) 

WL = + 2.5 m (harbour structures submerged) 

Hm0 = 1.5 m 

Tp = 5.05 sec 

Dir = N210 

 

East Conditions (N90) 

WL = + 1.5 m (harbour structures exposed) 

Hm0 = 1.5 m 

Tp = 8.14 sec 

Dir = N140 

 

where Hm0 (m) = significant wave height  

           Tp (sec)  = peak period 

           Dir (-)     = nautical direction convention 

 

The reason two wave conditions were selected were the 
following: Southwest winds generate maximum wave at the 
Eastern Basin of the lake, which coincide with maximum 
surge water levels. Since southwest waves will include 
transformation past the Long Point Bay (located west of Port 
Dover) they may not result in maximum possible wave at the 
site. As a consequence, east winds (with the fetch from east 
of Port Colborne to west of Port Dover) could generate 
different wave characteristics that could possibly govern the 
structural design at the site. As a result, both southwest and 
east waves needed to be considered in the analysis. 

The southwest and east wave conditions were used as 
input to the ARTEMIS phase resolving wave modeling 
presented in Section 3. 

III. COASTAL CLIMATE AT A HARBOUR SITE ON LAKE 

ERIE 

Requirements of a past study were to quantify the coastal 
climate at a site on the north shore of Lake Erie sheltered 
inside an existing harbour. The 100-yr peak instantaneous 
water level was estimated at the site using the methodology 
presented in Section 2.1, while the offshore waves estimated 
by carrying out TOMAWAC simulations using wind input 
that varied in time and space (Section 2.2). Since the site of 
interest is located inside an existing harbour where 
orientation of the approach structures heavily influences the 
propagation of waves, simulations using a phase-resolving 
wave model were required. For the evaluation of waves 
inside the harbour, ARTEMIS wave model was used. The 
wave boundary conditions of the ARTEMIS model are 
presented above, and are extracted from the TOMAWAC 
simulations. 

A. ARTEMIS model domains 

Shoreline information was obtained from existing geo-
referenced aerial photography and from navigation chart 
produced by the Canadian Hydrographic Service. Due to the 
low lying nature of the site under consideration, overland 
propagation of the waves overtopping the existing harbour 
walls required evaluation. Overland topographic information 
from existing mapping was used, as was the survey data 
collected by Riggs Engineering staff. Shoreline, bathymetry 
and topographic information were assembled in one master 
file which was used to define a Triangular Irregular Network 
(TIN) surface of the entire ARTEMIS model domain. 
Breaklines that include topographic information of the 
harbour structures were inserted to properly represent 
features to be included in the TIN surface. 

Two different model domains were used in the 
ARTEMIS modeling. A modeling domain was developed 
that included all overland areas inland of the harbour walls 
on both banks of the river. This modeling domain was 
necessary for the estimation of the effect of waves 
propagating inland over possible access roads during design 
water level conditions which inundate the harbour and its 
approach structures. Another modeling domain was 
developed that includes harbour structures that emerge above 
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mean water level. This modeling domain is to be used for the 
assessment of waves during storms when the water level does 
not submerge the harbour walls.  

The modeling domain that includes overland access roads 
has existing piers modeled with higher deck elevation than 
what currently exists (i.e., the piers would be submerged 
during the design water level conditions). The reason for 
extending the elevation of the piers above the design water 
level was purely for modeling purposes. An initial version of 
the model was set up with the piers fully submerged. Since 
the ARTEMIS model requires that reflection coefficients be 
assigned to boundary nodes, this could not easily be achieved 
with the version of the model that has the piers submerged. A 
consequence of not assigning reflection coefficients to the 
vertical piers at the harbour entrance resulted in too little 
wave energy entering the site of the proposed development 
location during peak design water levels.   

In order to remedy this problem, a decision was made to 
artificially raise piers such that they are not submerged 
during design water levels. Doing this allowed assigning 
proper reflection coefficients, and ensured a reasonable 
amount of energy reached the subject property.  

In all cases the mesh resolution of the ARTEMIS model 
was kept at 3 m in order to resolve the incident waves 
approaching the harbour. Furthermore, a request was made 
that all buildings between the beach and the subject property 
be excluded from the simulations during design conditions as 
these structures may dissipate some of the incoming wave 
energy. 

B. ARTEMIS model inputs 

The main model inputs in the ARTEMIS wave modeling 
are the incident wave properties approaching the harbour. 
These are obtained from the TOMAWAC modeling and are 
given in Section 2.2. Three cases of incident waves are 
simulated including:  

 case 1 - southwest winds during design peak 
stillwater level, 

 case 2 - east winds during high monthly average 
water levels, and  

 case 3 - southwest winds using high monthly average 
water levels. 

The ARTEMIS model is simulated using mono-
directional random waves, implying each incident wave 
direction is simulated as a separate scenario. Random nature 
of the waves in the ARTEMIS model is represented by 
superimposing several monochromatic waves of different 
periods that are randomly out of phase with one another. The 
resulting wave energy is computed as the sum of the energy 
of each component monochromatic wave. In the simulations 
in this work, five different monochromatic waves were used.  

Different reflection coefficients were applied to vertical 
walls, beach boundaries, and shoreline reaches with 
revetments and breakwaters. 

C. ARTEMIS model results 

The results of the ARTEMIS wave modeling for case 1 
are shown in Figure 11 using the incident wave information 
obtained from the TOMAWAC simulations. In this scenario 
all lands below +2.5 m elevation are submerged (including 
portions of the harbour walls) and represent areas over which 
waves can propagate. The results of the simulations indicate 
that as the waves overtop the harbour structures and the 
beach on the west side they lose a significant portion of their 
overall energy. Waves propagating through the harbour 
entrance can travel upstream to reach the project site. The 
significant wave height that eventually reaches the 
development site is computed as being approximately 1.0 m. 
The remaining portion of the access roads has nominal wave 
heights (less than 0.2 m).  

Case 2 ARTEMIS simulations are those that capture 
wave propagation through the harbour entrance during strong 
east winds. Note that the incident wave height for the east 
winds is higher than for the southwest winds, although this 
condition occurs much less frequently. For case 2 water 
surface elevation were set as the maximum monthly average 
level for Lake Erie, and thus excludes overland portions that 
were included in case 1 above. Simulations for case 2 are 
shown in Figure 12 where incident waves are reflected and 
diffracted off the existing harbour structures. In this case, 
higher magnitude waves can reach the project site (although 
they do not become overland wave bores). In the extreme, 
the modeling shows that the significant wave height in front 
of the proposed redevelopment can exceed 1.0 m. 

Case 3 is used to capture conditions of southwest winds 
occurring during times of high monthly average water levels 
(but not the peak stillwater levels). Wave heights can reach 
the proposed redevelopment location at amplitude in the 
range of 1.5 m (see Fig. 13) for this case. 

D. Impact assessment and structural design 

Given the results of numerical analyses providing surge 
levels, wind generated waves and wave propagation though 
the harbour implies that site specific assessment of impact of 
the proposed development to be located on the low lying 
shoreline could be completed. In particular, assessment 
related to access/egress during time of peak surge could be 
evaluated against existing regulations. The analysis was 
completed according to MNR Technical Guidelines [1], 
satisfying floodproofing, protection works and access 
standards. Further, the wave characteristics obtained though 
the modeling was used in the design of wave protection 
structures to be installed to mitigate the quantified wave 
attack. 

IV. SUMMARY AND CONCLUSIONS 

A site specific assessment of the coastal climate was 
required to evaluate impacts associated with proposed 
development activity to be located adjacent to the low lying 
shoreline inside an existing harbour on the north east shore of 
Lake Erie. 
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Figure 11.  ARTEMIS simulations, significant wave height case 1 

 

Figure 12.  ARTEMIS simulations, significant wave height case 2 

 

Figure 13.  ARTEMIS simulations, significant wave height case 3 

The proposed development location is located in an area 
that could be subject to coastal flooding from storm surges 
and its corresponding wave attack. With an aid of numerical 
modeling tools available in the TELEMAC suite of solvers, a 
site specific evaluation of storm surges, wind generated 
waves offshore, and propagated waves though the harbour 
could be evaluated. The results of the modeling were used to 
establish: 

 Site specific 100-yr peak instantaneous water level at 
the subject site, 

 Most appropriate offshore wave corresponding to the 
calculated surge, and 

 A design wave propagated though the harbour 
entrance, eventually reaching the subject site. 

The analysis and results presented in this paper are 
derived from an existing project recently completed by the 
author. Names and locations of the property have been 
omitted in order to preserve client confidentiality. 
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Abstract—In this paper, a continental shelf model is presented 

for the Western Atlantic Ocean, the Irish Sea, the North Sea 

and the Baltic Sea. The model is implemented in TELEMAC-

2D. Using its unstructured mesh capabilities, the grid is refined 

in the Belgian Coastal Zone. The model is shown to have 

predictive skills for the tidal signal in the Belgian Coastal Zone 

using lateral boundary conditions from Topex. Then the model 

was used to hindcast the water levels of the cyclone Xaver in 

December 2013. Also during this cyclone, the model shows 

good predictive skills 

 

I. INTRODUCTION 

The Belgian Coastal Zone is a vitally important region for 
the Belgian economy, due to the presence of large harbours 
and other economic activities such as wind farms. The 
Belgian Coastal Zone is physically characterised by a large 
water level amplitude (up to 4 m during spring tide 
conditions), small water depths (less than 50 m, even less 
than 20 m in large areas), high suspended sediment 
concentrations, and the presence of many large scale 
bathymetric features with spatial scales of a few kilometre 
and a height of various meters, the so called Flemish Banks. 

Reliable mathematical models for predicting the water 
levels and flow velocities in this zone are therefore highly 
desirable. Such a model must be able to do accurate 
predictions during normal periods, in which the main forcing 
for the water levels and velocities is coming from the tidal 
wave that enters the North Sea from the North, with a 
secondary influence of the tidal wave that enters from the 
South through the Dover Strait. However, it must also be 
able to give adequate predictions during extreme conditions 
when strong winds and large atmospheric pressure gradients 
are present. The objective of the present paper is to present a 
continental shelf model in TELEMAC 2D, which can give 
accurate prediction of the water levels in the Belgian Coastal 
Zone. The model setup is presented first. This is followed by 
a description of the validation of the model for normal tidal 
conditions, in which the tidal components from the model are 
compared with those from Topex. In order to show the 
capabilities of the model during extreme conditions, a 
hindcast of the extratropical cyclone Xaver in December 
2013 is presented next. The paper is ended with some 
conclusions. 

II. MODEL SETUP 

The model of the continental shelf model includes the 
Western Atlantic Ocean, the North Sea, the Irish Sea and the 
Baltic Sea (Fig. 1). The grid consists of 49440 nodes with a 

minimal grid size of 500 m in the Belgian Coastal Zone 
(Fig. 2), which increases to a grid size of 35 km in the open 
sea. Grid refinement is applied in some zones such as the 
Dutch Wadden Islands, and Eastern Denmark. The Scheldt 
river estuary is partly included in the model using a channel 
mesh, thus allowing the tidal wave to propagate sufficiently 
far into the estuary, such that the influence of the river flow 
on the tide in the coastal zone is taken into account well. The 
fresh water discharge from the rivers was neglected, since its 
magnitude is very small compared to the discharge from the 
tidal flow in the estuary. 

 
Figure 1.  Bathymetry and computational grid (WGS84 UTM 31). 

 
Figure 2.  Detailed view of the bathymetry and computational grid in the 

Belgian Coastal Zone (WGS84 UTM 31). Also indicated are the 

measurement locations at Oostende and de Wandelaar. 
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At the open boundaries, water levels are applied from 
OSU/TPXO [1,2]. These data are also used as initial 
condition for the water levels. TELEMAC 2D is used for the 
simulation, with a time step of 5 minutes. A constant Coriolis 
coefficient of 1.13 10

-4
 was used in the model. 

A calibration was performed, adapting the calibration 
coefficients for the tidal water level at the boundary as well 
as the bed roughness using available data of water levels in 
the model domain from myOcean.eu.  This resulted in a 
calibration coefficient for the water level of 1.0 and a 
Manning roughness coefficient of 0.0235 s/m

1/3.
 

III. VALIDATION OF THE TIDAL SIGNAL 

An analysis was done on one month of data from the 
model as well as from the measurements from myOcean.eu 
using T_Tide [3] (Fig. 2 and 3). The tidal components are 
predicted quite well by the model. From this analysis, it 
appears that the M2 component is by far the strongest. The 
S2 and N2 components have a similar amplitude. All other 
components are weaker.  

 

 
Figure 3.  Amplitude of the tidal constituent at de Wandelaar for measured 

(myOceans.eu) and modelled water levels. 

In order to validate the model without the meteorological 
influences, the tidal amplitude and phase of the tidal 
constituents are calculated from the model results for a one 
year simulation, and then compared to those from Topex. 

Because the M2 constituent is by far the most important 
one, we limit the comparison in this paper to that constituent. 
The map of the calculated M2 constituent in the model area 
is shown in Fig. 4. In this figure, also the differences of the 
calculated amplitude with the one from Topex are shown. It 
shows that large tidal ranges are found in the Belgian coastal 
Zone, parts of the French Coast (especially in Normandy) 
and the west coast of England and Wales (especially in the 
Severns estuary). The differences between Topex and our 
model are below 0.5 m in a large part of the model domain. 
The differences tend to be larger in shallow areas and close 
to the coast. In this region, our model is expected to be more 
accurate than Topex, because the resolution is higher and the 
physical processes occurring in shallow water are better 
included in TELEMAC than in Topex. The model results 

clearly show that the tidal amplitude is very small in the 
Baltic Ocean. Indeed, meteorological influences are known 
to be the most important influence for explaining the 
occurring water level variations in that area. 

 

 
Figure 4.  Co-range maps from the model (top) and difference with Topex 

(bottom) for the M2 tide. 

The co-tidal map for the M2 component is shown in 
Fig. 5. In this map, the lines of equal tidal phase are shown as 
calculated in Telemac (blue) and Topex (red). The lines agree 
well in the North Sea, the Irish Sea and the Western Atlantic. 
The location of the amphidromic points in the North Sea are 
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calculated correctly by the model. The results in the Baltic 
Sea differ substantially. This is expected, as the tidal 
amplitude is very low there, and hence the tide is not an 
important process in that area. 

 
Figure 5.  Co-tidal maps from the model and Topex 

IV. HINDCAST OF THE CYCLON XAVER 

The cyclone Xaver is an extratropical cyclone that 
occurred from December 4

th
 to December 10

th
 2013. It 

formed in Greenland and grew while travelling North of 
Scotland up to the Baltic Sea. During the cyclone, the air 
pressures decreased to 962 mb and wind velocities up to 130 
km/h were observed. Because of the storm, fifteen people 
lost their lives, traffic was disturbed, and power losses 
occurred. The storm also led to increased water levels around 
the North Sea and even to inundations in England and Wales. 
In the Belgian municipality of Bredene, more than 2000 
individuals had to be evacuated, because of the risk of an 
inundation. 

In order to perform a hindcast of the storm, the model 
was run from December 1

st
 2013 to December 31

st
 2013. 

Atmospheric pressure data and wind velocities from GFS 
(the global forecasting system) were used. These data had a 
spatial resolution of 0.5 degree and a temporal resolution of 3 
hours. Linear interpolation was used to interpolate the data 
on the TELEMAC grid. Interpolation in time of the wind 
velocities and atmospheric pressure was also done using 
linear interpolation. 

The results of the model are shown in Fig. 6 and Fig. 7. 
In this figure the observed water levels (from myOcean.eu) 
are shown in combination with the modelled water levels for 
the Belgian coastal city of Oostende, as well as for de 
Wandelaar, a slightly more offshore measurement station 
close to the harbour of Zeebrugge. 

The results are adequate. One can clearly see that the 
model predicts the peak at December 5

th
 in the water levels 

well. The modelled water levels differ only from the 
observed one by 0.1 m. For the complete modelled period, an 

average bias error of 0.02 m and a root-mean-squared error 
of 0.37 m were observed for all measurement stations.  

 
Figure 6.  Modelled and measured water levels in Oostende during the 

cyclone Xaver. 

 
Figure 7.  Modelled and measured water levels on de Wandelaar during 

the cyclone Xaver. 

V. SUMMARY AND CONCLUSIONS 

In this paper, a continental shelf model was presented for 
the Western Atlantic Ocean, the Irish Sea, the Baltic Sea and 
the North Sea. The presented model has the highest spatial 
resolution in the Belgian Coastal Zone, where the grid size 
decreases to 500 m. In this paper, two validations were 
performed. A validation of the tidal signal was done by 
calculating the co-range and co-tidal maps from the figure, 
and comparing them to the data from Topex. The results 
generally agree well in the North Sea and the Western 
Atlantic. In the Baltic Sea, the discrepancy is larger, which 
was expected, because the water level variations over there 
are mainly driven by atmospheric pressure variations and 
wind. A hindcast of the extratropical cyclone Xaver in 
December 2013 was performed. The peaks in the water level 
in the Belgian Coastal Zone were predicted quite well. The 
bias and rmse error in the water levels during this period 
were 0.02 m and 0.37 m respectively. 

Therefore, it is concluded that the continental shelf model 
is an adequate tool for the prediction of the water levels in 
the Belgian Coastal Zone. 
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Abstract:  

A reservoir storing water with high concentration of manganese is located near the river Kwé in the southern 
province of New Caledonia. A one-dimensional numerical model of the river Kwé has been constructed for the 
purpose of evaluating the impact of a wave generated by the dam failure. Two cases were investigated: formation 
of a breach in the dam and overtopping of the dam under extreme hydrologic conditions. The transport of 
dissolved and adsorbed manganese in the river during the flood event was modelled using the module TRACER 
included in MASCARET.  
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Abstract:  

Reservoir emptying is one of the biggest issues for dam manager. An emptying operation has to be efficient 
enough to remove sediments out, but it has also to be controlled in order to limit the environmentalimpact on the 
downstream part of the river bed. To help dam managers, numerical tools of sediment transport could be used. But 
these numerical tools have to be validated on real cases in order to be predictable. 

In this study, we focused on a real case of emptying operation, which have been performed in summer 2013 on the 
Escaumel dam, in the Massif Central region in France. During this two-months-long emptying operation, a large 
quantity of sand have been eroded and transported along the downstream part of the river bed (3 kilometers long),  

First a large work has been done in order to understand and quantify all the hydrological events that occurred 
during the total emptying period :  

 two successive emptying operations, 

 two natural floods that occurred between the emptying operations  

 and finally two flash floods that occurred at the end of the second emptying operation.  

These successive events have been defined as boundary conditions for Courlis (1D) and Sisyphe (2D) numerical 
models.  

Courlis and Sisyphe numerical codes have been used to reproduce the sediment transport dynamic in the reservoir 
and the downstream part of the river bed. The results show how both 1D and 2D codes reproduce the eroded quantity 
of sand in the reservoir, as well as the propagation dynamic in the downstream part of the river bed. 1D and 2D results 
are compared in terms of eroded volume of sand, morphological changes, numerical stability and robustness. Finally 
the study shows that, under appropriate conditions, the use of numerical codes may better anticipate the 
environmental impact of such dam operations. 
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Abstract—In this paper two cases regarding the failure of 

homogenous embankment dams due to overtopping are 

presented. The simulations of the breaching processes were 

performed with the 2D depth-averaged hydrodynamic model 

TELEMAC-2D in coupled mode with the sediment transport 

model SISYPHE. The first case deals with the numerical 

simulation of a laboratory experiment in which the failure of a 

homogenous sandy dam due to overtopping was investigated. 

In a small sensitivity analysis the effects of different 

hydrodynamic and sedimentological parameters are tested. 

Comparing the experimental with the numerical results, the 

study shows that especially the type of transverse deviation 

correction has a definite influence on the shape of the erosion. 

The implementation of an alternative formulation for the 

factor beta in Talmon’s deviation formula indicates a reliable 

improvement. Furthermore the transport stage dependent 

alpha coefficient in the Meyer-Peter & Müller bed load 

transport equation was investigated which gives an additional 

improvement. In the second case the findings of the first case 

are applied to the modelling of the breaching process in 

prototype scale of a water reservoir for snow production. The 

computed breach hydrographs are compared to the 

hydrograph calculated by a commercial breach parameter 

model. The study involving the two test cases reveals the 

excellent ability of the open source TELEMAC suite for the 

simulation of homogenous embankment breaching processes 

due to overtopping. 

I. INTRODUCTION 

For various functions, dams are built for the retention of 
water. Usually much attention is paid to the security of the 
dam. Cases in history show, that dam breaks e.g. caused by 
overtopping can lead to danger for humans and enormous 
physical damages. According to the analysis given in [1], 
from more than 900 dam failures, more than 65% are earth 
dam failures. Especially smaller earth dams with a height less 
than 15 meters statistically break more often than larger 
dams. The main causes for earth dam failures are quality 
problems and overtopping [1]. The investigation of the 
physical breaching processes and the predicting of the breach 
discharge and its peak discharge due to dam failure are of 
vital importance for dam failure prevention and mitigation. In 
the recent years a lot of research efforts have been made 
regarding the numerical simulations of embankment dam 
failures, e.g. [2] or [3]. 

In Austria there are more than 500 small earth 
embankment reservoirs for snow production. For these 
artificial lakes the public authority regulates the preparation 
of emergency plans for the case of hypothetical dam failure. 
Motivation of this work is the assessment of the open 
TELEMAC suite for the calculation of embankment dam 
failure due to overtopping. 

II. COLEMAN CASE 

Coleman, Andrews and Webby presented in [4] 
laboratory experiments about noncohesive homogeneous 
embankment failure due to overtopping flow. They provided 
an overview and analysis of breach development processes 
for noncohesive embankment materials. The results are 
particularly significant in that they provide data about breach 
shape and erosion rates as a breach develops. Previously 
breach development patterns were typically conjectured 
based solely on final breach profiles [4]. That said the data 
are of particular value for testing, calibration and verification 
of parametric breach models or higher dimensional numerical 
models like the open TELEMAC suite. 

A. Experimental Setup 

The experiments reported in [4] were carried out in a 2.4 
m wide by 12 m long flume. The flume was equipped with a 
flow straightener at the inlet, a side-spill weir, a flap gate, a 
water-level probe and a weir downstream of the dam (Fig. 1). 

 

Figure 1.  Experimental setup, longitudinal section and plan view [4] 
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The embankment measured 0.3 m high, with upstream 
and downstream slopes of the dam of 1:2.7 (V:H). The crest 
width and length were 0.065 m and 2.21 m, respectively. 
With the reservoir raised to a predetermined depth of 
approximately 0.3 m, the breaching process was initiated by 
the cutting of a triangular pilot channel in the embankment 
crest (Fig. 1). The invert of the pilot channel of fixed 
geometry was located on the left flume side wall 0.02 m 
below the embankment crest level, with the flume wall 
simulating the breach channel centerline. The initial width of 
the pilot channel was approximately 0.02 m. Flow entering 
the flume was adjusted to ensure a constant reservoir level of 
0.3 m as the breach developed, the tests thereby simulating 
the failure of an embankment dam impounding a very large 
upstream reservoir. Thus, the discharge over the dam was 
only influenced by the erosion process itself. The discharge 
was measured via the V-notch weir downstream of the dam. 

The laboratory experiments were carried out using 
uniform sediment material for the embankment dam and 
assuming no cohesive effects. The investigations were 
performed using three different sediment materials: d50 = 0.5 
mm, d50 = 0.9 mm and d50 = 1.6 mm. 

B. Experimental Results 

Coleman, Andrews and Webby in [4] focused on the 
analysis of the experiment with medium sand d50 = 0.5 mm 
regarding the analysis of the breach erosion process. For the 
medium sand the authors specified a solid sediment density 
of 2630 kg/m³, a geometric standard deviation of particle size 
σg = (d84/d16)

0.5
 = 1.6 and a friction angle of 32°. 

The investigations of the erosion processes included the 
measurement of the longitudinal profiles along the breach 
channel centerline at six time steps as shown in Fig. 2. 
Furthermore the analysis involved the measurement of the 
breach channel cross sections at the embankment crest at 
different time steps and the measurement of the time 
dependent flow rates (Qb) through the breach. The interested 
reader is referred to [4] for the detailed analysis of the 
experimental results. 

 
Figure 2.  Measured longitudinal profiles along breach channel centerline 

for medium-sand embankment (d50 = 0.5 mm) [4] 

III. 2D SIMULATIONS OF THE COLEMAN CASE 

A. Overview 

Purpose of the numerical simulations was the testing of 
the ability of the open source TELEMAC suite 
(www.opentelemac.org) to simulate highly unsteady dam 
breaching processes and to reproduce the experimental 
results from the Coleman case described in the previous 
chapter. The numerical simulations were performed with the 
2D depth-averaged hydrodynamic model TELEMAC-2D in 
coupled mode with the sediment-transport module 
SISYPHE. The TELEMAC version v6p3r2 was used.  

The main comparison of the numerical results with the 
experimental results is carried out using the measured 
longitudinal profiles for medium-sand (d50 = 0.5 mm) as 
shown in Fig. 2. For the calibration process of the numerical 
model only the measured profiles of the first two time steps 
after 72 sec and 100 sec are used. Subsequently, the effects 
of different parameter variations are validated for the later 
time steps. Further numerical investigations, results and 
quantitative analysis can be found in [5].  

B. Mesh and Hydraulic Boundary Conditions 

The geometry and the mesh were created using the data 
provided in [4]. On the upstream side of the dam the flume 
was reproduced only to where the water level probe in the 
laboratory case was placed. Downstream of the dam base an 
artificial outflow region with a steep slope was modelled in 
order to guarantee a backwater-free outflow of water and 
sediments. The mesh was triangulated with the free software 
Blue Kenue [6] using for the inflow and outflow areas an 
edge length of 10 cm, for the dam itself an edge length of 2 
cm and for the region around the breach channel centerline 
an edge length of 0.5 cm. The triangular mesh had 42200 
elements. The bottom was defined generally as non-erodable 
bed besides the region of the contact area of the dam. 

At the upstream hydraulic boundary condition a constant 
water level was defined as in the experiment in order to 
simulate a very large upstream reservoir. For the downstream 
boundary condition a free outflow condition far away from 
the zone of interest was applied. As initial condition a 
constant rest water surface level corresponding to the dam 
crest height was defined as in the experiment. Fig. 3 shows 
the significant geometrical and hydraulic related design. 

 
Figure 3.  3D view, numerical setup, initial conditions and upstream 

hydraulic boundary condition 

http://www.opentelemac.org/
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C. Hydrodynamic and Sedimentological Parameters 

In the first simulations the investigations were limited to 
only a few hydrodynamic and sedimentological parameter 
variations. For the comparison of the numerical simulations 
with the experimental results only the first two measured 
longitudinal profiles over time (after 72 and 100 seconds) 
were used. 

1) Hydrodynamic parameters: 
Energy losses due to bottom friction were parameterized 

using a Strickler roughness value kST of 92 m
1/3

/s according 
to the relationship kST = 26/kS

1/6
 and assuming a flat bed with 

kS = d50 = 0.5 mm. For the lateral wall boundaries a fully slip 
condition was applied. For turbulence closure a constant 
eddy viscosity of 1.E-6 m²/s was applied. In the case of Finite 
Element (FE) simulations the time step was set to 0.001 
seconds in order to guarantee the Courant numbers lower 
than 1. When simulating supercritical flow with Finite 
Element schemes this criterion appears necessary for 
convergent simulation results; independent of the employed 
implicitation coefficients in the time discretization. In the 
case of Finite Volume (FV) simulations a variable time step 
was applied to satisfy the required Courant criterion. 

First simulation attempts revealed a lot of numerical 
instabilities when using the Finite Element schemes since 
they have poor shock-capturing abilities. The instabilities 
originate from the very high Froude numbers reaching values 
of up to 10 during the dam break process. Stable simulations 
could be achieved applying Mass Lumping for the depth and 
fully SUPG upwinding for the depth. Further details about 
the used methods and formulas can be found in the 
TELEMAC-2D User Manual [7]. 

2) Sedimentological parameters: 
For the SISYPHE sediment transport simulations most of 

the default keywords were used. Table 1 shows the 
embankment materials used in the simulations. It is to say 
that in [4] the values for the bed porositiy were not provided, 
so a value of 0.40 was assumed. 

TABLE I.  EMBANKMENT MATERIALS USED IN THE SIMULATIONS 

Sediment 

material 

Grain size 

d50 [mm] 

Sediment density 

ρS [kg/m³] 

Friction angle 

φ [° deg] 

Bed 

porosity 

Medium 

sand 
0.5 2630 32 0.40 

 

The sediment transport process was modelled as only bed 
load transport using the Meyer-Peter and Müller bed load 
equation. The Soulsby formula was used to account for the 
bed slope effect. The influence of the transverse deviation 
effect was considered using Talmon’s formula. In order to 
prevent the bed slope to become greater than the maximum 
friction angle the sediment slide effect model implemented in 
SISYPHE was used. Further details about the used methods 
and formulas can be found in the SISYPHE User Manual [8]. 

Fig. 4 shows exemplary two simulation results and points 
out the significance of the slide effect model. The simulation 
of the breaching process without slide effect model creates a 
very narrow and unnatural channel with steep side banks.   

On the other hand, the simulation with the slide effect model 
produces a much more realistic breach channel. 

 

Figure 4.  Simulated bottom and water surface evolution after 100 seconds, 

3D view, a) without sediment slide effect; b) with sediment slide effect 

D. Hydrodynamic Investigations 

The hydrodynamic investigations involved the testing of 
two Finite Element advection schemes for the velocity, 
namely the Method of Characteristics (MOC) and the Non-
conservative PSI (Positive Streamwise Invariant) scheme 
(PSI) as well as the Finite Volume HLLC (Harten–Lax–van 
Leer Contact) scheme (FV - HLLC). In Fig. 5 and Fig. 6 the 
experimental results and the numerical results after 72 and 
100 seconds are compared, respectively. At the time of 72 
seconds the FE schemes and the FV scheme match the 
experimental results very well, however at the time of 100 
seconds all the schemes simulate too less erosion. A possible 
explanation for the somewhat better performance of the FV - 
HLLC scheme could be that in this case the FV scheme 
produces lower numerical diffusion compared to the MOC 
scheme and PSI scheme. Generally it can be stated that all 
the schemes perform very well and that the breaching process 
by itself can be modelled by using any of the schemes 
investigated and presented here. 

 
Figure 5.  Variation of hydrodynamic FE and FV schemes, 

experimental and numerical results after 72 seconds 
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Figure 6.  Variation of hydrodynamic FE and FV schemes, 

experimental and numerical results after 100 seconds 

E. Sediment Parameter Investigations 

Principal aim of the sediment parameter investigations 
was to achieve a better agreement between experimental and 
numerically calculated longitudinal profiles after 100 seconds 
(Fig. 6). 

The investigations focused on two main directions: first, 
the modification of the calibration factor α in the Meyer-
Peter and Müller bed load equation and second, the 
modification of the β coefficient in the Talmon’s formula for 
the transverse deviation effect. 

1) Modifying the α coefficient in the Meyer-Peter and 

Müller bed load equation: 
The motivation for this investigation was the fact that a 

dam break process as presented here is characterized by 
highly unsteady flow and sediment transport conditions. The 
highly variable conditions produce large variations in the 
emerging shear stresses and thus large variations in the 
emerging intensities of sediment transport (transport stage 
parameter T). 

The Meyer-Peter and Müller bed load transport equation 
[9] includes a calibration factor α for which Meyer-Peter and 
Müller determined a value of 8 (1). 

     (     )
    

where ϕ is the non-dimensional sediment flux, θ is the 
Shields stress and θCr is the critical Shields stress. 

Different researchers, e.g. [10], [11], determined different 
α coefficients based on different datasets from laboratory or 
field investigations. Based on the analysis of datasets, 
Wiberg and Smith [12] point out that the observed variation 
in the α coefficient is well explained by the different 
prevailing transport stage parameters T = θ/ θCr. Accordingly 
the variable α coefficient can be well captured by a 
dependence on the Shield’s stress (θ), giving a transport stage 
T dependent α coefficient (2) [12]. This relationship was 
tested for the here presented dam break case. 

         ( )                  

Fig. 7 shows the relationship (2) between the α 
coefficient and the transport stage parameter T. 

 
Figure 7.   Varying α coefficient depending on the transport stage 

parameter T (2) in Meyer-Peter and Müller formula  

2) Modifying the β coefficient in the Talmon’s formula 

for the transverse deviation effect: 
The breaching process of embankment dams is governed 

not only by erosion in the streamwise direction but also 
highly by the erosion in the crosswise direction due to the 
evolving bank slopes during the breaching process. This 
implies a correction of the direction of the bed load transport 
rate in relation to the computed flow direction. In SISYPHE 
the change in the direction of solid transport is taken into 
account by (3) [8]. 

    ( )     ( )  
 

 ( )

   
  

 

where α is the direction of solid transport in relation to 
the flow direction, δ is the direction of bottom stress in 
relation to the flow direction, f(θ) is the weigh-function 
depending on the Shields stress θ, zb is the bed elevation and 
n is the coordinate along the axis perpendicular to the flow. 

Based on bed-levelling experiments and collection of 
auxiliary dataset, Talmon et al. [12] relate the weigh-function 
to an empirical coefficient β and the Shields stress θ (4). 

  ( )    √  

A small literature research regarding the determination of 
β coefficients is summarized in Table 2. Talmon et al. [13] 
determined the β coefficient of 0.85 for natural rivers and the 
β coefficient of 1.7 for laboratory conditions. Furthermore 
Talmon et al. provide a relationship between the β coefficient 
and the ratio of the grain size d50 and the water depth h, 
based on the analysis of numerical computations of large 
scale river-bed deformations, with A = 9.0 and C = 0.3 (5). 
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     (
   
 
)
 

 

Equation (5) was tested for the here presented dam break 
case with A = 9.0 and C = 0.3. References [14] and [15] 
specified β coefficients also based on laboratory experiments. 
In this context it is to state that the β coefficients found in the 
literature were mainly developed based on investigations of 
bed form formations. This means usually steady or quasi-
steady flow conditions with small variations in the water 
depths and slow sediment transport processes, whereas dam 
break processes are characterized by highly unsteady flow 
and sediment transport conditions. 

TABLE II.  OVERVIEW: SOME BETA VALUES IN THE LITERATURE 

β Source 

0.85 (natural rivers)  Talmon et al. [13] 

1.7 (laboratory conditions) Talmon et al. [13] 

  (     )
  

with A = 9.0 and C = 0.3 
Talmon et al. [13] 

1.0 Wiesemann et al. [14] 

  (     )
  

with A = 22.3 and C = 0.3 
Schoonen [15] 

 

F. Results 

Based on the preliminary hydrodynamic investigations 
the FV - HLLC scheme was used for the final hydrodynamic 
calculations. In the sediment transport model SISYPHE the 
variable α formulation according to (2) was implemented in 
the Meyer-Peter and Müller bed load equation (MPM mod). 
The parametrization of the transverse deviation effect was 
modified by implementing the variable β formulation 
according to (5) in the Talmon’s formula (Beta var.). 

As shown in Fig. 8 after 100 seconds the simulated 
profiles agree very well with the measured profiles compared 
to the simulated profile obtained without the modifications. 
Applying only the variable α formulation (MPM mod) gives 
nearly the same results as if both the two modifications are 
considered. The investigations show that the speed of erosion 
depends on the β coefficient, with lower erosion speed at 
higher β values and vice versa. The numerical results reflect 
the dependency of the β coefficient on the relative 
submergence h/d50 and demonstrate the principal very good 
ability of the relationship given in (5) to account for the 
transverse deviation effect in the numerical modelling of dam 
break processes. Thereby the coefficients A and C in (5) can 
be seen as calibration parameters for which further 
investigations are needed. 

Fig. 9 shows the comparison between experimental and 
numerically simulated longitudinal profiles for all time steps. 
In the numerical simulations both the modifications (MPM 
mod and Beta var.) were applied. The comparison shows the 
good agreement between experimental and numerical results 
and demonstrates the excellent performance of the 
TELEMAC system in calculating the time dependent 
breaching process. Fig. 10 exemplifies via the three- 

dimensional view the temporal development of the simulated 
bottom and water surface evolution. 

 
Figure 8.  Variation of sediment parameters, experimental and numerical 

results after 100 seconds 

 
Figure 9.  Comparison between experimental and numerical simulation 

results, all time steps 

 
Figure 10.  3D view, bottom and water surface evolution over time 
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IV. 2D NUMERICAL MODELLING OF A PROTOTYPE CASE 

In this part, the experiences collected from the numerical 
modelling of the Coleman case are applied to a real case by 
simulating the earth dam break process of an alpine water 
storage for snow production. As there are no measurement 
data available for the comparison with the numerical results, 
the computed breach hydrographs by TELEMAC are 
compared with the breach hydrograph obtained by the breach 
parameter model Deich [16]. The geometry data and the 
breach hydrograph from the parameter model were provided 
by the engineering office Ingenieurbüro Moser GmbH. 

A. Overview of the Prototype Case 

The dam height of the snowmaking reservoir is 11 m, the 
crest width is 3.5 m, the slope of the upstream face is 1:1.8 
and the slope of the downstream face is 1:1.75. The water 
volume at capacity level amounts to 30000 m³, the water area 
at capacity level is 5000 m². The dam is equipped with a 
bottom outlet, a membrane at the upstream face and various 
other safety devices. All this safety arrangements were not 
considered in the numerical simulations. An initial pilot 
channel was modelled to start the erosion process, which of 
course does not exist in the real dam. 

The mesh with 50900 elements was triangulated using 
edge lengths from 0.5 m to 10 m. As initial condition the 
water level in the reservoir was set to the capacity level. 
Since the valley downstream of the dam has steep slopes, the 
outlet boundary was modelled as free outflow condition. First 
simulations showed that in contrast to the rectangular pilot 
channel geometry assumed in the breach model Deich, in the 
TELEMAC simulations a trapezoidal pilot channel has to be 
designed. Reason is that when using the slide effect model in 
SISYPHE and a rectangular pilot channel, the slope of the 
side wall is higher than the friction angle of the sediments, 
thus the material slides down and the pilot channel is closed 
just after some time steps. Fig. 11 shows the mesh, the 
location of the initial pilot channel and the hydraulic 
conditions. 

 
Figure 11.  Plan view, mesh, numerical setup, initial conditions and 

hydraulic boundary condition 

B. Breach Parameter Model Deich 

The program Deich, developed by the engineering 
company Broich, calculates the breach widening and the 
breach hydrograph employing an explicit algorithm [16]. The 
discharge is calculated employing a modified weir equation. 
The water surface level is calculated by means of the volume 
balance. The dam erosion is calculated using the Exner 
equation in combination with assumptions for the kinematic 
and spatial description of the breach development (6). 


      
  

 
 

   
(       )    

where dVerod is the volume eroded in one time step dt 
and p ist the bed porosity. Vs1 and Vs2 are the sediment 
volumes, which cross the upstream and downstream control 
area, respectively. They are calculated using a sediment 
transport formula, e.g. via the Meyer-Peter and Müller 
equation. 

C. 2D Numerical Simulations 

In the 2D numerical simulations the same hydrodynamic 
and sediment parameters were used as in in the simulations 
of the Coleman case described in the previous chapter 3. 
Using the Finite Volume HLLC scheme for the 
hydrodynamic part, the investigation focused on the 
comparison between SISYPHE’S default parameters and the 
modified α coefficient (2) in the Meyer-Peter and Müller bed 
load equation (MPM mod) as well as the modified β 
coefficient (5) in the transverse deviation formula (Beta var.). 

The sediment material properties shown in Table 3 were 
adopted from the breach parameter model Deich assuming 
likewise a uniform sandy dam without cohesive effects. 

TABLE III.  EMBANKMENT MATERIALS USED IN THE SIMULATIONS 

Grain size 

d50 [mm] 

Sediment density 

ρS [kg/m³] 

Friction angle 

φ [° deg] 

Bed 

porosity 

5 2000 35 0.25 

 

D. Results 

The breach hydrographs computed by the TELEMAC 
simulations shown in Fig. 12 reveal generally a slower 
erosion process of the embankment compared to the 
hydrograph calculated by the breach model Deich. Clearly to 
observe is the difference between the simulation with the 
default sediment parameters and the modified ones. The 
combined usage of the modified α coefficient according to 
(2) (MPM mod) and the modified β coefficient (5) (Beta var.) 
leads to a faster erosion process resulting in a remarkably 
higher peak outflow. In consideration of the fact that the 
hydrograph by Deich is also merely a computed solution 
without the claim to be more realistic, the TELEMAC 
hydrographs agree qualitatively well with the Deich 
hydrograph, especially the one using the modified sediment 
parameters. The results demonstrate the ability of 
TELEMAC-2D & SISYPHE to simulate the dam break 
erosion processes in prototype scale and to compute realistic 
breach hydrographs. 
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Figure 12.  Calculated breach hydrographs by TELEMAC and Deich 

 

Figure 13.  3D view, bottom and water surface evolution over time 

V. CONCLUSION AND OUTLOOK 

We presented in this paper the numerical simulations of 
dam breaching processes due to overtopping using 
TELEMAC-2D coupled with the sediment transport model 
SISYPHE. 

The first part deals with the simulations of laboratory 
experiments and the analysis of relevant hydrodynamic and 
sedimentological parameters in order to reproduce the 
laboratory results. The investigation focused on the 
alternative formulation for the α coefficient in the Meyer-
Peter and Müller bed load equation and for the β coefficient 
in the transverse deviation formula. The results show the 
excellent ability of the open TELEMAC suite for the 
simulation of the evolving erosion processes in time during 
an embankment failure. 

In the second part some understandings from the first part 
were applied to the prototype scale by simulating the dam 
breaching of a snowmaking reservoir. The simulated breach 
hydrographs were compared to the calculated outflow 

hydrograph by a breach parameter model. The hydrographs 
are qualitatively in very good agreement. The prototype case 
proves the ability of the open TELEMAC suite to simulate 
realistic breach hydrographs, at least assuming homogenous 
dam material. It can be stated that the test case demonstrates 
the applicability of the open TELEMAC suite in the 
engineering practice for the use in project studies concerning 
the estimation of breach hydrographs due to dam failure. 

As outlook one interesting experiment would be the 
combination of the simulation of the breaching process with 
the simultaneous simulation of the flood propagation 
downstream of the dam. Further research investigations 
could involve the physical and numerical simulation of the 
erosion processes of non-uniform embankment materials. 
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Abstract: 

This paper focuses on siltation processes in an Alpine reservoir, the Chambon Reservoir on the Romanche River. 
In order to help identifying a sustainable sediment management strategy, a modelling of sediment dynamics in this 
reservoir was built. Numerical simulations were performed according to a comprehensive understanding of sediment 
transport in this lake based on a large set of in situ data. 

Suspended sediment concentration monitoring upstream the dam leads to the identification of the main 
contributing hydrological events. Downstream monitoring demonstrates that specific operating conditions (reservoir 
level, discharge) allow sediment routing throughout the reservoir. In order to elaborate a clear comprehension of 
sediment processes, field surveys have also been performed in the reservoir. Bathymetry, Velocity field, sediment 
concentration were monitored. An innovative device has been built in order to identify sediment and flow dynamics 
inside the reservoir.  

Preliminary numerical simulations of sediment dynamics in the reservoir using TELEMAC2D and SISYPHE 
show encouraging results.  Then calculations using TELEMAC3D allow to well reproduce the three dimensional 
patterns of suspended sediment transport in this large reservoir. Some sensitivity analyses are performed in order to 
better assess the validity of the simulations. 

Actually modelling could be a useful tool to evaluate sediment management strategy. The main processes 
involved in suspended sediment transport were identified and their understanding will help to define strategies to 
reduce sedimentation in Chambon reservoir. 

 
Figure 1.  Numerical results of settling calculations (TELEMAC2D SISYPHE) : Qupstream=20 m3/s et Zdam=985-980 m : sediment 

concentration. 
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Abstract — CNR is the first producer of 100 percent renewable 

energy in France, operating and managing 19 hydroelectric 

power plants on the Rhone River. After sudden shut-down of 

turbines because of mechanical or electrical incidents, wave is 

generated that raises the water level of the head race channel. 

This operation is either called disjunction, or rejection wave. 

Improving the knowledge of this phenomenon is essential for 

CNR in order to implement suitable actions both at the barrage 

and at the power plant.  

Following recent modelling with TELEMAC-2D & 3D, being 

calibrated with measurement on Chautagne head race channel 

[1], 3D modelling appears the most consistent one. However, 

reserves have to be done about the secondary wave amplitude, 

called Favre wave. To evaluate more accurately the relevance of 

TELEMAC-3D software and of MASCARET 1D as well, trials 

on a physical model have been conducted at CNR laboratory, few 

experiments being available. Tests have been performed on a 

rectangular channel, representing the head race channel. Slope 

can be modified on the physical model. The sensitivity of 

numerical parameters with TELEMAC-3D is highlighted by 

comparison with laboratory measurements. 

I. INTRODUCTION 

The disjunction of a hydroelectric power plant consists in 
the sudden turbine shutdown, which becomes necessary in the 
following cases: 

 Decoupling between turbines and electricity 
transmission network. All the turbines are concerned 
and must be quickly stopped under threat of 
destruction by over-speed, 

 Mechanical (part being broken, vibration) or electric 
malfunction, which concerns a priori one turbine at 
worst. The closure is also required. 

A wave is then produced in the headrace channel. 
However, its amplitude can be reduced or almost cancelled, 
depending on available structures: 

Opening the dedicated gates is any. This solution works for 
cases number 1 and 2, 

Using the turbines: water crosses them after having moved 
the blades in the neutral position. This solution is hardly 
possible for case 2. This system is typically used for bulb 
turbines. 

Thereafter, mitigation ways are not taken into account 
therefore studies concern the maximum possible wave only. 
The plant shutdown is usually less than one minute, generating 
great waves upstream, with additional amplitude along the 
banks, with possible risk of overflow over the dyke crest. 
Downstream of the plant, a negative wave forms with a risk of 
draught shortage for vessels, if any. The study and the 
predictive understanding of these waves is therefore vital for 
CNR, in terms of safety. 

In 2010, a disjunction test at current flow (500 m³/s i.e. 
71% of equipment rate) was held at the Chautagne power plant 
on upper Rhone River, France. This test allowed us to obtain 
water level measurements at numerous points along the 
development. In 2013, modelling studies were conducted to 
compare simulation results with experimental data. Numerical 
modelling CRUE 1D (internal code of CNR) and TELEMAC-
2D, are able to represent the primary waves only. The 
secondary waves, called Favre waves, are also generated, due 
to the vertical acceleration. They are superimposed on the 
primary waves. These secondary waves are modelled with 
TELEMAC-3D. The results obtained, after a significant 
refinement of the mesh, are promising, nevertheless don’t 
match completely the field observations recorded during the 
test [1] (see Fig. 1). 

  
Figure 1.  Measures and calculations of wave disjunction (Chautagne 

development [1]). 
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To go further ahead, it is decided to test TELEMAC-3D by 
considering a much simpler shape in order to get rid of the 
Chautagne complex geometry. 

The MASCARET model is tested as well (developed by 
EDF), which incorporates the vertical acceleration. 

This publication presents the comparison of results of these 
two numerical models with experimental measurements on a 
rectangular scale-model channel. 

II. OBJECTIVES 

The main objective is to replicate precisely the secondary 
waves with numerical models. In this paper, numerical 
modelling is performed in a similar way as in the laboratory 
one: propagation of the secondary waves in a rectangular 
channel with variable slope. 

The advantage of a laboratory experiment is twofold: on 
the one hand, to avoid the superposition of complex hydraulic 
phenomena on an existing hydropower development (curvature 
of the channel, bathymetric variations, presence of lock, etc.), 
on the other hand to make measurements without risk for the 
actual development. 

Objectives of this study are as follows: 

 Perform measurements and initiate a database, 
regarding the secondary waves, in a simple rectangular 
channel for different slopes; 

 Achieve 1D and 3D numerical simulations and 
compare the calculations with the laboratory 
measurements; 

 Evaluate the software relevance for calculating 
rejection waves and provide recommendations to CNR 
operating department. 

III. EXPERIMENTAL TEST CASE 

A. Experimental model 

The CNR hydraulic laboratory has a rectangular channel 
whose dimensions are: 6 m long, 7.5 cm wide and 16 cm high. 
This channel is equipped with a recirculation system with 
water tank and a motorized slide valve. The channel can also 
be tilted from 0 to 4°, which allows to test different flow 
configurations. A position sensor is used to calculate the valve 
closing speed. The shutdown is total. The channel represents a 
vertical slice of flow. 

 

Figure 2.  View from downstream of experimental channel. 

B. Scenario choice 

The scenarios are determined by the following variables: 
inclination of the channel, inflow and closing speed of the 
valve. The slope must be sufficiently low so that the Froude 
number is less than 1.3. Indeed, the literature [3] indicates that 
for a Froude number greater than 1.3, there is no secondary 
wave, since the primary wave breaks. 

The slope must be similar to the Rhone one, to wit between 
0 and 0.2°, 0.3491% being chosen for the experimental 
channel. 

Experimental system does not allow a great accuracy 
(variation of two millimetres on the ruler corresponds to 0.1°). 

To optimize the understanding of the physical phenomenon 
and to define a suitable program of tests, preliminary trials are 
performed first. Tests are made with different slopes: 0°, 0.1°, 
0.2° and 0.6°, in order to highlight the slope effect. For these 
four cases, tests with six different flow rates are achieved: from 
1.6 to 10 m

3
/h (from 0.44 to 2.77 l/s).  

The model results can be interpreted at any scale. For 
example at 1/100, it represents discharges between 44 and 
278 m

3
/s, per width of 7.5 m; depth of 16 m and for an average 

width of 50 m, 296-1850 m
3
/s. Similar cases of the case quoted 

for Chautagne, would be: 

 At 1/100 for 3 l/h: 16 m water depth – 50 m average 

width 50 m - 556 m
3
/s - 1/10 scale time; 

 Also at 1/50 for 8 l/h: water depth 8m - 50m average 

width – 524 m
3
/s - 1/7 scale time. 

The tests performed on the model can therefore represent a 
wide range of real cases. 

The secondary waves hardly form for the steepest slope 
(0.6°), the flow being supercritical. Moreover, wave heights 
are similar for 0.1° and 0.2°. Finally tests are performed for 
zero and 0.2° slope only, confirming previous assumptions. 

The discharge determines the time when the waves appear. 
For low discharges, the secondary waves appear early but tend 
to fade (especially for zero slope). Otherwise, for high 
discharges, the secondary waves (amplitude h*) appear later. 

TABLE I.  EXPERIMENTAL TEST LIST 

 Scale 

Entrance discharge 1 100 

Q1 4.44.10-4 m3/s – 0.44 l/ 44.44 m3/s 

Q2 1.67.10-3 m3/s – 1.67 l/s 166.67 m3/s 

Q3 2.78.10-3 m3/s – 2.78 l/s 277.78 m3/s 

Valve closure speed 1 100 

V1 1.5.10-2    m/s - 15 cm/s  1.5 m/s 

V2 1.0.10-2   m/s - 10 cm/s 1 m/s 

V3 0.5.10-2 m/s  - 5 cm/s 0.5 m/s 

 
The closing speed of the valve is also an important factor, 

which acts on the amplitude and wave form. Indeed, faster is 
the closure, greater the primary waves are near the valve; but 
smaller the secondary waves are. 

C. Laboratory measurements 

An ultrasonic level sensor is selected, adapted for 
measurements on small height variations on a short time. 
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Direct sensor accuracy is 0.025 mm to 0.18 mm, providing in 
association with the acquisition system, a global precision 
close to 1mm. 

 

 
Figure 3.  Scheme of the experimental system and the sensors places. Plan 

view and cross section.  

D. Experimental results 

After analysing experimental results, initial assessments 
with the Favre theory [2] can be made: higher the initial water 
depth is, faster the primary wave is. 

Greater the discharge is, lower the frequency of the 
secondary wave is and it can even disappear, within the three 
closing speed performed of the valve. No secondary wave was 
observed at the downstream sensor for the speediest closing 
tests (V1 and V2). 

 

 
Figure 4.  Measured water level at the 3 sensors. 

The closing speed of the valve determines the generation of 
the secondary waves. The secondary wave appears later and 
more upstream when the closure is rapid. Experiments also 
revealed that the slope of the canal is also an important factor. 
Favre waves appear later and more upstream channel, when the 
slope is greater, with decrease of the celerity and of the 
wavelength. Consequently, following paragraphs focus on the 
case of a horizontal channel. 

IV. 1D NUMERICAL MODELING 

A. MASCARET code 

The calculations are performed using the supercritical 
kernel with 7.1.7 release (Fudaa-MASCARET 3.1.9), because 
non-hydrostatic terms are taken into account, unlike the two 
previous codes (CRUE and TELEMAC-2D).  

The numerical resolution of the software uses the Shallow 
Water Equations (SWE). As regards the specific case of the 
inclusion of non-hydrostatic terms, the software includes the 
two-dimension Euler equations. 

B. Mesh 

The channel geometry developed on the Fudaa-
MASCARET is quite simple: two nodes form a reach. 
Absolutely vertical walls are theoretically not possible. 
Nevertheless the software requires one millimetre abscissa 
shift only at the base of the channel. In order to minimise the 
bias, the scale 1 to 100 is used, consequently the width of the 
offset is 1 mm only over a width of 7.5 m. The other reason for 
this choice is the packaging recovery calculation imposed by 
Fudaa-MASCARET, implying a limitation in the number of 
significant digits. 

Cinematic similarities are needed to subsequently compare 
the results from the numerical and the physical models. 

C. Numerical settings 

Space step is 3.5 m at scale 100 and time step is 5.10
-2

 s, 
without forcing neither the implicitation kernel nor the friction. 

Calculations take into account the friction on the walls. The 
non-hydrostatic option is used. Secondary waves are then 
present by enabling this previous option, as shown in Figure 5.  

 

 
Figure 5.  Secondary wave check by 1D  non-hydrostatic assumption (at 

scale 100). 

D. Calibration 

The methodology is based on a computation, using an 
initial stabilized state. This calibration of the model is 
performed adapting the roughness coefficient on the initial 
hydraulic conditions before the disjunction. Taking into 
account the similarities of a model at scale 100, the Strickler 
coefficient is then 70 m

1/3
.s

-1
. Some discrepancies are observed 

between the calculated and measured water levels, because the 
friction and the roughness do not react in the same way 
between the numerical and the physical model. The greater 
losses of head on the scale model can be explained by the 
narrowness of the channel as well as the hydraulic conditions 
ahead. 

Pump / Flowmeter 
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Error calculations are made to determine the best 
coefficient for finding an average water level close to 
experimental tests. 

 

 
Figure 6.  Water level profiles for different Strickler coefficient values, 

compared to measurements. 

E. Results 

Despite some setting difficulties, all disjunction tests are 
calculated by a recovery calculation, imposing the inflow and 
the outflow, decreasing to zero. For low discharges and sudden 
valve closures, the model provides overestimated results, 
compared to the observations, orders of magnitude being 
however respected. Results obtained with MASCARET are 
compared to laboratory measurements hereafter: 

 

 
Figure 7.  Water levels for scenario Q2-V2 with MASCARET. 

Except downstream, the secondary waves on the model 
appear faster than ones calculated by MASCARET. On the 
model, oscillations are systematically more numerous than 
ones calculated: two oscillations only, when several are 
observed at the sensors MD and US. 

The celerity of the primary wave is slower on the model, its 
wavelength and relative amplitude (amplitude versus baseline) 
as well. 

 

 
Figure 8.  Water levels for scenario Q3-V2 with MASCARET. 

At the downstream sensor, signal is quite consistent for the 
first oscillation (Figure 8). However at the other sensors, the 
same trends are observed, i.e. fewer oscillations with 
MASCARET.  

Trends observed in other scenarios are identical to those 
presented above. In conclusion, the 1D numerical model tends 
to overestimate the magnitude of the wave once it is developed 
in the channel (upstream sensor); which is in line with the 
safety. 

F. Influence of valve closure 

During a valve closure, the discharge neither decreases 
immediately nor linearly. 2 types of valve closure are tested: 
linear and double slope (hydrograph by MASCARET). In 
summary, the type of closure has an influence on the formation 
of secondary waves. However, none of the proposed modelling 
seems the best. It would be necessary to measure the actual 
discharge passing under the gate to get the actual hydrograph 
closure, for more realistic results. 

V. 3D NUMERICAL MODELLING 

A. TELEMAC-3D code 

It is chosen to perform the calculations using TELEMAC 
V6P2 release (parallel version, 32 cores). 

Following the parameter optimization studies [1], it is 
chosen to use TELEMAC-3D non-hydrostatic release.  

B. Mesh 

Mesh is created using the MATISSE software, the 
geometry is fairly simple to generate. In contrast, 
representation of the side walls is complex: quick tests showed 
that it is not possible to consider the walls as smooth borders or 
taking into account the friction (Nikuradse law). Although 
there are limitations to the wall mesh representation (pseudo-
vertical) to the consideration of friction, this solution is used by 
checking at least 2 wet nodes on walls in the original hydraulic 
condition. 

Mesh consists of 11,091 nodes and 20,960 elements, the 
space step of about 0.01 m on the bottom of the canal and 
0.005 m on the walls. 

C. Numerical settings 

The calculation is performed by 3D recovery file from 
previous simulations (previous hydraulic parameters 
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calculated: water depth, horizontal and vertical velocities). 
Main parameters are shown in Table II. 

TABLE II.  TELEMAC-3D PARAMETERS 

Parameter Value 

COEFFICIENT FOR VERTICAL DIFFUSION OF 

VELOCITIES 
1.10-6 

COEFFICIENT FOR HORIZONTAL DIFFUSION OF 

VELOCITIES 
5.10-3 

NUMBER OF HORIZONTAL LEVELS 6 

TIME STEPS 5.10-4 s 

NON-HYDROSTATIC VERSION Yes 

DYNAMIC PRESSURE IN WAVE EQUATION Yes 

VELOCITY VERTICAL PROFILES 2 (log) 

 

The tests carried out by integrating a vertical turbulence 
model (mixing length) show no significant effect on the 
calculation of the secondary waves in the rectangular channel. 
On the channel with horizontal slope, with the flow rate Q1, 
sensitivity analyses are carried out on the number of layers, on 
the time step and on the difference between hydrostatic and 
non-hydrostatic release. This last comparison is shown in 
Figure 9. Favre waves are modelled by non-hydrostatic 
version, otherwise the primary wave only is visible.  

 
Figure 9.  Secondary wave check by 3D  non-hydrostatic assumption.  

Then a study about the number of horizontal layers is 
carried out. A high number of layers causes a lower maximum 
water depth, close to the observations made during the scoping 
tests. A lag time of around 0.1s is also noticed. In regard to the 
volume of the model with six horizontal layers (66,546 nodes, 
104,800 elements) and relative low variation of the results, it is 
chosen to adopt 6 layers.  

 
Figure 10.  Number of layers impact – water levels. 

D. Calibration 

The best calibration of the initial state is obtained by 
imposing a flow entering and water level exiting, with real 
uniform roughness (Strickler coefficient 70 m

1/3
.s

-1
) and 

6 layers. Figure 11 shows the calculated water levels and the 
data points for Q2. 

 
Figure 11.  Water level for baseline with TELEMAC-3D for scenario Q2. 

E. Results 

The results are presented on the horizontal channel. Figure 
12 shows the calculations compare to the measures in Q3-V1 
scenario. 

 
Figure 12.  Water levels for scenario Q3-V1 with TELEMAC-3D. 

Simulated and observed curves are relatively close, in 
particular for the upstream sensor. The secondary waves occur 
always earlier on the numerical model. Analysis confirms that 
wave celerity is 3% greater, its period and its wavelength as 
well. The relative amplitude calculated is very close to the 
observations at the upstream sensor (2% error), but quite 
different at the middle sensor. In all cases, the numerical model 
leads to an overestimation of the maximum amplitude reached 
by the waves, in line with the safety. 
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Figure 13.  Water levels for scenario Q3-V2 with TELEMAC-3D. 

Same trends are observed: celerity and wavelength are 
slightly greater in the numerical model. The upstream 
amplitude is well calculated and an excess response in the 
middle (same characteristics with Q3-V3 test). The conclusion 
is that TELEMAC-3D reproduces correctly the phenomenon of 
secondary waves, despite an overestimation tendency, lining 
with the safety. 

F. Influence of layer number 

In the upstream part, best results are obtained using 6 layers 
with a best relative amplitude value (wave amplitude compared 
to baseline). At the middle sensor, previous trend is not so 
obvious, the two models providing similar results. The model 
constructed with 20 layers conducts to the best results 
concerning both frequency and wavelength. For the relative 
amplitude and the celerity, which correspond to the reference 
criterion for CNR, best results are obtained with the 6 layer 
model. Consequently, the 6 layer model is largely favoured. 

 

 
Figure 14.  Number of layers impact – water levels for scenario Q3-V2. 

VI. 1D-3D COMPARISON 

While MASCARET seems more precise than TELEMAC-
3D regarding water depth and amplitude (Figures 8 and 13), 
TELEMAC-3D is more precise regarding the wave celerity, 
the frequency of the secondary waves and the number of 
oscillations. In all calculations provided by MASCARET, 
secondary wave diminishes much faster the secondary waves 
than the other code. Figures 15 - 16 show results for scenarios 
Q3 and Q3-V2-V3. 

 
Figure 15.  Water levels for scenario Q3-V2 with TELEMAC-3D and 

MASCARET. 

 
Figure 16.  Water levels for scenario Q3-V3 with TELEMAC-3D and 

MASCARET. 

VII. CONCLUSION  

As a result, 1D and 3D (with vertical acceleration) 
numerical models don’t get large differences. Compared to 
physical model measurements, discrepancies have the same 
order of magnitude. 

A more pronounced attenuation of the signal is observed 
for the 1D modelling. 

MASCARET and TELEMAC-3D overestimate the 
amplitude of the secondary waves. This is fundamental 
regarding the hydraulic safety, which leads to consider both 
models as operational for disjunction calculations. 

Compared to 3D, 1D approach is obviously easier and 
faster to implement for calculations. 

In this experimental case, the 3D code performance is far 
from having been fully used, because of the simplifying 
assumptions such as rectilinear uniform rectangular channel. 
3D calculation would undoubtedly be efficient in curves, edge 
effects and abrupt changes in geometry. These accidents are 
common for the run of the river developments. 

Headrace, channel, lock, tributaries, are also opportunities 
for the basic wave to split, to reflect and therefore to become 
more complex. Nevertheless 3D calculation time is expected to 
be enormous, therefore only some key cases should be tested; 
regarding the safety again. 

At this stage, we recommend using the 1D code for a 
simple headrace channel, but to use TELEMAC-3D for a full 
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development or a complex headrace channel. A comparative 
study would be needed on an existing Rhone River 
development (1D, 3D and measures) for different cases of 
disjunction (partial to total uncompensated). 
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Abstract:  

Numerical models are nowadays commonly used in river hydraulics as flood prevention tools. Computed results 
have to be compared to field data in order to ascertain their reliability in operational conditions. This process, referred 
to as operational validation, includes the model calibration task. Calibration aims at simulating reference events as 
accurately as possible by adjusting some physically based parameters. Any project using a model should include a 
calibration phase. For a 1D hydrodynamic model based on the Saint-Venant’s equations, one may adjust the 
roughness coefficients. This step requires time during the hydraulic modeling study. 

With the help of Automatic Differentiation providing derivatives of hydraulic state in regard of roughness 
coefficient, a minimisation approach has been adopted to calibrate automatically the 1D hydraulic model 
MASCARET. The algorithm combines mathematical information contained in hydraulic model and the physical 
information from observations of known events in order to find the values of roughness coefficients which are the 
best to calibrate the model. The methodology used to develop the automatic calibration tool will be presented and 
discussed at the TELEMAC User Club. 
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Abstract: 

Multi-dimensional numerical modelling of hydrodynamic and morphodynamic processes is widely used in river 
engineering. Nevertheless the modellers need to have base knowledge of the physical phenomena and good expertise 
in numerical modelling. Due to inconsistent, uncertain or even missing input data and insufficient numerical 
reproduction of the significant physical processes data assimilation and calibration must enhance the modelling. For 
multi-dimensional modelling with a lot of input parameters this part of the modelling needs much experience and 
time.  

Automatic calibration promises better and faster results especially for less experienced users. Gradients of all 
uncertain parameters due to the command variables form the basis. These gradients can be calculated very efficiently 
and accurate with the so called adjoint mode of a simulation program. With help of algorithmic differentiation (AD) 
an adjoint version of TELEMAC were developed by STCE, RWTH Aachen in the last years. The gradients were used 
by some reasonable optimization algorithms (line search algorithms) for automatic calibration of various input 
parameters.  

Six different optimization algorithms were tried for some flume applications and a river application. One to 72 
different input parameters could be calibrated automatically and synchronously. The needed time or the number of 
iterations for the optimization process is dependent to the optimization algorithm, the target function, the initial values 
and the significance of the input parameter. In all applications three of the optimization algorithms (SLSQP, TNC and 
BFGS) achieve good and fast results. All of them can be used with given limits, which helps in case of TNC, but not 
necessarily for the others, especially if (as usual) the initial value is not so far from the final value. Furthermore, 
defining the target function is of great importance, as there a weighting between the different input parameters as well 
as between different measurements are done. Not well balanced target functions could lead to non-solvable 
optimization duties. Problems occur, if the measurements for comparison contain great inconsistences, so no solution 
can be found, or if the input parameter is (at some areas) not sensitive and the command variables cannot be reached.  
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Abstract—A review of the literature shows that most model 

calibrations involve the adjustment of the bottom friction 

coefficient to minimise the error between predicted and 

measured tidal elevations. In this study, an alternative 

procedure is adopted when calibrating a Telemac2D model 

covering an area on the Eastern coast of Ireland. The model is 

forced with eight principal tidal constituents derived from the 

MIKE 21 global model.  It is calibrated separately for the two 

principal constituents, M2 and S2. The field data comprises 

tidal elevations recorded at five locations over a full lunar cycle 

in October 1998 and Spring and Neap current data.  

At each node on the open boundary, the M2 amplitude 

supplied by Mike21 is adjusted by one of five possible 

amplitude multipliers (0.8,0.9,1.0,1.1,1.2) while the phase is 

shifted by eight possible values (-15°,-10°,-5°,0°,+5°, 

10°,15°,20°). An amplitude multiplier of 1.05 and phase shift of 

12.5° corresponding to the lowest error is determined by 

plotting the minimum error for a total of 40 simulations. The 

S2 tide calibration also requires 40 simulations. 

Alternative strategies are investigated to reduce the total 

number of simulations. The application of the method of 

steepest descent reduces the number of required simulations to 

eleven. 

In another approach, the amplitude modifier and the phase 

shift can be calibrated separately as it is shown that the 

amplitude modifier had minimal effect on the phases and the 

phase shift has negligible effect on the amplitudes. The 

calibration requires just five simulations to find the optimum 

amplitude multiplier and eight for the optimum phase shift. 

The friction parameter is calibrated separately using measured 

Spring and Neap tidal currents. 

I. INTRODUCTION 

The objective of a hydrodynamic modelling study is to 
predict the tidal elevations and currents as accurately as 
possible at regions of interest within the model domain such 
as estuaries or coastal areas. The common components of a 
model are the bathymetry, the bottom friction model and its 
selected value(s), the turbulent viscosity model and its 
selected value(s) and the application of tidal elevations or 
currents (or both together) at the open boundaries to force the 
model. Each one of these model inputs can have an impact 
on the accuracy of the model predictions. 

A. Bathymetry 

Bathymetric data may be derived from many sources. 
Digital data derived from Admiralty Charts can be sourced 
from a number of commercial companies such as the 
SeaZone division of HR Wallingford or the charts can be 
digitised directly. In some cases, these charts are outdated as 
a significant time has elapsed since the underlying 
hydrographic studies were undertaken. In Ireland, large 
sections of the seabed around the coast and in the Atlantic 
Ocean have been recently mapped as part of the ongoing 
INFOMAR programme (‘INtegrated Mapping FOr the 
Sustainable Development of Ireland’s MArine Resources’), 
jointly administered by the Geographical Survey of Ireland 
and the Marine Institute. This program aims to create a range 
of integrated mapping products of the physical, chemical and 
biological features of the seabed in the near-shore area. The 
necessity to invest time and effort into ensuring the accuracy 
of the bathymetry is emphasized by Bourban et al. [4] who 
state that “Based on experience with hydrodynamic models, 
the parameter with the most impact on model results is the 
bathymetry”. 

B. Friction 

In the aforementioned study which describes the 
development and calibration of a large scale coastal shelf 
model of Northern European waters, the conclusion is 
reached that while the particular formulation of bottom 
friction is not important, the predicted water levels and 
current speeds depend significantly upon the value of the 
parameter applied. Also, the current speeds in some locations 
are dependent on the value of the turbulence viscosity. In 
estuaries, a common feature is the energy dissipation due to 
friction as waves travel landward from the lagoon mouth. In 
their model of the Ria de Aveiro lagoon located in the 
northwest of Portugal, Dias and Lopez [10] found that the 
magnitude of the bottom friction is a major influence on the 
tidal range variation due to its complex geometry, 
characterised by narrow channels and large areas of mud flats 
and salt marshes. 

C. Boundary Conditions 

A Telemac model is driven by applying time histories of 
tidal elevations or currents (or a combination of these) at the 
seaward boundaries. While in some cases, measured data is 
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used, most models are essentially nested models in which the 
open boundary data is supplied from a coarser model 
covering a larger area. The Extended Dublin Bay model 
developed by Hussey [12] was driven using six primary tidal 
constituents supplied by the Delft Irish Sea model. The 
accuracy of this data close to the Irish coast was uncertain as 
the model was calibrated using a large number of tidal 
gauges on the western coast of the United Kingdom. Tidal 
constituents were supplied at 24 points along the seaward 
boundaries of the refined model and linear interpolation was 
used for the intermediate points. 

More recently, tidal data can be sourced from global tidal 
models such GOT4.7, FES2012, EOT10a, TPXO7.2, 
HAMTIDE and the DTU10 model developed at the 
Technical University of Denmark [6]. These models have a 
RMS (root mean square error) accuracy of less than 3 cm in 
the open ocean [1]. In many cases, these models are based on 
satellite data from the TOPEX/Poseidon (Jason 1 and Jason 
2) programmes. The global models are reported to be far less 
accurate in coastal areas with shallower waters. In a paper 
outlining the development of the DTU10 model, a RMS of 
1.23cm was calculated for the model output when compared 
to an ocean data set comprising 102 gauges in deep water. A 
much larger value of 12.58cm was calculated when the 
output was compared to a set of 195 gauges (primarily 
coastal) covering the northwest European shelf region [6]. 

D. Numerical Errors 

Numerical errors associated with the modelling process 
itself must also be considered. Simplifying assumptions are 
made in the derivation of the depth-averaged Saint Venant’s 
equations solved in Telemac2D. In general, numerical 
schemes tend to introduce artificial numerical diffusion while 
the choice of the element size is linked to discretisation 
errors.  

II. REVIEW OF CALIBRATION METHODS 

It is within the context that there are multiple sources of 
modelling error that the calibration process must be 
considered. Model calibration is a process in which any of 
the model inputs discussed above can be modified to reduce 
the variances between model predictions and field 
measurements of surface elevations and current velocities. 
The modeller should always critically evaluate the field 
measurements as inaccuracies are possible.  

The field data are most beneficial when the measuring 
stations are well dispersed over the geological spread of the 
domain. Ideally, the calibration should be achieved while 
avoiding unrealistic values of parameters. The calibration 
methods and the number and type of measurement gauges 
employed in fifteen modelling studies are listed in Table 1. 
The review clearly indicates that the adjustment of the 
bottom friction parameter is the most common method. 

TABLE I.  PAPER REVIEW OF CALIBRATION METHODS 

Paper Calibration Method Gauges 

Bedri [2] Chezy Value 5 tidal 
8 velocity 

Blumberg [3] Adjusting inverse shoaling 
coefficient, the sub-grid scale 
horizontal mixing coefficient 
and bottom frictional drag 
coefficient   

14 tidal 
6 velocity 
35 salinity 
35 temp. 

Bourban [4] Bed friction parameter, 
globally and locally 
Turbulent viscosity 

65 tidal 

Cawley [5] Manning’s n  

Cornett [7] Strickler’s roughness 
coefficient  

2 tidal 

Dias [9] Depth dependent Manning’s n 22 tidal 

Giardino [11] Bottom friction parameter  2 tidal 
4 velocity 

Hussey [12] Calibrated elevations by 
adjusting the harmonic 
constants at the open 
boundaries and calibrated 
velocities by adjusting a depth 
dependent Manning’s n value.  

5 tidal 
8 velocity 

Huybrechts [13] Strickler’s roughness 
coefficient 

2 tidal 

McAlpin [16] Global Manning’s n value of 
0.023 

2 tidal 

Nguyen [17] Adjustment of the turbulent 
viscosity and uniform Chézy 
coefficient.  

14 tidal 

Pasquale [18] Remote sensing imagery. N/A 

Picado [19] Depth dependent Manning’s n, 
0.042 @-2m to 0.015 @ 10m  

14 tidal 

Sousa [20] Adjustment of bottom friction 
coefficient 

17 tidal 

Umgiesser [21]  Strickler’s roughness 
coefficient 

12 tidal 

 
There is a possibility that the adjustment of friction 

coefficient values locally in order to manipulate the model 
outputs can cause artificially distorted or unnatural results at 
other locations in the models domain [17]. It is important to 
preserve as much of the natural characteristics of the model 
domain as possible in order to reproduce a model that is as 
environmentally accurate as it is numerically accurate. In 
some cases a friction coefficient can be chosen that is either 
higher or lower than the natural bottom stress actually acting 
on the wave. It is possible that part of this change in 
coefficient has some physical meaning elsewhere in the 
model. An error elsewhere in the model could be shielded by 
an adjusted friction coefficient [13]. For example the use of 
recent sea surface elevations being used during calibration, 
when the source used to obtain the bathymetry of a model 
may be outdated. 

The approach taken in the Extended Dublin Bay model 
was to first calibrate the tidal elevations by adjusting the 
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open boundary conditions and then to calibrate the velocities 
by adjusting a depth dependent Manning’s n-value [12]. The 
calibrated tidal constituents from this study were used to 
force a Telemac-2D model of the same model domain which 
was developed to provide boundary conditions for a nested 
TELEMAC3D model of Dublin Bay, the boundary of which 
is shown in Fig. 1 [2]. The velocities in the Telemac2D 
model were calibrated by adjusting the Chezy value, yielding 
a value 50m

½
/s. 

III. EAST COAST MODEL 

A. Model Domain 

As part of an INTERREG IV study (Ireland and Wales) 
investigating the Dargle Basin catchment area in County 
Wicklow, a coastal model incorporating the town of Bray in 
north Wicklow was required. As the existing Extended 
Dublin Bay model had to be extended southwards, it was 
decided at this stage to also expand it northwards and 
eastwards out to sea to incorporate other regions of interest. 
The model spans from Skerries in North Dublin down as far 
as Wicklow Head. The mesh shown with depths in Fig. 2 has 
43,896 nodes. 

 
Figure 1.  Extended Dublin Bay Model 

 

 
Figure 2.  Mesh and Bathymetry of East Coast Model 

 

B. Field Measurements 

The field data used for comparison purposes consists of 
the surface elevations at five locations (A to E on Fig 3) and 
current measurements at eight locations (1 to 8 on Fig. 3). 
The black box in Fig. 2 marks the location of the gauges 
detailed in Fig. 3. It shows how they are concentrated around 
Dublin Bay and Howth. A better geographical spread of 
gauges is preferable. 

1) Tidal Elevations 
The tide at the Kish lighthouse (E) was recorded over a 

full lunar cycle between the 29th September and the 31st 
October in 1989 by Irish Hydrodata Ltd. An Aanderaa Water 
Level Sensor was placed on the western side of the Kish 
lighthouse and a harmonic analysis was performed on the 
recorded time series to extract the tidal constituents [15]. In 
addition, the tidal constituents were extracted using harmonic 
analysis of the data recorded during the same period at the 
four fixed tidal gauges at North Wall (A), North Bank 
Lighthouse (B), Dun Laoghaire (C) and Howth Harbour (D).  

2) Tidal Currents 
Tidal currents are available at eight locations. Irish 

Hydrodata Ltd carried out a survey as part of the Howth 
Outfall Study [14]. Current speeds and directions were 
recorded at five depths (0.1, 0.3 0.5, 0.7 and 0.9 of the water 
depth) at four locations in the Howth area. The 
measurements were recorded for full neap and spring (or mid 
spring) tidal cycles. The four locations are numbered 1 to 4 in 
Fig. 3.  

A set of current measurements were recorded at four 
locations in Dublin Bay in an earlier environmental study 
conducted by the University of Wales between 1972 and 
1976 [8]. Two current measurements were recorded at each 
location, one 3.05m above the seabed and the other 3.05m 
below the surface. In most cases, the surveys spanned a full 
tidal cycle. These are numbered 5 to 8 in Fig. 3. 
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Figure 3.  Location of Field Measurement Gauges 

C. Boundary Conditions 

The predominant tidal constituents in the Irish Sea are the 
M2, S2, N2, K2 semi-diurnal tides and the diurnal K1, O1, 
P1 and Q1 tides. These are interpolated from the Mike 21 
global model along the open boundaries for the period of 
October 1998 corresponding to the measured elevations. The 
Mike 21 model is based on the DTU10 model discussed 
previously. A Thompson boundary is applied to the 
boundaries to allow outgoing waves noise to propagate freely 
out through the boundary. 

IV. CALIBRATION -BULK SEARCH ALGORITHM 

In the section on the calibration of the Extended Dublin 
Bay model, it is concluded that “the tidal constituents used in 
the model are independent of each other”. For the model in 
this study, this enables the M2 and S2 tides to be calibrated 
separately, resulting in the need to run just two to three tidal 
cycles for each model run. The first model run uses the M2 
tidal constituents interpolated from Mike 21 at each point on 
the open boundary. The accuracy of the model is quantified 
by calculating the root mean square error as the normalised 
sum of the square of the differences between time series of 
the predicted and measured elevations (sampled at fifteen 
minute intervals). The objective function is defined as the 
sum of the RMS values for the five tidal gauges. 

     {
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For each model run in the calibration process, the 
amplitude at all nodes on the open boundary is multiplied by 
a single amplitude multiplier, the phase is increased (or 
decreased) by a single phase shift and the resultant objective 
function is calculated. In the bulk search algorithm, the 
model is rerun for the full set of possible combinations where 
the amplitude multiplier ranges from 0.8 to 1.2 in intervals of 
0.1 and the phase shift ranges from -15° to +15° in intervals 
of 5°. This requires 35 model runs in total and yields the 
response surface of the objective function shown in Fig. 4. 
The zone containing the minimum objective function is 
visually identified and further model runs can be performed 
with reduced intervals for the amplitude multiplier interval 
and the phase shift. For this model, a minimum for the 

objective function was found for an amplitude multiplier of 
1.05 and a phase shift of 12.5°. 

 
Figure 4.  Variation of normalised error between the model and field 

measurements with amplitude multiplier and phase shift 

V. OPTIMISATION OF CALIBRATION PROCEDURE 

The bulk search calibration procedure resulted in a 
significant improvement between the model elevations and 
the field measurements. As the number of model runs was 
very time-consuming, it was decided to investigate various 
optimisation methods to expedite the process for future 
studies. 

A. Principle of Superposition 

The strategy of calibrating the tidal constituents 
separately is only valid if the tidal elevation can be treated as 
a linear combination of the different tidal constituents. In 
order to validate this assumption, the model is run for a full 
lunar cycle with tidal forcing using all eight tidal 
constituents. The output from this is compared with the sum 
of the output from eight separate model runs, each one forced 
individually by a single constituent. The comparisons at Dun 
Laoghaire (Fig. 5) and at an arbitrary shallow point in Dublin 
Bay (Fig. 6) indicate that the assumption appears to be valid 
for this particular model domain. 

 

Figure 5.  Principle of superposition at Dun Laoghaire 
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Figure 6.  Principle of superposition at arbitrary shallow point in Dublin 

Bay 

B. Steepest Descent Algorithm 

The steepest descent method is a first order gradient 
based optimisation technique. In this study, this method is 
tested using the results from the bulk search calibration with 
the aim of reducing the number of model runs necessary to 
find the minimum root mean square error for the M2 tide. 
The procedure involves computing a path of steepest descent 
towards the point of minimum response and is carried out by 
following the path of maximum decrease from each point. 

 

 
Figure 7.  Calibration using the Steepest Descent Method 

The response surface is a three-dimensional plot with the 
x and y axes corresponding to the amplitude multiplier and 
the phase shift respectively arranged on a regular orthogonal 

grid. The “starter” model driven by the Mike 21 constituents 
is located at the centre of this grid with the amplitude 
multiplier/phase shift combination of (1.0, 0°). In the first 
stage of the steepest descent method, this model is run along 
with the four models directly around it (shown as squares in 
Fig. 7). The model (1.0, +5°) is marked with an X in Fig. 7 
indicating that it has the smallest error. The models executed 
in the second (triangles) and third (circles) stages are also 
shown in the figure. Eleven simulations are required to arrive 
at the same response minimum that was determined by the 
bulk search algorithm using 35 model runs.  

The response minimum can be located more precisely by 
continuing the process from the point (1.0, +10°) with 
smaller intervals for the amplitude multiplier and the phase 
shift. 

C. Independent Calibration of Amplitudes and Phases 

In the Extended Dublin Bay Model study, the author also 
states that “The most important conclusion to be drawn from 
this study is that, to a large degree, the amplitude and lag of a 
particular tide are propagated independently in open water by 
the numerical scheme” [12]. In effect, the predicted M2 
amplitudes within the model should only depend on the open 
boundary M2 amplitudes and the predicted phases are only 
dependent on the applied phases. In order to test this 
proposition, the facility in Telemac2D to calculate and output 
the tidal constituents at specified locations is used.  

The results of the bulk search calibration are analysed to 
test this proposition. For each model run, the percentage 
difference between the predicted and measured M2 
amplitudes is calculated at each of the five locations. The 
sum of these is plotted against the amplitude multiplier for 
the seven different phase shifts in Fig. 8. It is clear from the 
figure that the amplitude is independent of the phase of the 
applied constituent. The minimum percentage error is 
approximately 0.05 for an amplitude multiplier of 1.05. The 
corresponding plot for the phases, Fig. 9, clearly indicates 
that the phases are independent of the applied amplitudes. 
The minimum percentage error is 0.002 for a value of 15° for 
the phase shift. 

Table II shows the comparison between field 
measurements and the results of the model forced by the 
calibrated M2 and S2 constituents and the other un-calibrated 
Mike 21 constituents. The largest phase difference of 12.8° 
corresponding to 26.4 minutes in real time is calculated at 
Howth. There is a possible error in this data as a different 
analytical method was used for the harmonic analysis of the 
recorded time series [11]. 

Fig. 9 and Fig. 11 show the results for the calibration 
without Howth. While there is negligible difference in the 
amplitude plot, the error in the phases reduces to 0.00015 for 
a phase shift of 10.5°. It shows the importance of checking 
the field data upon which the calibration is based. 
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Figure 8.  Variation of % difference with amplitude multiplier 

 
Figure 9.  Variation of % difference with amplitude multiplier without 

Howth data 

TABLE II.  DIFFERENCES BETWEEN MODEL PREDICTIONS 

(USING CALIBRATED M2 AND S2 TIDES) AND FIELD 

MEASUREMENTS 

 

No

rth 

Wall 

No

rth 

Bank 

Kis

h 

Dun 

Laoghaire 

Ho

wth 

Ampli

tude m m m m m 

Field 1.261 1.302 1.252 1.305 1.434 

Model 1.360 1.366 1.346 1.347 1.441 

Difference 0.099 0.064 0.094 0.042 0.007 

Phase ° ° ° ° ° 

Field 326.8 324.8 322.0 327.4 343.3 

Model 329.6 330.2 328.5 329.4 330.5 

Difference 2.8 5.3 6.5 2.0 12.8 

 

 
Figure 10.  Variation of % difference with phase shift 

 
Figure 11.  Variation of % difference with phase shift without Howth Data 

D. Calibration of Velocities using Friction Parameter 

In the extended Dublin Bay model study, the variation of 
the bottom friction was found to have a minimal effect on the 
surface elevations [14]. It must be noted that this is different 
to the findings of Bourban et al [4], possibly due to the 
smaller area covered by the East Coast model in comparison 
to the Coastal Shelf model. In order to assess its effect on the 
velocities in the current study, two more models were run 
using the calibrated boundary conditions with Chezy values 
of 30 m

½
/s and 70 m

½
/s. The comparison of the velocities for 

the three Chezy values of 30 m
½
/s, 50 m

½
/s and 70 m

½
/s is 

shown at Stations 1 and 8. At Station 1, the amplitudes and 
phases of the tidal current vary significantly and the flow is 
faster for higher values of the friction parameter. The general 
direction of the flow pattern is similar for all values of the 
friction. This effect is similar at many of the other stations. 
The value giving the best fit varies with each station. Stations 
5 and 7 are closest a value of 30m

½
/s, Stations 1 and 4 fit best 

with a value of 50m
½
/s and stations 3,6 and 8 fit best with the 

highest value of 70m
½
/s (the results at station 2 are 

inconclusive). 
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Figure 12.  Amplitudes of Tidal Currents at Station 1 

 
Figure 13.  Directions of Tidal Currents at Station 1 

 
Figure 14.  Amplitudes of Tidal Currents at Station 8 

 
Figure 15.  Directions of Tidal Currents at Station 8 

VI. CONCLUSIONS 

The calibration undertaken using the bulk search 
algorithm resulted in a significant improvement between the 
tidal elevations measured at five locations and the 
corresponding model predictions at five locations within the 
model domain. 

The principle of superposition test indicated that it is 
valid to assume that for this particular model domain, the 
constituents could be treated separately. Many other studies 
would indicate that this assumption is invalid and that tidal 
constituents interact with each other and with the shallow 
bathymetry. It may that it is only valid for a model domain 
like this one with large areas of open sea and relatively 
simple gradually sloping estuaries [1]. Further investigation 
is needed. 

The assumption that they can be treated independently 
facilitates a large reduction in the simulation time as only a 
few tidal cycles are needed for each model run.  

The steepest descent method proves to be very useful as it 
reduces the number of model runs to eleven. However, more 
runs are needed to zone in on the minimum error. 

The final method which calibrates the amplitude and 
phase independently appears to be very promising and 
requires less runs than the steepest descent method to 
accurately locate the amplitude multiplier and phase shift 
resulting in the minimum error. 

It is proposed to apply the method again using a new set 
of field measurements with an improved geographical 
spread.  
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Abstract—Flow around a circular cylinder in laboratory scale 

is simulated by coastal model TELEMAC3D. The aim of this 

paper is to investigate the performance and accuracy of 

TELEMAC3D, hydrostatic mode, at laboratory scale. The 

model is tested on both smooth bed and rough bed conditions. 

The turbulence characteristics are modelled using Large Eddy 

Simulation and the Smagorinsky sub-grid scale model. The 

model results, including velocity profiles and the Strouhal 

number are compared with experimental data. Three different 

mesh sizes are used in these tests. According to the comparison, 

the finest mesh gives a better agreement of the model exhibiting 

the right trend in the wake part, comparing to the 

experimental data. 

I. INTRODUCTION 

With the repaid expansion of offshore wind farm 
industry, it has become important to the coastal engineers to 
be able to predict the impact of array of monopiles on 
offshore waves, tides and sediment transport. Traditionally, 
due to the small diameter of the single monopile (~5-10m) 
comparing with the mesh size in the coastal engineering 
model (~100m), these cylinder-like structures are treated as 
sub-grid features and represented simply as enhanced 
roughness. In recent years, benefiting from the increase of 
computing power, access to High End machines and flexible 
mesh system, the computational resolution in these coastal 
models has demonstrated that it is able to account for the 
cylinders, which means that is it possible to represent the 
offshore turbine foundations directly. The present study 
therefore aims at exploring the potential of an existing 
coastal model system, TELEMAC3D to simulate the flow 
around a single cylinder with various settings, in its 
hydrostatic mode.   

In the last decade, many successful studies have been 
carried out using CFD models to simulate flow around 
cylinders at laboratory scale. Roulund et al. [1], for instance 
numerically simulated a flow around a circular pile at 

laboratory scale, using EllipSys3d. Their results were fairly 
good in comparison to experimental data. However 
application of coastal and ocean models at laboratory scale is 
still limited. Apart from the difficulty of resolving 
hydrodynamics around structures, accurately modeling 
turbulence with these coastal models is also often proven to 
be questionable. Therefore the accuracy of the coastal model 
in the simulation of such complex flow condition is always 
one of the main users’ focuses. 

TELEMAC [2, 3], as an efficient hydrodynamics suite, 
has been widely used in coastal engineering community. In 
the author’s previous work to be published in [4], the flow 
around offshore wind farms was simulated using 
TELEMAC3D with the Large-Eddy Simulation (LES) 
closure. The results suggest that TELEMAC3D is capable of 
reproducing complex flow reasonably well with high grid 
resolution around the individual structure. However due to a 
lack of experimental data in the test domain, the accuracy of 
the numerical model is questionable. 

The main objective of the present work therefore is to use 
TELEMAC3D to simulate the flow around a circular 
cylinder at laboratory scale and, to examine potential factors 
that might influence the results. In this work, sensitivity 
simulations are performed using several 2-D horizontal mesh 
sizes and number of vertical layers. The model is tested in 
both smooth and rough bed conditions and turbulence is 
modeled by the LES closure. In the end the numerical results 
are benchmarked with the experiment made by Roulund et al. 
[1]. 

II. NUMERICAL METHOD 

A.  Governing equations 

An open source, TELEMAC3D, was used to simulate the 
flow around a circular cylinder. TELEMAC3D is a three-
dimensional computational code describing the 3D velocity 

mailto:yue.yin@stfc.ac.uk
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field (u, v, w) and the water depth h (and, from the bottom 
depth, the free surface S) at each time step. In this work the 
hydrostatic approximation is used at laboratory scale, as it is 
going be used later at field scale, because the simulations 
would be too computationally demanding otherwise. 

B. Turbulence models 

In this study, the LES closure with Smagorinsky sub-grid 
scheme has been selected as the turbulence model for the 
horizontal directions. Smagorinski [5]’s idea is to add to the 
molecular viscosity a turbulent viscosity deduced from a 
mixing length model. This mixing length corresponds to the 
size of the vortices smaller than that of the mesh size.  

      
   √        

where    is a dimensionless coefficient to be calibrated 
and ∆ is the mesh size derived in 2D or 3D from the surface 
or from the volume of the element. The values of    is set to 
0.1 for canal condition. 

A mixing-length model is used as the turbulence model 
for the vertical direction. This model, proposed by [6] gives 
the value of the viscosity coefficient as: 

      
 
√        

where     is the strain rate tensor of average motion, with: 
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   is the “mixing length” parameter equal to kz at a 
distance z from the wall, and k=0.41 (von Karman constant), 
till the size of eddies is no longer influenced by the bottom 
and remains constant. 

The velocity profile can be influenced by the boundary 
layer which is above the bottom or in the vicinity of walls. 
The important parameters are the shear velocity, defined by 
          and the dimensionless distance to the wall or 

bottom    
   

 
, where y is the distance to the wall or 

bottom. In this study, the average    on the bottom and wall 
are 130 and 240 respectively, which stats that boundary 
layers are in the logarithmic range. In this condition, the 
turbulent viscosity is then written as        . The velocity 
profile takes the following form: 

For hydraulically smooth flow: 
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For hydraulically rough flow: 

 
 

   
 

 
  (

   

  
)  

 

 
  (

 

  
)       

where k =0.41 (von Karman constant) and    is the 
roughness size. 

 

C. Boundary conditions 

The boundaries of the computational domain include 
inlet, outlet and walls. 

1) Inlet: At the inlet, flow rate Q was specified. The 

value of Q was calculated by the horizontal velocity, which 

following similar flow settings in the Roulund’s experiment. 

2) Outlet: At the outlet, prescribed elevations was given. 

3) Walls: The walls of flume and pile were set as solid 

wall. Sidewall friction was not applied in this study, 

therefore all walls are smooth. For bottom, both smooth bed 

and rough bed conditions are considered. 

D. Computational mesh 

The computational mesh was generated by software 
Bluekenue. Following the experimental setup in Roulund et 
al. [1], the simulation domain as shown in Fig. 1 is set to be 
50 m long by 4 m wide. The bed is assumed to be flat with a 
constant depth of 0.54 m. A cylinder with diameter of 0.53 m 
is placed at 13 m downstream of the inlet. An initial mesh, 
called mesh1 is generated using 47,546 triangle elements in 
the 2-D horizontal plane and 20 non-equally distributed 
vertical layers across the water depth. Subsequently, mesh2 
and mesh3 are obtained by refining mesh1 up to 91,628 
elements and 282,740 elements separately in 2-D by mesh 
multiplication.  

 

Figure 1.  Geometry of the computed domain 

E. Model setup 

Two conditions from the experiment in [1] are used for 
the model testing, one for a smooth bed and the other for a 
rough bed. In both cases, the simulations are carried out at 
Re=1.7×105, with inlet velocity U = 0.326 m/s. The time step 
of 0.01 s is chosen to keep the maximum Courant number 
below 0.8. The Courant number is defined as (6) 

    
  

  
 

where U is the depth-mean flow velocity and    is the 
smallest mesh size. 

In rough bed simulations, the bottom friction was 
modelled by Nikuradse law and the friction coefficient ks is 
set to 0.01. 

III. MODEL RESULTS 

To test the model’s sensitivity to the mesh resolution, 
computations have been performed with three different size 
meshes, i.e. mesh1 has 47,546 2-D triangular elements, 
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mesh2 91,628 2-D triangular elements and mesh3 282,740 2-
D triangular elements. All three meshes deal with 20 
horizontal layers unevenly distributed. 

A. Mean velocity analysis (smooth bed) 

 
Figure 2.  Instantaneous velocity field around a circular pile in a flume 

(smooth bed test). a) mesh1, b) mesh2, c) mesh3 

The images in Fig. 2 illustrate the instantaneous velocity 
distribution around a circular pile for the smooth bed test 
using three different meshes. In all three test cases, similar 
flow patterns can be found with a decrease in velocity in the 
wake of the pile and flow acceleration at the side of the pile. 
However it is obvious that the wake obtained by mesh1 is 
much longer than the wake in mesh3. The wake in mesh2 is 
about half of mesh3 wake length. The vortex shedding is 
clearly noticeable in both mesh2 and mesh3 results, although 
the vortex size seems much smaller in mesh3. 

In order to get details of the mean flow, the instantaneous 
velocities are averaged over 10,000 time steps after ensuring 
flow development.  

 

Figure 3.  Mean horizontal velocity component obtained by LES using 

different mesh size (smooth bed test) 

Fig. 3 compares the mean horizontal velocity profiles 
over the central cross section with different mesh sizes for 
the smooth bed test. The red dots denote the experimental 
data obtained by Roulound et al. [1]. Black, red and blue 
curve represent the numerical results obtained from mesh1, 
mesh2 and mesh3 respectively. It is clear that, the three 
computed velocity profiles in front of the circular cylinder 
show a very good agreement with experimental data. Flow 
speed reduced from 0.36 m/s at inlet boundary to 0 m/s at the 

cylinder wall. However, in the wake area behind the structure 
the 3 cases clearly deviate from each other. Although the 
three results all show flow recovery, the length of the 
recovery is very different.   

 

Figure 4.  Mean horizontal velocity in the plane of symmetry at different 

distances from the bed. Smooth rigid bed with mesh3 

Fig. 4 compares the computed mean horizontal velocity 
distributions with experimental data for different layers for 
mesh3 case for the smooth bed condition. Generally, the 
velocity profile in front of cylinder shows a good agreement 
in comparison with the experimental data. Small deviations 
can be found in the area which is close to the structure. At the 
layer Z=-0.44 m, the flow velocity decreases slightly faster 
than for the experimental data. At the layer Z=-0.49 m , the 
minimum flow speed in experiment is around 0 m/s, however 
in the numerical models, velocities reduce to negative values 
first and then recover to 0 m/s at the wall of the cylinder. At 
the layers Z= -0.52 m and -0.53 m, negative velocities are 
both found in numerical and experimental data.  In the wake 
part, at the layer Z= -0.34 m the minimum flow velocity of 
numerical model doesn't reach to the peak of experimental 
data. At the layer Z= -0.44 m the minimum flow velocity of 
numerical model is close to the peak of experimental data but 
small difference can still be found. At the layers Z= -0.49 m, 
-0.52 m and -0.53 m, the minimum flow velocity of the 
numerical model is over- predicted. Although in the wake 
part the length the of wake is over-estimated, the tendency of 
the flow recovery behind the structure still shows a 
reasonable agreement. At the layer Z = = -0.34 m, -0.44 m 
and -0.49 m, both numerical model and experimental data 
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show a down and up trend. At the layer Z = -0.52 m and 0.53 
m, experimental data shows a significant feature that flow 
velocity slightly increases before reducing to negative values, 
then recover to outlet speed, which is represented by 
numerical model. 

The type and size of elements used for mesh3 are 
definitely required to get a good description of the flow and 
even using TELEMAC3D in hydrostatic mode shows very 
good results in this case compared to the experiment. 

B. Mean velocity analysis (rough bed) 

An analysis is now conducted when a rough bed is used. 

 

 

 

 

 

 
Figure 5.  Mean horizontal velocity in the plane of symmetry at different 

distances from the bed. Rough rigid bed with mesh3 

Fig. 5 shows mean horizontal velocity distributions 
obtained for a rough bed test using mesh3 2-D triangular 
element distribution with several vertical layer distributions. 
The mean velocity profile in front of the cylinder shows a 
good agreement with the experimental data, which is also 
observed for the smooth bed test case. However in layers Z = 
-0.517 m and -0.527 m, the mean velocities are slightly 
under-estimated by numerical model. In the wake part, the 
minimum mean velocities are close to the peak of the 
experimental data, but the wake length is still over-predicted. 
In the numerical models, it takes longer for the flow to 

recover to the previous flow. The difference in wake length 
between numerical model and experimental data reduces 
from the surface layer to the bottom layer and a much closer 
agreement can be found between the model prediction and 
laboratory data. 

C. Strouhal number (smooth bed) 

As the flow is oscillatory, it is also crucial to know if its 
period is well predicted by TELEMAC3D. 

 
Figure 6.   Time evolutions of the instantaneous depth-averaged velocity at 

point A (x=2, y=0.5D), obtained by smooth bed test with mesh3 

Fig. 6 represents the time evolutions of the instantaneous 
depth-averaged velocity at point A, which is located at (2.0, 
0.5D). Strong fluctuating velocities can be found in the test 
with mesh3. 

 
Figure 7.  Strouhal number with different mesh size, obtained by smooth 

bed test 

Fig. 7 compares the Strouhal number (St) for the three 
different mesh sizes based on the smooth bed tests. The 
Strouhal number (St) represents a normalised value of 
shedding frequency (see 5), where f is the shedding 
frequency in Hz, D is hydraulic diameter and U is the depth-
mean flow velocity. 

    
  

 
 

In this study, time step is set to 0.01 s and print-out period 
is set to 100 time steps. Therefore,  1 Hz is taken into 
consideration when calculating the shedding frequency. 

Z=-0.047 

Z=-0.247 

Z=-0.447 

Z=-0.517 

Z=-0.527 

Mesh_1 

Mesh_2 
Mesh_3 
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Comparisons for the Strouhal number were not available 
for the exact same flow as aforementioned. However, 
Stringer et al. [7] compared the Strouhal number at different 
Reynolds numbers ranking from 40 to 106 for the flow 
around an infinite cylinder (different from the current 
configuration which is similar to a flow around a cantilever). 
According to their study, St should be of the order of 0.25 at 
Re =1.8×105. The Strouhal number in the current study 
varies from 0.165 to 0.237 for the largest mesh. In 
consideration of numerical error, the finest mesh shows a 
good agreement oofvortex shedding frequency and 
Richardson extrapolation would exhibit a Strouhal number of 
about 0.29, which is close to what Stringer et al. observed. 

IV. CONCLUSIONS - PERSPECTIVES 

In this study, TELEMAC3D is used to simulate the flow 
around a circular cylinder in laboratory scale using the 
hydrostatic approach. Running ocean model at such a small 
scale is challenging. In this particular test case, it is found 
that the TELEMAC3D can be used in laboratory scale 
simulations. It performs well when simulating steady flows, 
such as the flow at the front of the structure. In complex flow 
conditions, although TELEMAC3D cannot reach the same 
accuracy as CFD solver does, it can still catch and represent 
the flow’s key features. Vortex shedding frequency can be 
simulated properly by very fine mesh. 

The turbulence coefficient of LES closure in 
TELEMAC3D is linked to the area of each triangle cell. 
Therefore mesh size of model domain affects the accuracy of 
simulations. According to the comparison, it is clear that the 
finest mesh gives a better agreement of the model with 
experiment data. Mesh size does affect the numerical error in 
simulations, but it does not affect the whole velocity trend. In 

consideration that TELEMAC3D is normally used in 
engineering applications, the accuracy of this model is more 
than acceptable. 

This work gives us experience and confidence to build 
good meshes for offshore wind farms, with extra refinement 
in the mean direction of the flow, both before and past each 
of the monopiles. 
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Abstract— This paper describes the development and 

calibration of a two-dimensional hydrodynamic model of the 

Hedwige-Prosperpolder. The model is used for the analysis of 

various alternatives for the depoldering. 

I. INTRODUCTION 

 The Hedwige-Prosperpolder is located on the border 
between Belgium and the Netherlands (Fig. 1). In 2006, 
plans were made to flood this area in the framework of nature 
restoration in the Natura 2000 zone “Westerschelde & 
Saeftinge”. The aim is to develop an extensive brackish 
marshes area (465 hectares) in the Hedwige-Prosperpolder 
with one single intervention. An initial system of gullies and 
creeks will be developed in the polder, and after the dikes are 
breached the natural dynamics of sedimentation and erosion 
will take over. The depoldering is considered successful if 
the polder further develops autonomously into an 
ecologically valuable intertidal area. The expected estuarine 
nature will consist of a mix of estuarine habitats: gullies, 
creeks, tidal flats and salt marshes. 

In this paper a detailed 2D model is described for the 
Hedwige-Prosperpolder [2]. This model is developed to 
study the depoldering with varying creek systems in the 
polder, breach locations and different amounts of marsh 
excavation on the Scheldt side of the existing dike. The study 
is based on the analysis of the water depths and velocities, 
flow discharges in the polders, bed shear stress (to estimate 
an expected erosion or deposition) and flooding duration. 

 TELEMAC is chosen as the modelling platform to study 
the hydrodynamics in the different design alternatives. It is 
important to have a well refined grid which can represent the 
flow in the narrow creeks in the study zone correctly. The use 
of an unstructured grid in TELEMAC allows for local grid 
refinement and results in an accurate representation of the 
complex geometry of the study area. 

A.  Model grid 

The model domain is discretised into an unstructured grid 
of triangular elements and it is locally refined in the study 
area.  

The downstream boundary of the detailed model is 
located at Walsoorden in the Western Scheldt. The upstream 
boundary is located at Antwerp in the Lower Sea Scheldt 
(Fig. 2). The grid resolution of the calibrated model is 10 m 
at the Hedwige – Prosperpolder, with about 144.000 nodes 
and 284.000 elements. The model is calibrated for the current 
situation (an unbreached dike between the Scheldt and the 
polder and therefore no flow in the study area). For the 
scenario analysis the grid resolution of the polders is refined 
and the bathymetry is adapted (see III.B). 

B. Bathymetry 

The bathymetry for the Western Scheldt and Sea Scheldt 
is defined based on samples from 2013. TAW is used as a 
vertical reference. In the locations where data from 2013 are 
missing, samples from 2011 were used. The bathymetric data 
for the polders date from 2001. 

 

Figure 1.  Grid of the overall model (black) and detailed model (green) 

file:///D:/Tatiana/00_080_Terneuzen_model/REPORT/TELEMAC%20user%20conference/Joris.Vanlede@mow.vlaanderen.be
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Figure 2.  Model grid 

C. Boundary conditions 

The boundary conditions for the TELEMAC model in 
this study are generated by nesting in the NEVLA (a bigger 
model for the entire Scheldt estuary) [1], [5]. The choice of 
boundary conditions was optimized during the calibration 
procedure. A combination of the discharge at the downstream 
boundary and the water level at the upstream boundary 
produced the best results. 

10 minute time series of the discharge at Walsoorden and 
the water level at Antwerp are presented in Fig. 3. 

 

 
Figure 3.  Discharge at the downstream boundary and water level at the 

upstream boundary 

D. Bed roughness 

Bed roughness in the model is defined using the Manning 
roughness. 

A uniform roughness field was used in the model. A 
value of 0.021 m

-1/3
s was chosen during the calibration 

procedure. 

E. Simulation period 

Based on the tidal conditions during which ADCP and 
discharge measurements are available (see further), the 
model is run from 17/04/2009 00:00 to 30/05/2009 03:00. 

II. MODEL CALIBRATION 

A. Available measurement data 

The model was calibrated based on comparison of the 
calculated and measured water levels, velocities and 
discharges. The location of the available measurements is 
presented in Fig. 4. 

The time series of water level were retrieved from the 
Hydro Meteo Centrum Zeeland database (HMCZ) for the 
stations on the Dutch territory and from Hydrologisch 
Informatie Centrum (HIC) for the stations in Belgium. 

Velocities were measured by the Acoustic Doppler 
Current Profiler (ADCP). The resulting dataset consists of 
velocity vectors distributed over the transect and over the 
water depth during one tidal cycle. Discharges are obtained 
by integration of ADCP data over the cross section. 

B. Methodology 

The main objective of the model calibration in this 
project is to improve the model accuracy for the velocities 
near the Hedwige-Prosperpolder. Bed roughness and velocity 
diffusivity are used as calibration parameters. 

The measured water levels are compared with the model 
results for the period from 18/04/2009 to 30/05/2009. 

 

Figure 4.  Available measurement data 
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Harmonic analysis of the tide is performed and statistical 

parameters (bias, RMSE, RMSE0) are calculated for high 
and low waters and for the time series of water levels. 

The ADCP measurements and discharges are compared 
with the model results for the tides similar to the tides 
observed during the measurements. This way measured 
velocities and discharges can be compared to the model 
results on a local timescale (hours before & after high water). 

C. Results 

During the calibration procedure the amplitude and phase 
of two important harmonic components M2 and S2 were 
corrected at the boundary based on the average error in these 
components at all stations. Furthermore, Z0 component was 
corrected. The model was further calibrated by varying the 
roughness and diffusivity parameters. 

The model run with an uniform roughness field (0.021m
-

1/3
s) and a default value of viscosity (10

-4
 m²/s) produced the 

best results. The quality assessment of the calibrated model is 
presented in table 1. 

1) Water levels 
The RMSE of complete water level time series is 11 to 13 

cm at most stations.  

The absolute value of bias of high waters is 1 to 3 cm at 
most stations. The bias of low waters varies between -5 and 4 
cm. The RMSE of high and low waters is 9 to 11 cm 
everywhere except Boudewijnsluis (RMSE of high waters is 
14 cm) and Zandvliet (RMSE of low waters is 13 cm). The 
RMSE of high and low water time is 7 to 12 min. 

The M2 component is very important because it has the 
highest amplitude. The tidal amplitude depends to a large 
extent on the amplitude of M2. The difference between the 
calculated and measured M2 amplitude is -2 to 3 cm (Fig. 5). 
The difference in the M2 phase is very small (1 degree or 
smaller) at all stations. 

 

Figure 5.  M2 amplitude 

TABLE I.  QUANTIFIED MODEL QUALITY ASSESSMENT 

Parameter Unit Value 

RMSE WL time series 

cm 

13 

RMSE high water 11 
RMSE low water 11 

Bias WL time series 1 

Bias high water -2 

Bias low water 0 

RMSE high water phase 
min 

9 

RMSE low water phase 10 

R
M

S
E

 v
el

o
ci

ty
 m

ag
n
it

u
d

e 

Schaar van Ouden Doel 

cm/s 

15 

Zandvliet 14 

Galgenschoor 18 

langsraai O 17 

dwarsraai D 23 

DGD K raai 27/09 16 

DGD K raai 11/03 18 

Liefkenshoek 15 

Kallo 13 

Oosterweel 18 

 

2) ADCP velocities 
The results of comparison of the measured and calculated 

velocities are presented in table 1. The location of the 
transects is shown in Fig. 4. Fig. 6presents a vector plot of 
the modeled and measured velocities for one of the transects 
at Liefkenshoek. 

 
Figure 6.  Vector plot of the modeled and measured velocities at 

Liefkenshoek (white circle on the figure shows the location of the first 

measurement (0 m)) 
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The model accuracy is good at all the analyzed locations. 
The RMSE of the velocity magnitude varies between 0.13 
m/s at Kallo and 0.23 m/s at dwarsraai D. 

The velocity direction is represented accurately in the 
model for most transects. Big differences are observed 
around slack and in the locations where flow velocities are 
very low and flow directions are badly defined (for example, 
near the entrance to the Kallo lock). These differences affect 
the total RMSE values. 

3) Discharges 
Discharges are well represented in the model at most 

locations. They have the same shape as the measurements. 
The RMSE of the discharge time series is 5 to 10% of the 
maximum discharge at a certain location (e.g. Fig. 7). The 
model results and measurements are analyzed for the 
comparable tides. Differences between the calculations and 
measurements are expected when the agreement between the 
measured and modeled tides is not sufficient. 

 

Figure 7.  Discharge time series at Liefkenshoek 

III. SCENARIO ANALYSIS 

A. Introduction 

The proposal for the development of the Hedwige-
Prosperpolder is currently publicly available in a procedure 
of public consultation [3] (Rijksinpassingsplan, Fig. 8). 

In the Rijksinpassingsplan a system of gullies and creeks 
is developed in the Hedwigepolder. This system is connected 
with the Scheldt estuary via two channels that should be 
excavated. Special attention is paid to the design of the 
creeks because they are important for a good drainage of the 
area. The hydrodynamics in the polder is studied based on 
the analysis of the water levels, water depth, velocities, 
discharges, bed shear stress and flood duration. 

B. Implementation in the model 

Simulation period used for the scenario analysis is shorter 
than the one used for calibration. Therefore, a finer grid 
resolution can be used in the study area (5 m). This is 
important for an accurate representation of the channels 
located in the polders. The total number of nodes in the grid 

 

Figure 8.  Rijksinpassingsplan 

used for the scenario analysis is about 378.000. The total 
number of the grid cells is about 752.000. 

1) Bathymetry 
First, a basis bathymetry is made (without channels and 

the excavation of the tidal marsh). This bathymetry is based 
on the most recent measurements of the Hedwige-
Prosperpolder and the adjacent intertidal and subtidal areas 
and includes the dikes. Afterwards, a channel system is 
implemented according to the development plan by the linear 
interpolation between the elevation of the channel edges and 
the depth of the thalweg. This results in a channel network 
with triangular cross sections. The thalweg is located in the 
middle of the channels and the thalweg depths are given in 
the Rijksinpassingsplan. The elevation of the channel edges 
is based on the basis bathymetry [4]. 

The smallest creeks on the development plan (2 to 5 m) 
are not implemented in the bathymetry because they are 
smaller than the grid resolution of the model (5 m). 

2) Bed roughness 
A higher bed roughness (0.06 m

-1/3
s) is defined for the 

tidal marshes located in the Hedwige and Prosperpolder. This 
value is chosen based on the estimation of vegetation in the 
area. The roughness of the river channel and of a deeper part 
of the polders is 0.021 m

-1/3
s (chosen during the calibration 

procedure). 

3) Simulation period 
The simulation period is chosen from 17/05/2009 00:00 

to 27/05/2009 12:00. Three different tides are analysed: 
spring, average and neap. 

C. Results 

1) Flow velocities 
The maximum velocities reach 1.2 to 1.4 m/s above the 

tidal marsh and more than 1.8 m/s in the channels and 
openings between the polders (Erreur ! Source du renvoi 
introuvable.). This flow can result in erosion, depending on 
the presence of hard soil layers which are insensitive or less 
sensitive to erosion. 



21st Telemac & Mascaret User Club Grenoble, France, 15-17 October, 2014 

 

91 

 
Figure 9.  Flow velocities at max flood during spring tide (m/s) 

 
Figure 10.  Maximum water depth during spring tide (m) 

2) Maximum water depth 
The analysis of the maximum water depth shows that 

both polders get completely flooded (Erreur ! Source du 
renvoi introuvable.). 

3) Bed shear stress 
Maximum bed shear stress is higher than 5 N/m² in the 

channels and in the connections between the polders 
(Erreur ! Source du renvoi introuvable.). This can result in 
erosion in these zones. However, it is not possible to make 
conclusions about the morphodynamics based only on the 
analysis of the bed shear stress. Erosion and deposition will 
depend on the present sediment and velocity gradient. 

4) Flood duration 
Some zones in the Prosperpolder always stay inundated 

(40 to 60 cm minimum water depth), which indicates that the 
dewatering is insufficient there (Erreur ! Source du renvoi 
introuvable.).  

Flood duration is an important parameter for the growth 
of vegetation in the area and for the development of the 
estuarine habitats. There is no fixed ecological criteria for the 
flood duration or height. Therefore, there is no  

 
Figure 11.  Maximum bed shear stress during spring tide (Pa) 

 

Figure 12.  Flood duration (% of time wet) 

straightforward solution for the optimization of the 
depoldering. Expert judgement is needed in an analysis of the 
model results in order to make any conclusions considering 
the estuarine habitats. 

IV. CONCLUSIONS 

A 2D TELEMAC model was developed for the Hedwige-
Prosperpolder to study the hydrodynamics after depoldering. 
The use of an unstructured grid in TELEMAC allows for 
local grid refinement and results in an accurate representation 
of the gullies and creeks. 

The model is calibrated based on the comparison of the 
calculated and measured water levels, velocities and 
discharges. The hydrodynamics in the polder is studied based 
on the analysis of the water levels, water depth, velocities, 
discharges, bed shear stress and flood duration. The model 
results can be analyzed with expert judgement to translate to 
possible vegetation growth and the development of estuarine 
habitats.  

The calibrated TELEMAC model will be used by the 
University of Antwerp and NIOZ for further studies of the 
Hedwige-Prosperpolder. 
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Abstract— The interaction between the Nile River and the 

Mediterranean Sea includes water and salinity transport. To 

study this interaction, the last reach of Rosetta branch of the 

Nile River is modeled using TELEMAC3D modeling system. 

Hydrodynamic simulations and salinity transport simulations 

were first carried out for the present situation. Then the impact 

of climate change on such interaction was assessed by 

simulating three scenarios for sea level rise. 

The hydrodynamic simulations showed a relatively slow flow 

velocity throughout the domain and a free surface slope close to 

zero. The salinity transport simulations showed that the 

saltwater is intruding in the Nile for a distance ranging from 

11.3 to 12 km at the surface and about 16 km near the bottom, 

the saltwater wedge was fluctuating in a cycle-like form. The 

salt concentration was found to be variable longitudinally, 

laterally and vertically. 

The sea level rise caused more saltwater intrusion. To maintain 

the current intrusion length in case of sea level rise, the river 

discharge has to be increased; however this could have negative 

impacts on the water budget of the country. 

I. INTRODUCTION 

The Nile starts its journey from the equatorial lakes in the 
middle of Africa and ends with the Mediterranean Sea at two 
locations which are Rosetta and Damietta as the Nile divided 
at El-Qanater City (about 20 km north to Cairo) to two 
branches (Rosetta branch and Damietta branch) enclosing the 
Nile Delta and forming the Nile estuary. Almost no tides 
exist in the Mediterranean Sea, so the Nile estuary is a 
tideless estuary characterized by its complex bathymetry. 

The two branches discharge the Nile water into the 
Mediterranean Sea. The discharge of the two branches is 
controlled through several water structures. The flow that is 
discharged into the sea (considered as a loss from the water 
budget of the country) is the minimum flow that supports the 
navigational purposes, supports the natural processes in the 
river and makes balance with the sea water.  

At the mouth of the Nile (where the Nile meets the sea) 
an interaction between the Nile water and the saltwater of the 
Mediterranean Sea takes place, this interaction includes water 
and salinity transport.  

In addition, sea level could rise due to climate change [1, 
2], which may affect the low lying areas close to the shores 
and the fresh water at the mouths of the rivers, as the case of 
the Nile River [3, 4]. So, sea level rise will also affect the 
aforementioned interaction which makes the problem more 
complex.  

To study this interaction, the last reach of Rosetta branch 
of the Nile River is modelled in this research using the three-
dimensional TELEMAC3D modelling system. The present 
situation was first modelled based on the mean conditions of 
flow and sea water level. Then three scenarios for the sea 
level rise were assessed to evaluate its influence on the water 
and salinity transport between the Nile and the sea.  

After this introduction, the description of the study area is 
presented in section 2. The numerical modelling system and 
the main equations are presented in section 3. Then the 
model setup and parameters are found in section 4. In section 
5, the results and the discussions of the model are shown. 
Finally the summary and the conclusions of the research are 
presented in section 6. 

II. STUDY AREA 

The study area is the last controlled reach of Rosetta 
branch of the Nile River (Figure 1). It is located between 
31.32º and 31.45º north and 30.34º and 30.53º east with a 
total length of about 30 km. Edfina Barrage controls the flow 
in the reach under study at the upstream side (U.S.), and it 
ends with the Mediterranean Sea at the downstream side 
(D.S.).  

The average discharge during the year is quite low; it is 
about 83.6 m

3
/s. The average water level at D.S. is 0.37 m 

above mean sea level (+msl). Changes in the water levels in 
the sea are caused due to the wind and storms; on the other 
hand the tidal influence is negligible.  In addition, the rise of 
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the water level in the Mediterranean sea due to climate 
change is expected [5, 1]. 

In such a big domain, variations in the depths are 
expected. The water depth ranges from 2.30 m to about 26.5 
m. The average width of the domain is about 500 m. 

 

Figure 1.  Map of reach under study 

III. MODELING SYSTEM  

The modelling system which was used in the research is 
TELEMAC3D. It solves the three-dimensional free surface 
flow equations (with or without the hydrostatic pressure 
assumption) and the transport equations of intrinsic quantities 
(contaminants, salinity and temperature temperature). For 
each point in the grid, TELEMAC3D main results are the 
water depth, the velocity in all three directions and the 
concentrations of transported quantities [6–8]. TELEMAC3D 
uses Finite Element Method to solve the non-conservative 
form of Navier-Stokes equations as follows: 
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U, V and W are the Cartesian velocity components,  is 

the density,  is the sum of the physical and the eddy 
viscosity, Fx ,Fy and Fz are the source or sink terms of 
momentum, Sce  is the source or sink term of the flow, p is 

the pressure (the sum of hydrostatic and dynamic pressure) 
and g is the gravitational acceleration.  

In this research the non-hydrostatic simulation was used 
because it was found out in a similar case in previous 
research [9] that this leads to much better results. 

In TELEMAC3D, several turbulence models are 
available, those are: constant viscosity, mixing length, k-   

and Smagorinsky models. In this research, k- and Prandtl’s 

mixing length model for simulating horizontal and vertical 
turbulence respectively were used in all the simulations. The 
use of such complex turbulence models was chosen as it was 
found out in a similar case in previous research [9] that this 
leads to much better results. 

In addition to the previous equations TELEMAC3D 
solves the advection-diffusion equation in non-conservative 
form for a scalar quantity T: 
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In this work, T is the salinity, Q is the source value of 

the salinity and t  is the diffusivity (both molecular and 

turbulent). As a function of temperature and salinity, the 
equation of state to calculate the density is: 

 62 10)750)(7(1  Trefref 


ref is the reference temperature of 4° C and ref is the 

reference density at zero salinity (equals to 999.972 kg/m
3
). 

Detailed information about TELEMAC3D modelling system 
is found in [6]. However, in this work the impact of 
temperature was ignored, therefore it was neglected in the 
equation of state. 

TELEMAC3D constructs the 3D grid from a 2D 
unstructured horizontal grid generated from a suitable grid 
generator by replicating the horizontal grid over the vertical 
according to the required grid resolution. It uses a structured 
layered grid in the vertical direction, applying the terrain-
following sigma transformation. This could cause artificial 
density currents due to numerical errors [10]. However the 
magnitude of such errors can hardly be quantified. 

IV. MODEL SETUP AND PARAMETERS 

A. Domain and grid generation 

The grid was generated using MATISSE grid generator 
which is a part of TELEMAC system. A triangular grid with 
a 40 m discretization length in most of the domain and 20 m 
in specific parts of the domain (where the bottom level has a 
sharp slope or in the parts of small width) was generated. The 

reach under study 

0 km    2.5 km   5 km 
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generated grid is a 2D grid which was then replicated over 
the vertical by TELEMAC3D to produce the 3D grid used in 
the simulations. The number of horizontal levels used was 
11, the horizontal levels are evenly distributed over the 
vertical and the heights of the levels vary depending on the 
water depth. The number of nodes in each level was about 
19500 and the number of elements was about 37000. Figure 
2 shows the domain and the 2D grid. 

 

Figure 2.  Modeled domain and grid 

B. Boundary conditions and initial conditions 

The domain has two open boundaries: the first is at the 
U.S. where the discharge was given, and the second is at the 
D.S. where the water level and the salinity were given. To 
make the results less dependent on the boundary conditions 
at the river mouth, the computational domain was extended 
to the sea. A long open boundary caused numerical problems 
and unrealistic inflow values and to avoid this, only a part of 
the sea boundary with the length of the Nile mouth was set 
open (see Figure 2) and the rest was set closed. This leads to 
a constraint in the transitional area (river / sea) in such a way 
that the flow field in the sea is not accounted for, for example 
flow parallel to the coast. As a first step this seems to be 
reasonable. In future work parts of the boundary can be 
opened, for example to impose flow parallel to the coast. 

The mean conditions of discharge and sea level 
mentioned earlier was first used for the hydrodynamic 
simulation assuming an initial condition of zero velocity and 
a water level of 0.37 m +msl. After a steady state was 
reached, the results of the hydrodynamics were then used as 
an initial condition for simulating the saltwater propagation; 
in this case the initial conditions for the salt concentration 
were calculated according to the following equation [11]: 
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Ls is the intrusion length of the saline water inside the 

river, Re is Reynolds number which is expressed as /4 0uRh

, 
doFr  is densimetric Froude number which expressed as 

 // 00 hgu  , 
0h  is the water depth at the river mouth, 

hR

is hydraulic radius, 0u is the velocity of river flow at the 

mouth, (  ) is fresh water density and (  ) is the density 

difference between saltwater and fresh water. Equation 6 was 
used to estimate the total length of saltwater intrusion inside 
the river considering the D.S. boundary with a salinity 
concentration of 38.5 kg/m

3
, the intrusion length was found 

to be about 15.3 km. Then a linear change of the 
concentration between the mouth of the Nile and the end of 
the salt wedge was assumed, while the salinity was assumed 
to be constant over the vertical (Figure 3). 

 

Figure 3.  Initial conditions of salinity concentration 

C. Model parameters 

Manning friction coefficient of 0.022 [12] and a time step 
of five seconds was used. The Courant number was in the 
range from 0.5 to 4.1 in the whole computational domain. 
The numerical method used is explicit (distributive scheme) 
and needs a Courant number of a value less than ‘1’ for 
stability reasons, however Courant numbers higher than ‘1’ 
are automatically adjusted in TELEMAC3D through sub-
iterations [7]. 

U.S. Boundary  

D.S. Boundary  

1 

2 

3 

4 
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V. RESULTS AND DISCUSSIONS 

A. Hydrodynamics 

The steady state was reached after about two and half 
days of simulation. The changes in the free surface through 
the domain were very small (the free surface at the U.S. 
boundary was 0.003 m+ msl higher than the D.S. boundary), 
and the slope of the free surface was close to zero. 

A relatively low flow velocity was noticed, the flow 
velocity varied from 0 near the banks to a maximum value of 
0.09 m/s near the river mouth (Figure 4), this is due to a 
small discharge in a big flow domain. The variations of the 
flow velocity throughout the domain were higher than those 
of the water level due to the variations of the flow area. 

 

Figure 4.  Flow velocity for the whole computational domain 

B. Salinity Transport  

1) Current status 
After 27 days of simulation, a quasi-steady state 

condition was reached where the length of the salt wedge (Ls) 
was fluctuating between 11.3 km to 12 km (a range of 700 
m) at the surface (Figure 5a) and at the bottom the salt wedge 
was about 16 km with minor fluctuations of few tens of 
meters (Figure 5b).  

The difference in Ls between the surface and the bottom 
is ranging between 4 and 4.7 km (over average water column 
of 10 m), so the front of the salt wedge (the interface between 
fresh water and saline water) has a very small slope (0.21 % - 
0.25 %).  

The fluctuations in Ls, as the boundary conditions are 
constant, were not expected. The fluctuations were in a form 
of a cycle of onward and backward movement of the salt 
wedge (inflow and outflow of saline water), the cycles were 

not regular, however the change in Ls had a maximum value 
that was not exceeded (700 m). So, the case can be 
considered as a quasi-steady state. This behaviour can be 
seen in Figure 6, where there are some cycles-like variations 
of increase and decrease of salinity then stabilize for a while 
and repeating the cycle again.  

 

Figure 5.  Propagation of the saltwater in domain at: (a) surface and (b) 

bottom 

Similar results were found by [13] in the Baltic sea along 
a Polish estuary, the study was mainly a field study however 
numerical modelling was used as well. According to [13] the 
salinity transport occurs due to the barotropic and baroclinic 
gradients of the pressure which act simultaneously, hence 
two way-exchange is expected (inflow and outflow). In 
tideless estuaries and during calm weather the balance 
between the barotropic and baroclinic gradients is very weak; 
therefore a changeable direction of the flow occurs [13]. We 
think that the steady-state like fluctuations are caused by the 
density driven flow in complex bathymetry, as they do not 
occur when the bottom depth is constant and the profile is 
rectangular. 

 

Figure 6.  Change of salinity with time at points 1, 2, 3 and 4 (their 
positions are shown in Figure 3) at the surface 

 

(a) (b) 
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The salt concentration and hence the density differs 
significantly throughout the salt wedge in the longitudinal 
direction as well as the vertical direction. The change in the 
density value is affected by the buoyancy which affects the 
mixing between the fresh and saline water [14]. The density 
decreases as we go from the bottom towards the surface and 
as we go from the D.S. towards the U.S., so the lowest 
density is at the end of the salt wedge.  

Changes in the density in the lateral direction were also 
noticed. Such changes were accompanied to the changes in 
the bathymetry; higher concentrations were at higher water 
depths for the same transverse section as shown in Figure 7. 
This is because of the fact that the pressure force due to 
density gradient is proportional to the depth; therefore the 
tendency of the heavier salty water to replace the lighter fresh 
water is stronger when increasing the depth [15]. 

 

Figure 7.  Salinity concentration and bathymetry at bottom at one part of 
domain 

The stratification due to density difference is very clear at 
the intersection between the sea and the Nile (Figure 8), due 
to the decrease in the density the stratification impact 
decreases until it almost disappeared at the front of the salt 
wedge. The dilution of the density occurred as the saline 
water moves towards the U.S. boundary.  

 

Figure 8.  Cross sections showing stratification of  salt at following 

distances from the intersection between sea and Nile: (a) 0 km, (b) 2 km, (c) 
8 km and (d) 16 km 

2) Sea level rise scenarios 
As a direct consequence to climate change, the sea level 

rise will affect the salinity transport between the Nile and the 
Mediterranean Sea, such impact is dependent on the value of 
the sea level rise. According to [5] the local estimates of sea 
level rise along the Nile Delta will range between 0.24 m and 
0.69 m. According to [1], the global sea level rise is ranging 
from 0.18 m to 0.59 m by 2100, but the effect of land 
subsidence is not included. Therefore, three scenarios for sea 
level rise were chosen to be analysed in this research, which 
are: an increase of sea level by (a) 0.24 m (minimum value 
from [5]), (b) 0.69 m (maximum value from [5]) and (c) 1.0 
m (as an extreme value). 

The three aforementioned scenarios were modelled for a 
period of 27 days (the same period that was used for the 
current status for better comparison). An increase in Ls of 1.2 
km, 5.1 km, and 6.6 km in case of sea level rise of 0.24 m, 
0.69 m and 1.0 m respectively were noticed (Figure 9). The 
more the sea level rises, the more the saltwater intrudes into 
the Nile. The increase in the sea level caused mainly an 
increase in the momentum energy of the saline water and it 
increased as well the advection of the saline water, which led 
to more salt water propagation in the Nile. 

(a) 

(b) 

(c) 

(d) 
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Figure 9.  Propagation of saltwater in domain at bottom for sea level rise 
of: (a) 0.0 m (current status) (b) 0.24 m (c) 0.69 m (d) 1.0 m 

The increase of the salt water propagation was quite small 
in case of sea level rise of 0.24 m if compared with the other 
two scenarios which showed relatively close propagation 
values (5.1 and 6.6 km) although the rise of sea level in the 
second scenario (sea level rise of 0.69 m) is almost two third 
of the third scenario (sea level rise of 1.0 m). It was also 
noticed that the differences in the propagation length are less 
for the higher concentration values near the bottom, that 
means that the sea level rise did not affect much the very 
dense layers which apparently need more momentum to be 
moved.  

More saltwater intrusion inside the Nile means negative 
impacts on the soil and the irrigation activities in the 
surroundings agriculture lands. So, there is a need for 
mitigation options. A direct mitigation option could be 
increasing the river flow or discharging more water from 
Edfina Barrage to maintain the current status of balance. 
However, this option seems to be very costly in terms of 
wasting a lot of fresh water in the sea which means a direct 
negative impact on the water budget of the country.  

Estimation for the Nile flow that could maintain the 
current status of balance was made using the same model for 
the same analysed sea level rise scenarios. The results 
showed that the flow has to be increased from 83.6 m

3
/s to be 

about 120, 200 and 260 m
3
/s in case of sea level rise of 0.24 

m, 0.69 m and 1.0 m respectively. So the flow will be 
increased by 1.15, 3.67 and 5.56 billion cubic meters 
annually (BCM/year) in case of sea level rise of 0.24 m, 0.69 
m and 1.0 m respectively.  According to the Nile basin 
treaties the share of Egypt is about 55.5 BCM/year, that 
means that the increase in the discharge to mitigate the effect 
of sea level rise is about 2.1%, 6.6% and 10.0% of the 
country’s water budget in case of sea level rise of 0.24 m, 
0.69 m and 1.0 m respectively, which is a huge loss of water 
resources for a country suffering from water shortage 
problems. Some compromises could be done in which the 
propagation of saltwater could be allowed to a certain extent 
to limit increasing the discharge and losing the water. 

VI. SUMMARY AND CONCLUSIONS 

The interaction that takes place between the Nile River 
and the Mediterranean Sea includes water and salinity 
transport.  To simulate this interaction, a 3D model was set 
up for the last reach of Rosetta branch of the Nile River using 
non-hydrostatic module of the TELEMAC3D modelling 
system and a complex turbulence model. 

Hydrodynamic simulations, using the mean conditions of 
flow in the Nile and the water level of the sea, were first 
carried out. They showed a relatively low flow velocity with 
a maximum value of 0.09 m/s. The slope of the free surface 
was very small close to zero.  

The salinity transport simulation was carried out to 
quantify the propagation of saline water inside the Nile 
estuary in the current status. A quasi steady state condition 
was reached after 27 days of simulation. The length of the 
salt wedge was fluctuating near the surface in a range of 700 
m while near the bottom minor fluctuations were noticed. 
Since there are steady flow conditions but no tides, such 
fluctuations are probably due to the weak balance between 
the barotropic and baroclinic gradients in tideless estuaries as 
is the case of the Nile estuary; therefore a changeable 
direction of the flow occurs as was also showed by [13] in 
Baltic Sea.  

The salt concentration was found to be variable 
longitudinally, laterally and vertically. In the longitudinal 
direction, the concentration decreases from the D.S. towards 
the U.S. side. In the lateral direction, the higher the water 
depth is, the higher the concentration is. In the vertical 
direction, the concentration increases towards the bottom 
direction and clear stratification was noticed.  

To quantify its impact on the current status of balance 
between the Nile and the sea, three scenarios for sea level 
rise were analysed using the same model, the scenarios are 
sea level rise of 0.24 m, 0.69 m and 1.0 m. The results 
revealed that the sea level rise caused more propagation of 
saline water towards the Nile with values of 1.2 km, 5.1 km, 
and 6.6 km in case of sea level rise of 0.24 m, 0.69 m and 1.0 
m respectively. To mitigate the sea level rise impact, 
discharging more water from Edfina Barrage could be 
required. The discharge of Edfina barrage will be increased 
by about 1.15, 3.67 and 5.88 BCM/year, such amount is a 
considerable loss of the Egyptian water budget (55.5 
BCM/year). Some compromises could be done in which 
more salt water intrusion can be allowed to a certain extent. 
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Abstract:  

Besides their ecological functions, coastal and estuarine wetlands may contribute to mitigation of flood risks by 
damping of storm surges and tidal waves. However as the geomorphology of marshes changes, for instance due to 
sediment accretion in response to accelerated sea level rise or sediment infilling of marsh channels, tidal propagation 
and flood attenuation in these marshes might change as well. We use TELEMAC 2D as a modeling tool to study the 
effect of marsh geomorphology and the presence of marsh vegetation on tidal wave propagation through a large 
marsh area.  

A TELEMAC 2D model is set up for the ‘Verdronken Land van Saeftinghe’, a brackish tidal marsh along the 
Western Scheldt estuary (SW Netherlands) that covers over 3000 ha. The model comprises the entire Scheldt estuary, 
but the mesh is locally refined at the tidal marsh. An attempt is made to implement the complex channel and creek 
network of the marsh in the model by forcing the mesh to follow some of the smaller side-channels. The model is 
calibrated by tuning Manning’s bottom friction for the bare tidal flats and the vegetated marsh platform and velocity 
diffusivity coefficients. Data from in-situ water level measurements from locations along a 4 km long marsh channel, 
in some surrounding side-channels and on the marsh platform are used for calibration, as well as velocity 
measurements along a cross-section in the same marsh channel. The water level measurements include the full range 
of spring to neap tidal cycles and severe storm surge tides.  

After the calibration, the model will be used to study interactions between the geomorphological development and 
changing tidal hydrodynamics in the marsh. For instance, geomorphological scenarios are set up in which further 
sediment infilling of the marsh channels or further sediment accretion on the marsh platform is simulated. The effect 
of the evolving marsh morphology on its capacities for flood attenuation can then be studied as well. Ultimately, it is 
intended that the model settings are applied on a larger scale to historical and possibly also future bathymetries of the 
estuary. The impact of intertidal area changes such as embankments, de-embankments and the long term 
geomorphological evolution of marshes on tidal hydrodynamics can then be studied on the estuary scale. 
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Abstract— Overflows along the Seine River are part of history 

and many towns close to the Seine estuary are affected by 

flooding risks. Nowadays, flooding risks are the centre of 

various regulatory frameworks (flooding directives, hazards 

prevention plans, hazards studies …) managed by 

organizations including some GIP Seine-Aval partners. 

To provide consistency to its partners, the GIP Seine-Aval has 

led a study, subcontracted to ARTELIA, which aims at 

defining reference water levels and their occurrences which 

will then be considered for flooding risk management in the 

Seine estuary. To carry this study, a hydrodynamic numerical 

model of the estuary (175 km of river length) has been 

developed on the basis of current bathymetry and several 

forcing parameters (tides, Seine flows, maritime and 

meteorological set-up). The model takes into account the flood 

plain in order to well represent water volumes exchanged. The 

software used is TELEMAC 2D [EDF R&D] with the 

implementation of a specific module developed by ARTELIA; 

this last module enables to take into account dikes and 

embankments with a great accuracy and in an operational way.  

The model was calibrated by comparison of water levels (model 

results) and measures along the estuary (15 points) and for 6 

events (floods and storms). It simulates the tide propagation 

and water levels in low water channel and main flooding areas 

in the Seine estuary with good accuracy. 

After consultation with stakeholders, different scenarios have 

been defined and studied with the model: hydro-climatic 

conditions of historical floods and storms, climate change 

effects (sea level rise), theoretical flooding conditions. 

 

I. INTRODUCTION 

In coastal areas, especially in estuaries, strong tides can 
combine with storm events and exceptional river discharges 
to generate flooding hazards. The Seine Estuary used to be 
submitted to floods: about sixty main floods have been listed 

since the VIth century and more recently overflows (more or 
less important) have been noticed in 1955, 1970, 1995, 1999, 
2001, 2008…[7] 

Various factors affect water levels in the estuary: 
hydrology (river discharges and groundwater flows), 
astronomical tides, meteorological events (influence of winds 
and atmospheric pressure). The highest water levels reached 
correspond to the combination of various parameters: for 
example strong flow with, high tides, western wind and low 
atmospheric pressure [5]. According to the localization inside 
the estuary (upstream, river mouth, middle of the estuary), 
parameters triggered have a different intensity and then a 
different weight in the generation of flood. Each flood is a 
unique one. 

This paper describes the main results obtained during the 
study especially the set-up of the numerical model and the 
scenarios studied. 

II. PRESENTATION OF THE STUDIED AREA : THE SEINE 

ESTUARY 

The Seine estuary (Fig. 1) extends from the Poses dam 
upstream to the oriental part the Seine Bay downstream, 
which corresponds to about 160km of river length. The 
estuary is composed of the near maritime area, the coastal 
part and the Seine low-flow channel separated from the flood 
plain by banks. The area modelled extends to 15kms 
upstream from Poses. 

The two main urban areas are Le Havre (17 cities – 
around 250 000 citizens), located in the coastal area, and 
Rouen, Elbeuf, Austreberthe (71 cities – around 500 000 
citizens), located in the upstream estuary area.  

The altimetric system used is Le Havre Marine Level – 
Cote Marine Le Havre (CMH) and the coordinate system is 
the RGF93 (Réseau Géodésique Français). Kilometric points 
(PK) are taken from Pont Marie, Paris. 

mailto:Florence.gandilhon@arteliagroup.com
mailto:cfisson@seine-aval.fr
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Figure 1.  Study area. 

 

 

The analysis of historical events led us to highlight three 
types of events (Fig. 2Figure 2. ) which may lead to 
overflows or flooding phenomenon; 1) Fluvial events created 
by Seine high flow; they affect water levels upstream the 
estuary (between Poses and Val-des-Leux/Duclair); 2) 
Maritime events linked to meteorological phenomena (wind, 
atmospheric pressure) and a strong tide coefficient; they 
affect water levels downstream Heurteauville; 3) “Mixed” 
events which are due to both strong Seine discharge and 
storms; they affect the entire estuary however upstream 
Rouen, water levels are lower than for a fluvial event and 
downstream Heurteauville, water levels are lower than for a 
maritime event. 

A statistical study of high tide levels was conducted in 
five points along the estuary (Elbeuf, Rouen, Heurteauville, 
Tancarville, Balise A- Seine Bay) on the basis of observed 
tides gauges for the last thirty years [2]. By mixing forcing 
parameters according to the estuary area, a theoretical water 
line was defined for several return-periods (0). The water 
level decreases from upstream to downstream; a swelling 
appears near Tancarville because of the situation of this site 
influenced by flows and maritime conditions. 

 
Figure 2.  Observed water lines for historical events. 

 
Figure 3.  Theoretical water lines for several return-periods. 
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TABLE I.  STATISTICAL ANALYSIS 

 
As seen in TABLE I. , statistical analyses on main 

forcing parameters (flow, surge, atmospheric pressure, wind) 
was realised on the basis of existing data in order to 
determine their return-periods. Tide coefficients are not 
associated to a return-period but directly to a theoretical 
water level at Le Havre. 

III. TELEMAC-2D AND « RIG » METHOD 

TELEMAC-2D software was used for this study. The 
classic method to represent flows over a dike implies to 
create a very accurate mesh (in order to have fine bathymetry 
and slopes of the dike) which has a huge impact on time 
simulations.  

In addition, a specific tool developed by ARTELIA was 
added in TELEMAC-2D [9] in order to take into account 
dikes and embankments. The dikes and embankments are 
now considered as singularities outside the model; they 
follow the hydraulics laws: 

 Unsubmerged weir:  

 Q = µ L √                   
 
  (1) 

 Submerged weir:  

Q = 
 

 

 
 
  

 

µ L √                      √          

With Q the discharge, Hup the upstream level, Hdown the 
downstream level, µ the discharge coefficient evolving 
between 0.32 and 0.5 depending to the shape and roughness 
of the weir, L the length of the weir and g the gravity 
acceleration. 

The method links all the boundary mesh points on both 
sides of the dike and enables to describe the altimetry of the 
dike at a smaller scale than those of the mesh. It also allows 
to link two parts of the model which have totally different 
mesh scales. Fig. 4 Figure 4. shows a scheme of each method 
to represent a dike. 

IV. THE HYDRODYNAMIC MODEL 

A. Extension of the model 

The model developed has to represent with accuracy 
water levels inside the low-water channel downstream to 
Poses and volumes exchanged between the low-water 
channel and the flood plain. However, it is not created to map 
flooding areas. 

The limits of the model are: 

 Saint Pierre du Vauvray upstream, 15km from Poses; 

 Downstream a part the Seine Bay is included (about 
15km offshore at the west and 15 km to the north of 
Le Havre); 

 Laterally, the flood plain for the extreme events is 
represented; 

The Poses dam, included into the model, is considered as 
a bathymetric singularity. As only extreme events are 
studied, the dam appears transparent. 

The numerical model covers around 175 km of river and 
a surface of 1000 km

2
. 

B. Mesh and bathymetry 

The mesh step is long and fastidious because of the set-up 
of the “RIG” method. 

First of all, the model extension is divided into 32 sub 
areas according to the location of structures. Then, each sub-
areas will be linked to another one on the basis of exchange 
flux. In concrete terms, each time a constraint line has to be 
drawn – because of a dike, a road or another hydraulic 
obstacle –; it is replaced by the limit of a future sub-mesh. 
The meshes of each sub-areas are created independently and 
then linked to give a single numerical model. The mesh size 
evolves according to the areas; the goal of the mesh phase is 
to have the right number of nodes in order to represent the 
bathymetry – and therefore the main hydraulic phenomenon 
– and consequently to have acceptable times of simulations. 

The mesh size in the low-water channel is the most 
accurate: 125m length to represent flows along the main 
direction. In the flood plain, the mesh size evolves between 
150m to 500m. It can appear as a high mesh size but as the 
goal of the study is not flooding cartography, only volumes 
exchanged with the low-water channel will be determined, so 
there is no need of a great accuracy. 

At the end, the number of nodes is about 23 000 (16 000 
nodes are in the low water channel – Fig. 5). 

In order to take into account singularities by the specific 
method described previously, polylines between two 
connected sub-meshes are defined with a high accuracy, on 
the basis of topographic data – embankments, structures, 
others – and anti-flood walls. 
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Figure 4.  Schemes to take into account dikes. 

 

Figure 5.  Local views of mesh and bathymetry. 

TABLE II.  INPUT DATA FOR CALIBRATION 

 
 

V. CALIBRATION 

A. Methodology 

Data available for the calibration are water levels 
measured in 17 tide gauges along the estuary, as well as in Le 
Havre and at Balise A (see Fig. 6 Figure 6. for location). 
Maximum water levels reached are also available. The model 
has been calibrated by comparison of water levels (model 
results) and measures for 6 events (3 floods and 3 storms). 
Input data are presented in TABLE II.   

 
Figure 6.  Tides gauges location. 

The calibration step consists in representing the tide and 
the flood propagation inside the estuary. Given the objectives 
of the study, the representation of extreme water levels (i.e. 
high tide levels) is the priority of the calibration.  

A first event is simulated with a set of parameters. The 
main calibration parameters are the bottom friction 
coefficient, the mean sea level offshore and the coefficient of 
wind influence. After a comparison between model and 
measures, the following simulation is launched with a new 
set of parameters in order to decrease the gap between model 
and measures and so on. The calibration is done areas by 
areas, according to the tide gauges location from the 
downstream (estuary mouth) to the upstream part. 

The events of 2008 and 2010 have been chosen to begin 
the calibration as the bathymetric data inside the model 
corresponds to the years 2010-2011. They are maritime 
phenomena mainly influenced by tides at the downstream 
estuary; as a consequence, the downstream water levels can 
be first calibrated. Once these two events are correctly 
reproduced by the model – the acceptable difference between 
model and measures is chosen equal to 0.1m – for the 
downstream part, and a good set of parameters defined, the 
floods of 2013, 2001 and 1995 are simulated to check the 
consistency of the model upstream. This lead us to change 
the bottom friction coefficient upstream and to launch again 
simulation for the 2008 and 2010 events. 

B. Model parameters 

This part describes the model parameters at the end of the 
calibration phase. 

On each mesh nodes, various forcing data are imposed: 
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 Bottom friction coefficient (the most important 
parameter) variable in space is fixed along the 
estuary (30 various values for spatial areas of the 
estuary). This parameter plays a role in the 
propagation of tide (tidal range and phase). They are 
set from downstream to upstream. Indeed, for 
stationary conditions, the bottom friction coefficient 
downstream influences the estuary until upstream. It 
evolves between 25 m

1/3
.s

-1
 and 80 m

1/3
.s

-1 
(Strickler 

coefficient). 

 Wind and atmospheric pressure gradient are 
imposed. 

At the boundaries conditions: 

 Daily discharges of the rivers (Seine and Eure) are 
imposed according to time upstream; 

 Downstream, at each node of the maritime boundary, 
time evolution of water levels induced by tides is 
imposed. These values come from a greater model of 
the entire Channel previously developed by 
ARTELIA. A “maritime residual” corresponding to 
the part of the wave which depends of the others 
maritime and meteorological phenomena, is also 
added; it is equal to the difference between sea level 
measured at Le Havre tide gauge and sea level 
calculated by the model of the Channel.  

C. Results 

For the 6 chosen events, model results are compared with 
tide gauge measures along the estuary (Fig. 7, Fig. 8) and 
statistical analysis are done, especially for the upper water 
levels (TABLE III and TABLE IV.  

The model simulates the tide propagation accurately 
(distortion of the wave from downstream to upstream); the 
tidal phase (high tide and low tide moments) is consistent 
with data as water levels (mean absolute error lower than 
10cm for the 19 tide gauges between Pose dam and the Seine 
mouth). The curve slope during falling and rising tides 
phases is coherent in the entire model. 

However, it is not able to simulate flows inside the flood 
plain to map flood areas. As the river discharges used for 
calibration are rather high (min 579m

3
/s, compared to Seine 

mean flow 400m
3
/s), the model is not calibrated to simulate 

low discharges. The Seine Estuary is known to be submitted 
to sedimentary phenomenon; as the bottom level and bottom 
friction are fixed, the modification of bathymetry caused by 
meteorological phenomenon cannot be represented.  

The model represents flows for extreme events with a 
good accuracy and takes into account exchanges between 
low water channel and flood plain.  

 

 

 

 

 

 

 

Figure 7.  Calibration for events 2013. 

TABLE III.  STATISTICAL ANALYSIS – EVENT 2013 

 

 
With MAE, the Mean Absolute Error; CF(X), the part 

(percentage) of error included in the interval [-X;X]; 
POF(X), the part (percentage) of error upper to X; NOF(X), 
the part (percentage) of error lower to –X. 

X = 0.1m  Le Havre  Balise A  Honfleur  Fatouville  Tancarville  Saint Leonard  Aizier  Vatteville  Caudebec  Heurteauville

Nb of values 420 0 415 374 422 417 428 433 408 441

MAE (m) 0.04 N/A 0.05 0.10 0.06 0.06 0.05 0.06 0.05 0.04

Standard deviation (m) 0.055 N/A 0.061 0.121 0.078 0.080 0.072 0.079 0.069 0.062

CF(X) 97.4 N/A 88.2 63.6 82.2 79.9 86.9 79.7 80.6 87.1

POF(X) 1.7 N/A 1.4 3.2 2.4 1.7 7.9 17.3 14.2 7.3

NOF(-X) 1.0 N/A 10.4 33.2 15.4 18.5 5.1 3.0 5.1 5.7

POF(2X) 0.0 N/A 0.0 1.1 0.0 0.0 0.0 0.9 0.2 0.0

NOF(-2X) 0.2 N/A 0.2 16.6 1.2 1.9 0.7 1.6 0.5 0.9

X = 0.1m  Mesnil sous Jumiege  Duclair  Val des Leux  La Bouille  Petit Couronne  Rouen  Oissel  Elbeuf  Pont de l arche 

Nb of values 241 232 363 370 373 376 388 380 362

MAE (m) 0.03 0.03 0.03 0.02 0.02 0.04 0.03 0.06 0.05

Standard deviation (m) 0.054 0.052 0.047 0.035 0.035 0.050 0.037 0.062 0.048

CF(X) 94.2 93.5 91.5 96.8 98.7 89.6 95.1 93.9 99.7

POF(X) 0.4 1.7 0.3 0.3 1.1 0.0 4.9 1.6 0.0

NOF(-X) 5.4 4.7 8.3 3.0 0.3 10.4 0.0 4.5 0.3

POF(2X) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

NOF(-2X) 2.9 1.3 0.3 0.0 0.0 0.5 0.0 0.0 0.0
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Figure 8.  Calibration for events 2008. 

TABLE IV.  STATISTICAL ANALYSIS – EVENT 2008 

 

 
 

 

 

VI. SCENARIOS TESTED 

The model is used to test various scenarios defined with 
the stakeholders ([3] - TABLE II. TABLE V. ) 

For each scenario, input data are the followings: a time 
series of discharge (upstream boundary), the tidal prediction 
(maritime boundary), a time series of wind and if needed the 
addition of a “maritime residual” in order to have the good 
surge at Le Havre, a sea level rise for scenario with climate 
change at the downstream condition (SCi_CC), the 
consideration (or not) of the anti-flood walls [1]. 

Results are presented as water lines for highest levels, 
time evolution of the water level in 23 points along the 
estuary (Fig. 9, Fig. 10, Fig. 11), volumes exchanged 
between low water channel and flood plain (1 km scale) and 
overflowing areas (Fig. 12). 

TABLE V.  INPUT DATA FOR SCENARIOS 

 
The analysis of maximal water lines lay in stress features 

of each type of events: 

 A fluvial event (SC6) creating by a flood affects 
water levels upstream the estuary; the water line 
decreases from upstream to downstream with a clear 
slope upstream. 

 A maritime event (SC1) linked to wind and a strong 
tide, affects water levels downstream (point of 
inflexion between Mesnil-sous-Jumièges and 
Heurteauville) and a swelling appears around 
Tancarville. 

 “Mixed” events (SC2, 3, 4 and 5) producing by both 
a strong discharge and a storm (strong tide, wind) 
affect the entire estuary with water levels lower than 
those of a fluvial event upstream Rouen and a 
maritime event upstream. According to the intensity 
of input data (directly related to its frequency; 100, 
10 or 1 year return-period for discharges and surge, 
strong or weak tide), the point of inflexion of the 
water line evolves in space between Mesnil-sous-
Jumièges and Caudebec-en-Caux). When the anti-
flood walls are not considered, flows, and then water 
levels, change (SC5). The rise of sea level at the 
maritime side induces an increase of water levels 
inside the estuary which decreases from downstream 
to upstream. The difference between the two 
scenarios (with and without the rise of sea level) 
becomes weak upstream. Flows are also changed. 

X = 0.1m  Le Havre  Balise A  Honfleur  Fatouville  Tancarville  Saint Leonard  Aizier  Vatteville  Caudebec  Heurteauville

Nb of values 369 354 377 379 317 312 424 421 418 365

MAE (m) 0.05 0.03 0.03 0.06 0.05 0.05 0.05 0.05 0.05 0.06

Standard deviation (m) 0.056 0.048 0.048 0.098 0.089 0.087 0.083 0.083 0.084 0.095

CF(X) 88.6 95.2 96.8 84.4 89.6 88.5 87.0 84.8 85.2 80.3

POF(X) 10.6 2.0 1.6 7.4 3.8 4.5 2.6 9.7 6.5 6.0

NOF(-X) 0.8 2.8 1.6 8.2 6.6 7.1 10.4 5.5 8.4 13.7

POF(2X) 0.5 0.0 0.3 2.4 0.6 0.0 0.0 1.0 0.0 2.5

NOF(-2X) 0.0 0.3 0.5 1.8 2.5 2.2 2.4 1.7 3.3 4.4

X = 0.1m  Mesnil sous Jumiege  Duclair  Val des Leux  La Bouille  Petit Couronne  Rouen  Oissel  Elbeuf  Pont de l arche 

Nb of values 397 397 407 443 413 415 413 406 366

MAE (m) 0.06 0.05 0.04 0.03 0.04 0.03 0.06 0.08 0.05

Standard deviation (m) 0.090 0.071 0.054 0.044 0.044 0.038 0.067 0.087 0.071

CF(X) 82.1 84.6 88.5 93.9 91.3 96.4 79.7 62.6 84.2

POF(X) 16.4 13.1 9.6 4.3 8.5 2.2 20.3 0.5 15.0

NOF(-X) 1.5 2.3 2.0 1.8 0.2 1.4 0.0 36.9 0.8

POF(2X) 10.6 3.8 0.0 0.0 0.0 0.0 6.3 0.0 3.3

NOF(-2X) 0.3 0.0 0.0 0.0 0.0 0.0 0.0 8.9 0.0
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It is worth noting that a combination of forcing data with 
a high return-period (100 year return-period for surge and 
discharge) does not lead to extreme levels with a 1000 year 
return-period but creates water levels with a frequency 
between 10 and 100 years according the estuary area 
(upstream, middle, downstream). A ten-year forcing implies 
water levels lower than those with 100 year return-period. A 
maritime event (100 year return-period surge and an annual 
discharge) creates 100 year return-period water levels only 
downstream whereas a fluvial event (no surge and discharge 
upper to 100 years) gives water levels higher than those of a 
100 year return-period only upstream Rouen. 

 

 

 

Figure 9.  Maximum water levels along the estuary for SC1, SC2 and SC3. 

 
Figure 10.  Maximum water levels along the estuary for SC4, SC5 and SC6. 

 
Figure 11.  Example of water level evolution – Comparision with 100 years 

and 10 years level. 

 

Figure 12.  Example of water level line and volumes exhanged. 
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VII. CONCLUSIONS AND PROSPECTS 

The aims of the study have been reached. A model has 
been set up to simulate water levels along the estuary and 
inside the low water channel. Flood areas can also be 
identified. The model has been used to test various scenarios 
leading to floods. Various operational applications are in 
progress: use of water level evolution at the Seine mouth as 
input data for hazard studies, modelling of the sea level 
propagation to map the flooding areas for regulatory 
frameworks, identification of stakes submitted to a 100 years 
flooding. Sensitivity tests concerning the variation of forcing 
parameters (discharges, tides, winds, sea level rise) and 
simulations of new scenarios are planned. 
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Abstract—A new model for the Scheldt estuary was built in 

TELEMAC 3D. The model includes the Belgian coastal area, a 

small part of the neighbouring French coastal area and a part 

of the Dutch coastal area, including the Eastern Scheldt; the 

entire Scheldt estuary with tributaries and even the controlled 

flooding areas alongside the estuary. It is the first time that all 

these areas of interest are included in a single schematisation 

with an appropriate local resolution. The culvert functionality 

was re-written for this project in order to cover a wider range 

of flow conditions that can exist through a culvert (relatively to 

what is currently implemented in TELEMAC 2D). Code 

development is shared with the community through the system 

of a subversion. This paper discusses the setup of the model, 

and describes the new functionalities added to the code. 

I. INTRODUCTION 

The Scheldt estuary connects the port of Antwerp to the 
sea, making the Western Scheldt one the busiest naval traffic 
routes in the world. To improve the hinterland connection to 
France, the Flemish government wants to improve the 
navigability of the Upper Sea Scheldt for inland shipping 
(Fig. 2). At the moment, the upstream part of the Upper Sea 
Scheldt is a Class IV fairway. An integrated plan is being 
developed to increase navigability and make the Upper Sea 
Scheldt a class Va fairway. Besides navigability other 
functions like nautical safety, flood protection, naturalness 
and recreation are also taken into account. 

 

 
Figure 1.  Helicopter view on FCA Lippenbroek taken after storm surge of December 6th 2013. 
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A feasibility study revealed that rather small measures 
could ensure the increase in navigability class and also 
increasing the safety for ships of class IV and lower.  

To further develop the conclusions of this feasibility 
study extensive hydrodynamic and sediment transport 
modelling is needed. The modelling for this project will 
focus on the Upper Sea Scheldt part of the Scheldt Estuary 
(Fig. 2). 

The newly developed model has to be able to cope with 
future project demands as well, asking for a larger model 
domain than just the Upper Sea Scheldt. Furthermore, the 
Scheldt Estuary is a complex system where changes made in 
the mouth can affect hydrodynamics as far inland as Ghent. It 
was therefore chosen to develop a model of the Scheldt 
Estuary that would include all zones that could affect each 
other: the Belgian coastal zone, with the Scheldt Estuary 
mouth as most important area, the entire Scheldt Estuary and 
all tributaries under tidal influence. 

Existing model schematizations of the Scheldt Estuary 
lack the grid resolution in the Upper Sea Scheldt necessary 
for the research to be done or miss the flexibility of an 
unstructured finite element grid. This new model will also 
include existing and future controlled flooding  areas (CFA) 
along the estuary. This paper will discuss the TELEMAC 3D 
hydrodynamic model of the Scheldt Estuary with main focus 
on the implementation of the flooding areas. The calibration 
of the model is ongoing so it will not be included in this 
paper.  

 

II. METHODS AND MATERIAL 

A.  The Scheldt Estuary 

The Scheldt River originates in the north of France (St. 
Quentin) at 110 m above sea level and flows after 355 km 
into the North Sea near Vlissingen (The Netherlands). The 
Scheldt estuary extends from Vlissingen (km 0) to Ghent (km 
160) (Fig. 2). Upstream at Ghent weirs prevent the tide from 
penetrating more upstream. The tidal influence also reaches 
to major tributaries like Durme, Rupel, Nete, Dijle and 
Zenne. The part of the estuary from the mouth until the 
Dutch/Belgian border (58 km) is called Western Scheldt and 
is characterized by different ebb and flood channels 
surrounding large intertidal sandbars (Fig. 2). The part 
upstream from the border until the sluices in Ghent is called 
Sea Scheldt (105 km) and is characterized by a single 
channel. Flood enters the estuary twice a day with an average 
flood volume at the mouth of 1.04 10

9
 m³ [1]. 

 
Figure 2.  Map of the Scheldt Estuary model. Upper right: extent of the 

model (red) in the coastal area; Lower left: detail of the flooding area 

‘Bergenmeersen’; Lower right: detail of the flooding area ‘Lippenbroek’. 

The mouth at Vlissingen is 5 km wide and the mean tidal 
range there is 3.8 m. Because of the funnel shape of the 
estuary the vertical tide is amplified and the maximum range 
lies around Schelle (km 91) and reaches 5.2 m at spring tide. 
Further upstream from Schelle the tidal range decreases again 
due to increased influence of bottom friction. Near the weirs 
in Ghent the mean vertical tidal range is still 2 m. The 
longitudinal salinity profile is primarily determined by the 
discharge, although discharges of the Scheldt and tributaries 
(about 75-100 m³/s) are negligible compared to the tidal 
volume [2,3]. The estuary is well mixed, which means that 
vertical salinity gradients are small or negligible [1].  

In February 1953 a storm caused many casualties in 
England, Belgium, but mainly in the Netherlands. This was 
the start for an extensive programme, the Delta works, to 
protect the coastline from storm tides. In Belgium it was after 
the big storm of 1976 that a plan, the Sigma plan, was 
developed to protect the land from floods from the Scheldt 
estuary and tributaries. Together with the protection against 
flooding a lot of nature areas were and are being restored. 
Instead of raising the dikes or closing the estuary, Flanders 
chose the option of controlled flooding areas (CFA’s) and 
areas with controlled reduced tide (CRT). 
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B. CFA and CRT 

CFA’s are areas along the Scheldt estuary and tributaries 
which have a ring dike at the same protective level as the 
dikes just alongside the river/estuary. The dike directly 
between the river and the CFA is lowered so water can flow 
over the dike into the CFA when it reaches a critical level 
(Fig. 3 nr.1). When the water level drops after a storm tide, 
outlet culverts evacuate the water out of the CFA back into 
the river (Fig. 3 nr.2). A valve prevents the water from the 
river to enter the CFA through these outlet culverts in normal 
circumstances. A CRT area is the same as a CFA area, but it 
also has inlet culverts to let water enter each tide (Fig. 3 
nr.3). The elevation of the structure determines how much 
water can enter the area as it determines the time at which the 
tide can start entering through the culverts. So each tide 
water enters and leaves these areas as a reduced tide 
compared to the tide in the river/estuary (Fig. 3 nr.4). With a 
storm surge the CRT area acts the same as the FCA (Fig. 3 
nr.5). By recreating a reduced tide in these areas a lot of tidal 
nature is created. Tidal flats and marshes can develop, giving 
these areas besides a safety function a nature function. The 
CFA and CRT’s are made in such a way that they evacuate 
only the critical amount of water at the critical time (highest 
high water levels) from a storm tide. With the storm of 6

th
 of 

December 2013 some of these areas were completely filled 
(Fig. 1 and 4). 

C. Model grid and boundary conditions 

The model grid consists of 467,766 nodes in 2D mesh. In 
the 3D model we use 5 planes totaling 2,338,830 of nodes. 
The resolution in the coastal area varies from 200 to 500 m 
depending on the depth. The resolution in the Eastern Scheldt 
is 200 m. In the Western Scheldt the resolution is 120 m. In 
the Sea Scheldt this resolution is increasing slowly towards 
30 m near Antwerp, further increasing towards 10 m in the 
Upper Sea Scheldt. Upstream the tributaries the resolution 
can reach 4 m. There are 6 upstream boundaries with 
prescribed discharge. The downstream boundary is at sea. 
The subroutine bord3d.f was changed to allocate a water 
level, a flow velocity and a salinity value for each boundary 
node separately. The Thompson method is applied. The time 
step is 5 s. Start-up computation is first made which will be 
used as an initial condition for all future simulations. A 
constant elevation of 1m is applied as initial condition for the 
start-up computation. 

For this start-up run a linear smoothing function was 
introduced in the bord3d.f subroutine to let the water levels 
slowly change from the initial values to the time-varying 
boundary condition. Time series for this boundary were 
extracted from the ZUNO model [4]. 

 

 
Figure 3.  Schematic presentation of the functioning of a CFA and CRT. 1. 

FCA fills when storm surge enters the estuary. 2. FCA drains at ebb tide. 3. 

CRT area let a reduced tide in the flooding area. 4. CRT area drains like 
FCA at ebb tide. 5. With a storm surge the CRT will function like a FCA 

and CRT together.  

 
Figure 4.  FCA/CRT ‘Bergenmeersen’ filled during storm surge of 6th of 

December 2013. 
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Salinity is used as an active tracer. An initial guess for the 
salinity field in the estuary is read in the geometry file. We 
made the subroutine fonstr.f read besides the bottom and 
bottom friction, also the initial salinity. To simulate the 
structures of the Eastern Scheldt barrier (65 pillars in total) 
we changed the subroutine source.f from TELEMAC to 
simulate the dragforce created by the barrier. Including the 
pillars in the mesh was also an option, but this would locally 
increase the number of nodes and our computation time. 
Wind is applied on the coastal zone through the subroutine 
meteo.f. To include the culvert function in TELEMAC 3D 
the subroutine t3d_debsce.f was changed.  

D. FCA and CRT: culvert implementation 

Existing code: In TELEMAC 2D it is possible to model 
free flow or pressurised flow in a tube. There is a connection 
made between two points and based on their water levels a 
type of discharge equation is chosen. In TELEMAC 2D four 
equations are present following [5]. The flow velocities are 
deduced from the discharges and then taken into account as 
source terms both in the continuity and momentum 
equations. 

In TELEMAC 3D (v6p3) hydraulic structures such as 
culverts or tubes are not implemented. So we implemented a 
culvert structure in the t3d_debsce.f  subroutine. Assuming 
the hydrostatic hypothesis, TELEMAC 3D solves the 
following three-dimensional RANS equations:  
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(U, V, W) are the three components of the flow velocity, 

(u,v) are the depth integrated flow velocities,  is the 
diffusion coefficient, g is the gravitational constant and (Fx, 
Fy) represent the source and sink terms of the momentum 
equations (2 and 3). We made use of the capability of the 
model to impose source/sink terms in the domain. Therefore, 
the culvert’s inflow and outflow act as a couple of 
source/sink  points (in the code, new terms are added to the 
second hand side of the depth-integrated continuity equation 
(4)). For instance, when the flow is going from the river to 
the floodplain, a source term is added to the mesh on the side 
of the floodplain, i.e. a discharge, is imposed, and at the same 
time a sink term is imposed on the side of the river with the 
symmetric value of that discharge so that always Qriver= - 
Qfloodplain . Because the culverts in our application are not long 
structures, the assumption was made that the discharge 
extracted on one side is added immediatley at the other side.  

New equations were incorporated in the code in order to 
cover a wider range (relatively to what is currently 
implemented in TELEMAC 2D) of the flow conditions that 

exist through a culvert. The following equations, correspond 
to each type of flow that can occur through the culvert.. They 
are based on the equations proposed by[5] and similar to the 
ones incorporated in the DELFT 3D model. The flow type 1 
conditions from [6] were not incorporated since they only 
occur when the culvert slope is larger than the critical flow 
slope. 

Type 2 – Critical depth at outlet: 

       √   (   (     )) 

Type 3 – Tranquil flow: 

    (     ) √  (     ) 

Type 4 – Submerged outlet: 

      √  (     ) 

Type 5 – Rapid flow at inlet: 

      √     (8) 

Type 6 – Full flow with free outfall: 

      √  (   (    )) 

 

With Q as the discharge through the culvert, µ the total 
head loss coefficient, W the culvert width, g the gravitational 
constant, S1 the water level on side 1, S2 the water level on 
the other side, D the culvert height, h1 the water level above 
the culvert base on side 1, h2 the water level above the 
culvert base on side 2, hc the critical water level inside the 
culvert (this is assumed to be close to 2/3 of h1), z1 the base 
level of the culvert at side 1, and z2 the base level of the 
culvert at side 2. Most of these variables are shown in a 
schematic representation of the culvert in Fig.5. The 
conditions for which each type of flow occurs are described 
in table 1. To distinguish between flow type 5 and flow type 
6 a constant c, that is dependent on the culvert slope and the 
ratio W/D, is used. Then if L/D < c, with L the length of the 
culvert, flow type 5 occurs, otherwise it is flow type 6 [6]. 
The equations presented above are written to describe flow 
conditions through a culvert with a single barrel. 
Nevertheless, additional features are sometimes incorporated 
in the hydraulic structures. An example of such an additional 
structure for CRT culverts is a weir at the entrance or exit. 
The weir level is used to adapt (increase or decrease) the 
reduced tide in the flooding area. Such combined structures 
have to be taken into account in the model. Then the 
geometric features of the culvert presented in Fig. 5 are 
modified as given in Fig. 6. Model tests showed that an 
equivalent culvert bottom elevation should be used, which 
replaces both the bottom elevations z1 and z2 in the formulas 
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decribed above. The equivalent bottom culvert elevation z is 
then equal to the mean of z1 and z2. In terms of the culvert 
height D: if the flow goes from side 1 to side 2, D1 is used 
and vice versa.  

 

 

Figure 5.  Representation of the different variables used for the culvert 
equations. 

 

Figure 6.  Representation of the different variables used for the 
combination of a culvert with a weir. 

The head loss coefficient  was adapted from the one 
calculated in TELEMAC 2D, based on [5]. But more terms 
were added to account for the extra head loss of additional 
structures in front and behind the culvert structures in our 
application, like one-way valves and trash screens. The head 
loss due to singularities can be obtained by the general 
relation [7,5]: 

     
  

    
  or      √       with    

 

√ 
 (10) 

                +   represents the sum of 

the different contributions for the head loss due to 
singularities. 

   represents the head loss due to the contraction of the 
flow at the entrance of the hydraulic structure. Usually, there 
is an abrupt contraction that will cause a head loss due to the 
desaccelaration of the flow immediately after the culvert 
entrance. If this is the case, according to [8] C1 will be 0.5.  

 

TABLE I.  PARAMETERS TO DETERMINE THE TYPE OF FLOW THROUGH 

THE CULVERT. 

 

    

 
 
    

 
 
     

L/D 

Type 2 <1.5       

Type 3 <1.5   .0      

Type 4 >1.0   .0   

Type 5        .0   c 

Type 6        .0   c 

 

Already in the past, [6] noticed that the discharge 
coefficient (CD) for type 5 flow had to be lowered 
comparetively to the other flow types. It seems that the 
calculated discharge tends to be overestimated when the 
default equation is applied. In order to take into account that 
effect, a correction coefficient (  

 ) is applied to    when 
type 5 flow occurs, such that: 

        
   

  

  
 

With: 4 ≤   
  ≤10 according to [6]. 

C2 represents the head loss coefficient due to the friction 
in the structure and is expressed by [7]: 

       
  

  
 
     

    

  

  
 

where n the Manning Strickler coefficient of the structure 
and R the wet cross-shore section in the structure calculated 

in the code for each type of flow. An assumption is made 
when calculating the hydraulic radius since the code does not 
make any kind of backwater analysis to get the precise water 
depths in the culvert. C3 is the head loss coefficient due to 
expansion of the flow at the exit of the culvert. According to 
[7]: 

     (  
  

   
)
   

  
   

  

  
 

where As and As2 are the sections in and just outside the 
downstream part of the structure. CV is the head loss 
coefficient due to the presence of a valve and depends on the 
type of valve and the degree of opening. When 5 type flow 
occurs a correction coefficient (CV5 ) is applied to CV . CT is 
the head loss coefficient due to the incorporation of trash 
screens. The value for    can vary between 0, equivalent of 
not having any trash screens, to 1.4, for which the net flow 
area is almost equal to the gross rack area. Sometimes at the 
entrance of the culverts the flow is divided into two sections 
caused by two entrance boxes instead of one but than the 
flow converges into a single culvert barrel. Following [5] the 
head loss coefficient through parallel pillars is given by: 
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     (
  

 
)
   

              

Lp is the thickness of the pillars, b the free thickness 

between two consecutive pillars and  a coefficient 
dependent on cross-shore section of the pillar. 

Tracers- TELEMAC 3D gives the possibility of taking 
into account passive or active tracers in the model domain. 
The following equation describing the evolution of tracer 
concentration (T) is solved:  

  

  
  

  

  
  

  

  
  

  

  
    ( )     

The tracer diffusion coefficient is given by     and Q’ 
represents the source terms for tracers. For the culvert in 3D 
the tracer concentration in the model domain is assigned to 
source and sink terms for tracers (Q’). TELEMAC 3D 
associates these concentrations to the discharges and volumes 
at the source terms.   

E. Test case ‘Lippenbroek’ 

Lippenbroek was a pilot project for FCA with CRT 
function. The CRT function was created to restore tidal 
habitats along the Scheldt Estuary, many of which have 
disappeared or degraded over the course of time because of 
agricultural, urban or industrial developments [9]. The 
location of the rather small (10ha) Lippenbroek area in the 
Scheldt Estuary is given in Fig.1. Lippenbroek became 
operational in March 2006. It is located in the freshwater part 
of the estuary. The FCA is surrounded by a ring dike at 8.35 
m TAW, i.e. the Belgian reference level (which is 
approximately the mean low tide level along the Belgian 
North Sea coast).  40 m of this dike was lowered (6.8 m 
TAW) to function as an overflow dike (Fig. 1). There are 
three inlet culverts and one outlet culvert. The main 
characteristics are given in table 2.  

TABLE II.  CHARACTERISTICS OF IN- AND OUTLET OF LIPPENBROEK. 

 Inlet sluice Outlet sluice 

Number of culverts 3 1 

Culvert width (m) 1  1.5  

Culvert height (m) 1.9  1.5  

Culvert length (m) 13  40  

Culvert floor (m TAW) 4.0  1.5  

Crest level weirs (m TAW) 5.3 / 5.0 / 4.7   

 

On average the tidal range is reduced from 5 m in the 
river to 1 m in the polder. The natural spring-neap tidal cycle 
is maintained and the tidal range in the polder varies from a 
few decimetres at neap tide to over 1.5 m at spring tide [10]. 
The form of the tidal curve in the polder differs from the one 
in the estuary, as a stagnant phase is present both at high and 

low water in the polder, but the crucial characteristics of the 
tide for ecological purposes are present. Fig. 7 gives an idea 
of the inlet structure and the wooden log weirs just behind it. 

 
Figure 7.  left: inlet structure seen from the FCA side; right: close up of the 

culverts and the wooden log weirs (photo: [10]). 

Modeled water levels in the FCA were compared with 
measured ones. The modeled discharges through the culverts 
were compared with measurements. Table 3 presents the 
different parameters used to model the Lippenbroek FCA 
with CRT. The different geometric features for the inlet and 
outlet sluices have to be given and the direction of the flow 
through the culvert has to be indicated. An outlet sluice only 
allows the flow to go from the floodplain to the river (CP= 2) 
because it has a one-way valve, and an inlet sluice allows the 
flow to go in both directions (CP=0), but water leaving the 
FCA through an inlet sluice will only occur when the FCA 
was completely filled in a storm situation. 

The different head loss coefficients were assigned and 
some of them (   and   ) were used to calibrate the model 
based on comparison with measurements. Regarding the 
other head loss coefficients typical values [7] were imposed. 
For the one-way valve of the outlet culvert a    value of 1 
was given [8].  Trash screen head loss coefficients were also 
included, since the screens are present at the inlet and outlet 
culverts in Lippenbroek. Tree branches and leaves may 
hamper the free flow through these trash screens, hence this 
parameter. A value of n=0.015 (typical value for concrete in 
smooth conditions) was assigned for the Manning Strickler 
parameter inside the culvert [6]. For the TELEMAC 3D 
culvert input the following parameters are equal for the four 
culverts:    = 0.5;    = 1; c = 10;   

  = 6. The other 
parameter values that differ from culvert to culvert are given 
in table 3. 

TABLE III.  CULVERT PARAMETER VALUES FOR LIPPENBROEK TEST 

CASE. 

       CV5 W D1 D2 L CLP 

 [-] [-] [-] [m] [m] [m] [m] [-] 

Inlet1 0 0.8 0 1 1.9 0.6 13 0 

Inlet2 0 0.8 0 1 1.9 0.9 13 0 

Inlet3 0 0.8 0 1 1.9 1.2 13 0 

Out 1 0.1 1.5 1.5 1.5 1.5 40 2 

 

Following what was done in TELEMAC 2D, the flow 
direction is also imposed through the keyword CLP and a 
relaxation parameter is incorporated in the code. For the 
Lippenbroek test case the modelled water levels in the FCA 
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were compared with measured ones. The discharge through 
the outlet culvert and the combined discharge through the 
inlet culverts is also compared with measured values. 

 

F. Test case ‘Bergenmeersen’ 

Field measurements were also available for a second 
FCA with CRT function: Bergenmeersen. The location of 
this area is even further upstream compared to Lippenbroek 
(Fig. 2). Bergenmeersen has a longer dike, separating it from 
the river and this dike is completely used as overflow dike 
with a crest level of 6.8 m TAW. The configuration of the 
inlet and outlet culverts for this area is quite different 
compared to Lippenbroek. If the model can reproduce water 
levels and discharge for both areas we proved that the model 
can handle a wide range of structures. In this case six inlet 
culverts were built on top of three outlet culverts. Each 
culvert was divided into two pieces at the entrance at the 
river side. Also at the river side there were wooden log weirs 
at different heights and trash screens. The outlet culverts had 
one-way valves and the inlet culverts could be closed by a 
valve descending from the ceiling. Table 4 gives an overview 
of the culvert dimensions. 

 

TABLE IV.  DIMENSIONS OF CULVERTS BERGENMEERSEN. 

 
Inlet 

(Scheldt) 
Inlet 

(FCA ) 
Outlet 

(Scheldt) 
Outlet 
(FCA) 

Culvert width (m) 2.7 3 

Culvert length 
(m) 

9.5 18 

Culvert height 
(m) 

1.6 2.25 1.1 2.25 

Culvert floor (m 
TAW) 

4.2 2.2 2.7 2.2 

Crest of weirs (m 
TAW) 

4.2/ 4.2/ 4.2/ 4.35/ 4.5 / 4.5   

 

For the different head loss coefficients we tried to keep as 
much of them the same as in the Lippenbroek test case, but 
also because of the different configuration of the culvert 
structure, some changes were necessary. The head loss 
coefficients at the entrance of the inlet culverts were 
increased in order to take into account the effect of the flow 
being split into two parts by pillars. According to [5] the head 
loss due to pillars is      0.4 and therefore   becomes 

  =  +  . At the exit of the outlet culverts the same split by 

pillars was present, but the head loss of that was taken into 
account in the head loss of the valve (  =12). Also during 
the measurement campaign, the trash screens at the culverts 
were not cleaned and therefore this coefficient was increased 
both for the inlet and outlet culverts (  =1). 

III. RESULTS 

A. Lippenbroek 

By only using the head loss coefficients for the trash 
screens and for the one-way valve as calibration parameters 
good results were obtained. The water levels inside the area 
agreed well with the measurements (Fig. 8). Only at the low 
water levels there was a discrepancy. Creeks drain the area 
and these are not so well represented in the mesh. Also the 
discharges for the outlet culvert compared well with the 
measured values (Fig. 9), as did the discharges for the inlet 
culverts (Fig. 10). To show that the culvert function does 
indeed switch between different flow types through the 
culvert based on water levels in the river and the flooding 
area Fig. 11 is added. This figure gives the different flow 
types as discussed before in the right hand y-axis while we 
can follow the water levels in the river and the flooding area 
in the left hand y-axis. 

 

 
Figure 8.  Modelled (red line) and measured (black dots) water level in the 

FCA Lippenbroek. 

 
Figure 9.  Comparing discharges from the outlet culvert: modelled (red 

line) vs. measured (black dots). 
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Figure 10.  Comparing discharges of the combined inlet culverts: modelled 

(red line) vs. measured (black dots). 

 
Figure 11.  Model results: blue line indicating the water level in the river. 

The red line gives the reduced tide in the CRT ‘Lippenbroek’. The right y 

axis shows the flow types that occurred through the inlet culvert (below) 

and the outlet culvert (up) (black dots). 

B. Bergenmeersen 

The results for Bergenmeersen were not so good as for 
Lippenbroek, but still good, taken into account the very 
complex in- and outlet structure. A comparison between 
modelled (red line) and measured (black dots) water levels is 
given in Fig. 12. Discharges were also modelled and 
compared well with the measured values (no figures shown). 

 

 
Figure 12.  Comparing modelled (red line) and measured (black dots) water 

levels in Bergenmeersen. 

IV. CONCLUSIONS 

Both Lippenbroek and Bergenmeersen have very 
different in- and outlet structures. The model results of both 
areas are very good to conclude that the culvert function can 
handle these different types of structures or combination of 
structures (weirs, valves, trash screens). With the experience 
of these two areas we try to find a set of parameters for all 
FCA/CRT areas in the estuary (13 active in 2013; >50 in the 
future). 
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Abstract— A 2D depth-averaged representation of a tidal array 

has been simulated in an idealised channel model using 

Telemac2D. The hydrodynamic effect of the tidal array 

compared well against Linear Momentum Actuator Disc Theory. 

A tidal array was then simulated in order to determine the 

influence of a proposed 10 MW project at St David’s Head, 

Wales. Results show the tidal array caused a 16% reduction in 

the M2 tidal constituent, causing a 6 km wake. However, changes 

to eddy propagation in the local area as a result of the tidal 

array, caused far field effects as far away as 36 km. 

 

I. INTRODUCTION 

Recently, environmental impacts have been cited as reasons 
for a number of offshore wind farms no longer being 
developed, e.g. [1]. As the focus on tidal energy technology 
increases, the need to determine their environmental impact is 
growing. To date, only single device tidal turbines have been 
installed to demonstrate the application of the technology and 
have shown no environmental impact [2]. In the absence of 
array scale developments, the far field effects from interactions 
between the array and the physical environment are still subject 
to speculation [3]. 

A number of sites around the UK are being considered for 
development, one of which is Ramsey Sound, where flows are 
accelerated in a channel between Ramsey Island and the 
mainland. In 2011, Tidal Energy ltd (TEL) was given consent 
to test a prototype of their Delta Stream device in Ramsey 
Sound. Following successful testing, TEL is intending to 
develop a 10MW demonstration array just north of the Sound 
at St David’s Head. A map is shown in Figure 1. The aim of 
this research is to investigate how a 10 MW tidal array, 
situated at St David’s Head, influences local hydrodynamics 
and to determine the spatial extent of change around Ramsey 
Sound. 

 
Figure 1.  Map of Ramsey Sound. Purple lines represent tidal lease sites. 

II. MODELLING TIDAL TURBINES  

All models presented in this paper are depth averaged and 
are simulated using Telemac2D.  The effect of a tidal array is 
introduced into the model as an extra sink in the momentum 
equations using the dragfo subroutine. A tidal turbine imposes 
a drag on a flow in two parts: a thrust force produced by the 
rotor due to energy extraction and a drag force caused by the 
supporting structure. Therefore, the total drag is: 

     
 

 
      

  
 

 
      

  

U is the upstream velocity, ρ is the density of sea water, CT 
is the thrust coefficient, CD is the drag coefficient, Ar is the 
swept area of the rotor and As is the frontal area of the support 
structure. The operation of the turbine is controlled by the pitch 
of the rotor blades, resulting in changes in the thrust and power 
coefficient. The methodology used to represent the operation of 
the tidal turbines is that as presented by Plew & Stevens [4]. 
Below the cut-in speed the rotor produces no power, meaning 
the thrust (CT) and power coefficient (CP) are both zero. 
Between the cut-in speed UC and the rated speed UD it is 
assumed the pitch of the rotor blade is fixed along with the tip 
speed ratio, resulting in a constant thrust and power coefficient 
CT0 and CP0. Above the rated speed the pitch of the rotor blade 
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Figure 2.  Velocity reduction with the tidal array represented as a) individual devices and b) the whole array. The black line represents where the flow speed has 

recovered to within 5% of the upstream velocity. 

 

is increased to reduce the power produced and maintaining 
rated power PD. The power coefficient is parameterised as 

    
   

    
           

A fixed relationship between the thrust and power 
coefficient has been assumed, resulting in the thrust coefficient 
above rated speed being parameterised as 

    
   

   

   

    
           

The turbines, used for this study, are based on the published 
figures of the TEL Delta Stream device [5]. Each device 
consists of three 400kW rotors with a diameter of 15m. Each 
rotor reaches its rated power output at a current velocity of 
2.25m/s. Based upon these parameters, values for CP0 = 0.41 
and CT0 = 0.8 have been used. A 10MW array contains 9 
devices with 27 rotors. The hub height is 14m. It has been 
assumed that the rotor has a cut-in speed of 0.8m/s. For 
simplicity, the support structure has been modelled as a 
cylindrical monopile with a diameter of 2m and a drag 
coefficient CD = 0.9.  

As the resolutions of finite element meshes are typically 
larger than the modelled turbines, the drag force is spread over 
the area of several elements.  However, Kramer [6] showed 
that mesh resolution can influence how much energy loss is 
represented by a model. An unstructured mesh can result in 
elements of different sizes, different force may be applied to 
different elements within the same area defined as one 
turbine/array. Therefore, for the models presented, a structured 
mesh using triangular elements is used in the area where 
turbines are modelled. 

III. IDEALISED CHANNEL MODEL 

A. Numercial Simulation 

The parameterization of the tidal turbines was tested using 
an idealised channel. The channel was 14km by 3km. The tidal 
turbines were located 4km along the channel. An area of 600m 
by 400m, surrounding the tidal turbines, was discretized with a 
structured mesh with triangular elements of equal size (200 
m

2
). 

 
Figure 3.  Areas defining the drag of tidal turbines, modelled as a) individual 

devices and b) the whole array. 

B) 

A) 
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The rest of the mesh was discretized with an unstructured 
mesh with elements typically 1 km

2
. The mesh had a total of 

20,982 nodes and 41,282 elements. The channel had a uniform 
depth of 35m. The Nikuradse law for bottom friction was 
applied with a friction coefficient Cf = 0.01.  A constant 
viscosity turbulence model was used, with a velocity 
diffusivity of 10. The model was forced to provide a velocity 
of 2.7m/s through the channel. A time step ts = 2s was used. 
After a spin-up period, to ensure flow through the channel was 
steady, the simulation was run for a time t = 3 hours.  

The mesh resolution is too large for the model to simulate 
the inter-rotor effects of one device. However, it is small 
enough to model the intra-array effect of each device. 
Therefore, for comparison, the 10 MW array has been 
modelled as 9 individual devices (with the drag of three rotors) 
spread over eight elements as well as the whole array modelled 
as one area, as shown in Figure 3.  The devices were spaced 10 
rotor diameters downstream of each other and a lateral spacing 
of 3 rotor diameters. 

B. Comparison of results 

Figure 2 shows that the two approaches to modelling tidal 
arrays yield similar results. Both the overall structure and 
magnitude of the wake is similar. The boundary of the wake is 
defined as the point where the flow speed has returned to 
within 5% of the upstream velocity. However, the wake of the 
whole array is ~200m longer when compared to that of the 
individual turbines.  The maximum reduction in flow speeds in 
both cases is 0.4 m/s. However, the area over which this peak 
reduction is seen is much larger when the whole array is 
modelled as one area. Figure 4 shows the velocity profile down 
the centre line of the channel. It can be seen in the intra-array 
effects that the by-pass flow between the turbines allows for 
flow to recover quicker. This provides a more realistic 
representation of the flow field through the array and matches 
tank testing [7].  

Using Linear Momentum Actuator Disc Theory (LMADT) 
it is possible to determine the expected head drop across a 
turbine. Houlsby, Draper and Oldfield [8] show that for the 
application of LMADT in an open channel the head drop Δh 
can be determined by solving: 
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where h is the channel depth, Fr is the Froude number, CT is 
the thrust coefficient and B is the blockage ratio. Based on the 
parameters of the model, the expected head drop across the 
individual devices is 0.051m. The results in Figure 5 show a 
head drop across the three rows of devices. It can be seen that 
there is head drop of 0.048m across the first row, a 0.048m 
drop across the second and a 0.051m drop across the last row. 
This shows a good relationship with theoretical values. 
However, this can only be applied to individual turbines or 
rows of devices. It cannot be applied to the whole array. The 
total head drop across the whole array is 7.3 cm compared to 
9.4 cm after three devices, meaning the whole array is 
underestimating head reduction. Based on the results of the 
channel model, the tidal turbines will be represented as 
individual devices. 

 
Figure 4.  Velocity (m/s) reduction across tidal array, down centre line of 

channel (m) 

 
Figure 5.  Head drop (m) across tidal array, down centre line of channel 

(m) 

IV. RAMSEY SOUND MODEL 

A. Numerical simulation 

The proposed 10 MW tidal array at St David’s Head is 
located off the Pembrokeshire coast, in South Wales. The 
model domain extends between 51.2°N - 51.4°N and 4.8°W - 
5.9°W. The unstructured mesh was discretized with 152,716 
nodes and 300,948 elements, and is shown in Figure 6. The 
mesh has a resolution of 3.6km around the open boundary, 
reducing to ~500m along the coastline. In areas of interest, 
such as Ramsey Sound and Stroma Sound, the resolution 
increases to 50m. Around areas of key bathymetric influence 
within the Sound, such as Horse Rock and the Bitches, the 
resolution is refined further, to ~10m. Horse Rock is a rock 
pinnacle, approximately 50m in diameter, and the Bitches is a 
reef. A structured mesh, with 20m

 
triangular elements, was 

inserted at St David’s Head covering the area defined for the 
tidal array.  

Bathymetry of the area was provided by Centre for 
Environment, Fisheries and Aquaculture Sciences. The 
resolution of the bathymetry points are 1s (~30m). However, as 
bathymetry strongly influences hydrodynamic characteristics 
through Ramsey Sound, a high resolution 2m and 4m 
bathymetry, from the UK Hydrographic Office, has also been 
mapped around Ramsey Sound and the Bishop & Clerks. 
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Figure 6.  Ramsey Sound model domain 

The model was forced along the open boundaries using 11 
tidal constituents from the OSU TPXO European Shelf 1/30° 
regional model. The model uses a k-ε turbulence model. Due to 
the velocities through Ramsey Sound and the mesh resolution 
use, a model time step ts = 1s was used. The simulation was run 
for a time t = 30 days to ensure a sufficient record length for 
the use of harmonic analysis on the model results.  

B. Model validation 

Validation data has been obtained from the British 
Oceanographic Data Centre for surface elevation [9]. Free 
surface elevation comparison, between 17/05/2012 and 
16/06/2012, is taken at Milford Haven and Fishguard. Linear 
regression gives an R

2
 = 0.988 at Milford Haven and an R

2
 = 

0.979 at Fishguard. This shows an excellent correlation 
between the model and observations. The small discrepancies 

that occur are attributed to the lack of atmospheric or residual 
forcing (i.e. wind and atmospheric pressure).  

Ramsey Sound can be characterised as a complex and non-
linear tidal environment. There is a strong disparity between 
the strength of the flood and the ebb tides, with the flood 
producing faster currents through the Sound. Line transects 
using an ADCP were undertaken within Ramsey Sound, on 
behalf of the Low Carbon Research Institute Marine 
Consortium. Results of the survey are published in [10]. 
Measurements showed velocities can reach 3.5m/s on the peak 
flood and ~1.8m/s on the peak ebb. In comparison, results 
taken from the model, show the peak spring velocity is 3.4m/s 
and 1.7m/s for the peak ebb. This suggests the model is 
reproducing valid flow speeds in the Sound. 

C. Results 

1) Power Production 
Figure 8 shows the location of the nine devices in relation 

to the peak spring velocity seen at each node over the 30 day 
model run. Whilst it appears the devices are in a non-optimal 
position, their location is limited to the extent of the leasing 
zone. Table 1 shows the energy output of each of the nine 
devices over a spring-neap cycle (29.5 days). The total output 
of the array, is 1.32 GWh. This equates to 15.87 GWh per 
annum.  

It can be seen that some devices perform better than others. 
Figure 7 shows the power produced by Turbine 1 and Turbine 
4, the smallest and largest producers respectively. It can be 
seen that Turbine 4 reaches rated power regularly over both 
spring and neap cycles, whereas, Turbine 1 almost never 
reaches rated power. This is because the flow speed at this 
location rarely exceeds 2m/s, less than the rated speed. The 
strong disparity between the flood and ebb cycle is clearly 
shown in the power output, with 2 to 3 times more power 
produced on the flood. 

 

Figure 7.  Power production from smallest and largest producing turbine over 30 day model run 
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Figure 8.  Device locations and peak spring velocity 

TABLE I.  POWER PRODUCTION 

Device 
Energy 

(MWh) 

1 111.20 

2 123.52 

3 129.16 

4 177.28 

5 145.00 

6 151.51 

7 163.56 

8 155.20 

9 166.44 

Total 1322.86 

 

2) Influence of tidal array 
A harmonic analysis was conducted on the base case and 

the turbine case to determine the tidal constituents of the 
model. By comparing the two cases, it was possible to 
determine the influence of the array. The main constituents 
changed as a result of the tidal array are the M2 and S2. Figure 
9 shows the changes to M2 UV component.  

It can be seen that the largest reduction in the M2 UV 
amplitude at the turbine locations is 0.40 m. This is equivalent 
to a 16% reduction. The wake of the array extends ~6km south 
and 10km north. In order to maintain momentum around the 
area, an area between the array and the headland sees an 
increase in the M2 amplitude of 0.19 m. The spatial extent of 
the changes to the S2 constituent is similar to that shown in 
Figure 5. However, the scale of change is much smaller. The 
largest reduction at the turbine locations is 0.08 m, which 
represents a 17% change.  

Black & Veatch [11] defines a ‘Significant Impact Factor’ 
(SIF) “a percentage of the total resource at a site that could be 
extracted without significant economic or environmental 

impact”, suggesting a value of 20%. The results gained in this 
study therefore, suggest that the zone of influence is quite 
small and acceptable. However, investigation of the effect 
farther afield, described in the following section, suggests a 
different outcome. 

 
Figure 9.  Changes to amplitude of M2 tidal constituent  

3) Far-field effects 
If Figure 9 was used to determine the spatial extent of the 

influence of the tidal array, then this would be an under-
representation of the effect of the array.  Ramsey Sound is a 
very turbulent environment due to its complex bathymetry. As 
a result there are many sources of disturbance. However, the 
biggest source of disturbance is Ramsey Island itself, where the 
flow of water through the Sound rejoins the main flow around 
the west of the island. Robinson [12] describes how “a 
discontinuity in velocity can occur when two separate streams 
of water from different bays, having different stagnation 
pressure or total head, meet at a sharp headland. The 
discontinuity of velocity is a vortex line that will gradually 
diffuse into the surrounding water”. It can be seen in the model 
that large eddy structures form off Ramsey Island on the flood 
cycle, propagating northwards along the coastline. When the 
tidal array is introduced, the wake of the array on the ebb 
influences the next eddy formed on the flood. This new 
disturbance then cyclically continues to alter the surrounding 
flow changing how other eddies propagate from the Bishop & 
Clerks. These disturbances can travel significant distances 
leading to the far field effects shown in Figure 10. 

Figure 10 shows the range of difference caused by the 
array. The effect of the array is calculated by subtracting the 
magnitude of velocity at each node of the mesh of the turbine 
run from the magnitude of the velocity in the base case. This is 
done for each time step, producing a temporally and spatially 
varying difference between the two models. A resulting 
positive value indicates an increase in speed and a negative 
value a decrease. The range of difference is the difference 
between the maximum increase and decrease at each node over 
the whole model run. Comparing Figures 8 and 9, the influence 
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of the tidal array is much greater. The main area of influence 
extends 22km south west and 17km north east of the array. 
Whilst small, effects are seen in Skromer Sound 36km away.  

The principle effects of a tidal turbine on the benthic 
environment are caused by alterations to bed characteristics, 
sediment transport regimes and suspended sediment 
concentrations. Pembrokeshire is an area of medium-high 
suspended sediments [13]. Typically, areas of high tidal flows 
are of harder substrates and suspended sediments do not stay 
long in the area, suggesting the area directly around a tidal 
array will not greatly change. These far field effects are likely 
to have a greater impact on sediment dynamics, potentially 
altering the benthic habitat. However, it is important to note 
that this is a purely hydrodynamic model with no atmospheric 
forcing. The position and dispersion of eddies in this area will 
naturally vary with winds. Fauna and flora that live in this area 
will already be adapted to the large variability in the 
hydrodynamic conditions. Therefore, the environmental impact 
of the tidal array may not be as significant. 

 

Figure 10.  Far field effects 

V. CONCLUSION 

Investigations of tidal arrays are particularly site specific 
and no generic value of impact can be made. If a tidal array is 
sited such that it does not influence areas of vorticity 
generation, then impacts can be greatly reduced. However, the 
sites of interest around the UK are typically in turbulent 
environments. The results show the need for high resolution 

modelling, at an appropriate scale, to enable the complex 
features of the environment to be correctly resolved. 

Tidal arrays can alter complex hydrodynamic processes and 
lead to far field effects greater than just the direct wake of the 
turbines. These alterations could drive significant change to 
benthic habitats through changes in bed characteristics and 
sediment dynamics although further investigation is required. 
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Abstract—This paper presents an investigation into the 

mechanisms of seaweed ingress into cooling water intakes that 

cause interruptions to the continuous operations of power 

plants located on coastlines. Ingress events can lead to clogging 

of the filters and result in an expensive shutdown of the power 

plant. In the UK, seaweed has presented an increasing problem 

in the last decade, particularly under stormy weather which 

can result in dislodgement of seaweed that then enters the inlet 

of the cooling water system. This has been a recurrent problem 

for Torness power station on the east coast of Scotland which 

has been subjected to seaweed ingress events resulting in 

controlled temporary shutdowns of the two power station units, 

at a considerable cost to the operators. The ingress mechanisms 

and hydrodynamic conditions are still poorly understood and 

difficult to predict numerically. This project aims to provide an 

understanding of ingress mechanisms by numerical modelling 

of the hydrodynamics and the assessment of the conditions that 

govern the transport of growth of the marine life. 

To model the hydrodynamic conditions in the area of interest, 

extending 9.5 km offshore and 22 km longshore, the 

simulations use the TELEMAC2D software to solve the depth-

averaged shallow water equations. To model the transport 

patterns of seaweed appropriate transport and growth 

mechanisms are being incorporated in the code using a 

Lagrangian tracking model.  

To validate the hydrodynamic part of the model, comparisons 

with current and tidal elevation measurements have been used. 

To study the mechanisms of seaweed ingress, past event 

information provided by EDF R&D was used. The 

hydrodynamic conditions before the ingress events have been 

modelled in order to identify the trajectories of the dislodged 

seaweed and validate the transport algorithm within the 

modified TELEMAC code. 

I. INTRODUCTION 

The Torness nuclear power station, located on the eastern 
coast of Scotland has faced several partial or complete 
shutdowns over the decade caused by the ingress of two 
types of drifters, algae including seaweed and jellyfish, into 
the water intake. These ingress events resulted in the 
clogging of the filtering drums, which filter the seawater, and 
thus disrupted the cooling water supply for the power station. 
In the period September 1990 to August 2006 seven 
seaweed-related incidents were recorded and the risk of 

interfering with the normal electric generation is considered 
“highly probable” with a return period of 2 or 3 years [1] . 
Monitoring of sea water levels entering the cooling water 
system was conducted from July 2003 to April 2005, and 
then from January 2007 to the present day showing that the 
largest monthly quantity of waste ingress occurs between 
June and August [2]. On the 28th June 2011, a temporary 
shutdown of the power station units was induced by jellyfish 
[3]. Given the risks associated with these events for electric 
production, maintenance and safety, it is necessary to 
understand the mechanisms that drive the marine species 
ingress. In terms of seaweed ingress there are two questions. 
The first is where the seaweed originates. The second 
question relates to the hydrodynamic conditions under which 
seaweed are dislodged.  

At the moment there is little or no information regarding 
the origin of seaweed which is transported towards Torness 
power station in Skateraw bay. The seaweed could be either 
dislodged during a storm from areas near the power station or 
could be dislodged in areas which are located further away 
from the power station (of the order of several miles).  With 
tidal currents they are then carried into the inlet of the 
cooling water system. Several species of seaweed were 
identified during a past ingress event [4].  Their length can 
vary from a few centimetres to a few meters. Dislodgement 
of plants, weakened or otherwise, will occur as a function of 
storm intensity and plant size; larger, older, plants will have 
more extensive holdfasts, but also greater surface areas 
subject to drag.  Each kind of seaweed has its own 
mechanical characteristics due to its size and for the same 
wave climate each kind of seaweed can exhibit different 
hydrodynamic resistance.  

To investigate the ingress mechanism past events were 
simulated. The methodology followed here is to examine the 
hydrodynamic conditions first and then identify possible 
origins of the seaweed. This involves simulating the wave 
climate first using TOMAWAC in order to determine 
radiation (wave-induced) stresses. The second step is to 
simulate depth-averaged tidal currents including the wave-
induced currents using TELEMAC for a time interval of 4 
days prior to the time and date of a seaweed ingress event. 
The output files from TELEMAC are used to calculate the 
trajectories of seaweed working backwards in time. The 
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result from this process is the prediction of particles’ initial 
location up to several hours before the event, i.e. the location 
of the particles 1 hour before the event, 2 hours before the 
event and so on. At those locations, it is possible to retrieve 
the wave climate using the TOMAWAC results. The 
structure of the paper includes hydrodynamic validation of 
the model, description of the methodology, the case study 
and future work. 

II. HYDRODYNAMIC MODEL SETUP AND VALIDATION 

This section presents the model construction and 
validation. The computational domain is based on the work 
of Lenes & Vidau [2] which was modified in order to 
incorporate more recent bathymetry measurements into the 
model using the same boundary locations but with a new 
more finely resolved computational grid. The domain 
extends approximately 10 km in the cross-shore direction and 
22 km alongshore, with the power station located in the 
centre of the South-western boundary which represents the 
coastline. The mesh size varies from 300 m offshore to 10 m 
close to the water intake.  The mesh used herein consists of 
34917 nodes and 68472 elements as shown in Fig. 1 and was 
created with TELEMAC grid generator BlueKenue. The new 
bathymetry uses data from a survey conducted outside the 
Skateraw bay (personal communication with Torness Power 
Station) where the model bathymetry around the area of 
interest can be seen in Fig 2.  The bathymetry is measured 
relative to Chart Datum (the level of water derived from the 
lowest astronomical tide). The coordinate system is based on 
the conversion of the WGS84 into OSGB (Ordnance Survey 
Great Britain) according to the procedure proposed by Brady 
[17]. 

In order to simulate the tidal motion with TELEMAC2D, 
the time series of water level and velocity components at 
each point on the model boundary are needed. The model 
CS20, developed by the National Oceanography Centre 
(NOC), is used here to provide the water levels and velocity 
components along the boundary of the Torness model. The 
CS20 model has been initially created to assess tidal energy 
resource over the UK continental shelf [5]. With a grid 
resolution of 1.8 km the CS20 model represents the tidal 
propagation generated by 15 tidal components. Tidal 
constituents are extracted from the CS20 model at 8 points 
along the Torness model boundary. Fig. 3 shows the 
locations of the points after conversion into OSGB. 

Three sets of data, described below, are used for the 
model validation: 

 The first is a subset of the CS20 nodes located within 
the model domain. These data, referred to as NOC 
herein, are used for validating the model and 
demonstrate that the model is able to represent the 
tidal motion, driven by the offshore boundary 
conditions.  

 The second dataset is provided by a velocity current 
meter profiler deployed by the Scottish Environment 
Protection Agency (SEPA) in March 2003 at the 
WGS84 coordinates (55.9692N, 2.384W), where the 
bed level is 11 mCD., This dataset is referred as 

SEPA herein. Fig. 4 presents the location of two 
measuring points corresponding to Point B and Point 
G respectively. Point G is used in order to validate 
the procedure for tidal prediction. This sensor 
provides a valuable dataset for the model validation, 
as it measured the velocity components directly 
offshore of the power station outflows. The sensor 
measures the velocity profiles at 8 depths recording 
velocity values every ten minutes. The collected data 
were processed and analysed by [6]. The processed 
profiles are then depth-averaged using a simple 
arithmetic mean to provide data for the comparison 
with the model outputs.  

 

Figure 1.  Computational grid of the model. 

 

Figure 2.  Bathymetry around Torness Power Station. 

 

Figure 3.  Location of the NOC data points. 
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 The final data set consists of water surface elevation 
measured by a tidal gauge deployed at the port of 
Dunbar for a 14 day-period from 16

th
 May 2013 to 

30
th

 May 2013. The data had been provided by the 
UK Hydrographic Office. Fig. 5 shows the location 
of Dunbar. 

 
Figure 4.  Location of NOC temporal points and SEPA current meter. 

 

Figure 5.  Location of Dunbar port 

 
The tidal prediction is performed using the methodology 

proposed by Huybrechts  et al. [7] where it was applied to the 
modelling of tides in the Gironde Estuary. Their method is 
based on the prediction proposed by [8]. The tidal signal is 
assumed to be the linear combination of different waves 
whose harmonics are known. Therefore for a given position 
(x,y) and time t, the water level is given according to the 
equation: 

  (     )    (   )     ∑   
 
     (   )    [    

                                 (   )  (    ) ( )] 

where  

   is the mean level. 

 Ai is the amplitude of the ith harmonic. 

 i is the pulsation of the ith harmonic. 

 gi is the phase lag of the ith harmonic according the 
moon or the sun. 

 V0 in the phase of the moon or the sun. 

 fi and ui are nodal corrections. 

The first four parameters are given by an harmonic 
analysis, and define what we call the tidal constituents. The 
remaining parameters are used to specify the time for the 
tidal prediction. The time is referenced according to GMT. 
For the maritime offshore boundary, both the water levels 
and the velocity component are imposed. The data from 
CS20 are used to estimate these parameters at each time step 
and each boundary node, following the procedure below:  

A.  Initialisation 

 Read the output file containing the tidal constituents 
for the eight CS20 points. 

 Convert the time of the simulation to years 
referenced to 01/01/1900 

 Compute the nodal corrections and the phase of the 
moon and the sun for the start of the simulation. 

B.  At each time step 

 Compute water levels and velocity at the CS20 
points at time n∙dt, where n is the nth iteration, and dt 
is the time step. 

 Compute spatial interpolation of the CS20 values 
onto the TELEMAC2D boundary points. 

This procedure is implemented within TELEMAC2D by 
modifying the subroutine BORD.f. The time step is set to 2 
sec, using the edge-based advection scheme and the k-ε 
model for the eddy viscosity calculations. The comparison 
with CS20 data is presented in Fig. 6, the comparison with 
SEPA is presented in Fig. 7 and the comparison with the tidal 
data from Dunbar gauge is presented in Fig. 8.  From the 
results it can be concluded that the chosen model for the 
generation of the boundary conditions gives the correct 
results, in particular the surface elevation. The comparison 
with SEPA data shows that although the model results agree 
at broad scale, when the domain is reduced, the simulations 
slightly overestimate the magnitude of the velocity 
components.  

III. METHODOLOGY 

To understand the marine ingress events, two sets of 
computed data are required: (i) the wave climate that 
dislodges the seaweed, and (ii) the location where the 
seaweed dislodgement occurs.  In the published literature 
biomechanical models are based on the balance between the 
hydrodynamic force exerted on the thallus of species such as 
kelp, and the force required to break the thallus [9,10]. 
According to this biomechanical model, dislodgement occurs 
when the force from waves is greater than a drag force Fdrag. 
The drag force is the only quantitatively important 
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hydrodynamic force on a non-buoyant sub-tidal kelp [4] and 
is estimated according to  [9, 10] : 

 Fdrag = ½ρ U
2
 Cdrag A  (2) 

where ρ is the seawater density, Cdrag is the 
dimensionless drag coefficient, U is the water velocity and A 
the measured area of the thallus. From Equation (2) it is clear 
that the force imposed by water velocity can be predicted as a 
function of the size and shape of the organism on which the 
velocity is imposed. Several studies have used recording 
dynamometers to measure the maximum hydrodynamic 
forces imposed on organisms in intertidal forces [11, 12, 13]. 
The drag coefficient is not constant for most biological 
objects since Cdrag is a function of both Reynolds number 
and the object’s shape. Denny [14] describes an approach to 
define drag coefficient. 

 
Figure 6.  Comparison of surface elevation, velocity components at point 2 

 
Figure 7.  Current comparison of currents top (U component) bottom (V 

component) between model (--) and data provided from the Scottish 

Environmental Protection Agency (SEPA) (∙) 

For our study there is no information available regarding 
the kind of seaweed, their size and the maximum force that 
could be imposed upon their thallus until damage. Moreover, 
there is no information about their spatial distribution not 

only near the cooling water inlet but also along the coastline. 
To circumvent this lack of information an alternative 
approach was used. 

 
Figure 8.  Surface eleveation comparison between the model (--) and the 

tidal gauge at the Dunbar port (*) 

Knowing the date and time of an ingress event the 
following steps are followed: 

 Model the wave climate using TOMAWAC. 

 Use TOMAWAC output files to run TELEMAC2D 
to establish the current field including the wave-
induced currents. 

 Use TELEMAC2D output files to work backwards 
in time for particles that finish in the cooling water 
inlet and track the position of particles to a few hours 
before the event. These computed initial positions 
indicate possible areas where the seaweed may have 
been dislodged. 

 At those locations using the TOMAWAC output files 
information about the waves can be extracted such as 
wave height and bottom velocity. 

This approach is based on the following assumptions:  

 The broken seaweed are assumed to be of spherical 
shape. 

 They all have the same diameter, density and 
thickness. 

 The locations of particles each hour before the event 
are the dislodgement locations. No survey data exists 
to confirm this assumption. 

In order to validate those locations the TELEMAC2D 
algorithm is used again, this time with the particle transport 
module enabled. This module is a mixed Eulerian and 
Lagrangian approach based on a one-way fluid-particle 
coupling. This means that the information from the fluid is 
given to the particle motion, but there is no transfer of 
information from the particle to the fluid flow. Further 
information upon this approach on particle transport can be 
found in references [15, 16]. 

IV. CASE STUDY 

In August of 2006 the Torness power station experienced 
seaweed ingress events which lead to the temporary 
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shutdown of a reactor. The power station reported that the 
events occurred within 24 hours after adverse weather 
conditions had started. The hydrodynamic model was run for 
an interval of 4 days before the event. Fig. 9 shows the 
offshore wave height used as the offshore boundary 
conditions in TOMAWAC. The offshore wave conditions for 
TOMAWAC runs were extracted from the ANEMOC 
(Numerical Atlas of Oceanic and Coastal Sea), a numerical 
database constructed from hindcast data over a period of 23 
years and 8 months from 01/01/1979 to 31/08/2002, for the 
Atlantic, English Channel and North Sea [18]. The 
simulations were performed using TOMAWAC. Fig. 10 
shows a wind rose diagram for the same time interval. Wind 
is taken into account in the TELEMAC2D simulation of tidal 
currents.  

To study the event the following procedure was used: 

 TELEMAC2D is run to generate the surface 
elevation. 

 Using the surface elevation, the offshore wave 
conditions from ANEMOC and the wind conditions 
from nearby nearshore stations, TOMAWAC output 
files were produced for every hour. 

 TELEMAC2D is run again using the wave-induced 
currents and the wind data. 

 Using TELEMAC2D output files, particles are 
released randomly inside the cooling water inlet 
channel, determining where those particles were 
located 1hr, 2hrs , 3hrs , …, 12 hrs prior to the event. 
This gives information where the particles were 
located at these times before the event. At the time of 
the event 900 particles were placed at the inlet and 
working backward iteratively enabled determination 
of their location. 

Fig. 11 shows the surface elevation at the vicinity of 
Torness power station. 4 hours before the event the water 
level was low which might be an indication for the 
dislodgement of seaweed since at that time the seaweeds are 
more exposed to the wave force.   

Fig. 12 shows the location of particles up to 4 hours 
before the event (black dots) where the background colour 
shows the ratio of the significant wave height calculated by 
the model over the water depth. Macroalgae (seaweed) are 
flexible and their bodies can follow the wave flow. Therefore 
the seaweed is more likely to suffer failure when the wave 
flow can affect the substratum of the seaweed which is very 
close to the bed. As there is limited information on the 
dislodgment location of the seaweed, it is assumed that the 
seaweed is more likely to become dislodged in the areas 
where the ratio of wave height over the water depth is high. 

    
Figure 9.  Offshore wave climate 4 days before the ingress event 

From Fig. 12 it is possible to extract the areas where the 
particles originate.   TELEMAC2D is then run activating the 
particle transport routine releasing a number of particles into 
the origin areas to check whether they enter the water cooling 
system or not. These origin areas were filled with particles 
initially keeping an equal distance between each particle.  
Table 1 shows the results of the number of particles that 
entered into the cooling water system and the number that 
did not.  These simulations showed that for some particles 
starting from the initial area identified, the use of the particle 
transport module leads to a different number of particles 
entering the cooling water inlet.  This shows the effect of 
turbulent kinetic energy and its dissipation on the transport of 
particles since the Lagrangian stochastic model uses the 
turbulent fluctuations.   

     
Figure 10.  Wind speed and direction in the area of intrest 

 
Figure 11.  Surface elevation few hours before and on the time of the event 

ingress. 
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Figure 12.  Position of particles 1 to 4 hours before the event (from top to 

bottom) colours indicate the ratio of the wave height over the water depth. 

 

TABLE I.  PARTICLE NUMBER USING THE STOCHASTIC TRANSPORT 

MODULE 

Hours 

before 

the 

event 

Number of particles 

Entering the inlet Not entering Total 

1 hour 601 733 1334 

2 hours 902 432 1334 

3 hours 1005 329 1334 

4 hours 756 578 1334 

V. CONCLUSION AND FUTURE DIRECTIONS 

The aim of this research work is to understand the 
mechanisms behind the seaweed dislodgement and its 
transport towards the cooling water system of Torness 
nuclear power station. The ingress of marine species, such as 
seaweed, into the cooling water intakes causes temporary 
shutdowns of the reactors leading to disruptions to the 
generation of the electricity. 

Although there are studies on the dislodgement of 
seaweed, these are based on experimental work on specific 
species of seaweeds on several substratum and therefore are 
difficult to be used directly for this case study. On the other 
hand the lack of relevant information in our area of interest 
leads us to search for another approach to understand the 
phenomenon. In this paper, we have presented an 
investigation using TELEMAC2D and TOMAWAC to 
identify the conditions under which seaweed ingress occurs 
for conditions corresponding to an event in August 2006.   
The results show that significant ingress can be predicted but 
that uncertainty still exists to verify the predicted origins of 
the seaweed.  Extracting information from the model about 
the wave climate on the locations of the particles can be used 
to understand the relation between those parameters and the 
dislodgement. However with no local information for the 
seaweed that enters the cooling water system, using equation 
(2) and calculating Cdrag values from velocity due to waves  
assuming thallus areas and associated flexibility, tables can 
be created which link the above parameters with drag force. 
The current work will continue with studying more ingress 
events creating a large reference dataset to examine the role 
of different weather conditions upon the events. 
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Abstract—The Ichthys LNG Project is a Joint Venture between 

INPEX group companies (the Operator), major partner Total 

and the Australian subsidiaries of Tokyo Gas, Osaka Gas, 

Chubu Electric Power and Toho Gas. Gas from the Ichthys 

Field (Fig. 1), in the Browse Basin offshore Western Australia, 

will undergo preliminary processing offshore to remove water 

and raw liquids, including condensate. The gas will then be 

exported to the onshore processing facilities at Bladin Point 

(Fig. 3) near Darwin via an 889 km pipeline. The Ichthys LNG 

Project (Ichthys Project) is expected to produce 8.4 million 

tonnes of LNG and 1.6 million tonnes of LPG per annum, along 

with approximately 100,000 barrels of condensate per day at 

peak. First production is scheduled to commence by the end of 

2016. 

The Ichthys LNG Project’s dredging programme was required 

to create a safe shipping channel and berthing area for LNG 

carriers through Darwin Harbour to Bladin Point. The overall 

purpose of the study was to determine where material liberated 

by the dredging activity would be transported to so that 

suitable monitoring, management and mitigation measures 

could be planned for.  Critical to this was the development of a 

robust hydrodynamic model of Darwin Harbour and the 

surrounding area.  This paper specifically describes the setup 

of the hydrodynamic model.  A sediment transport model was 

also developed as part of the study. 

I. INTRODUCTION 

Darwin Harbour is located on the northern coast of 
Australia (Fig. 2).  The Middle Arm Peninsula, within 
Darwin Harbour (Fig. 3), has been selected for an onshore 
processing plant of the gas extracted from the Ichthys Gas 
Field.  The navigation channel cannot, however, 
accommodate deep-draft ships in its natural state and it is 
necessary to dredge the approach channel and berthing area 
in the immediate vicinity of the product loading area. 

Within Darwin Harbour, there are extensive Mangrove 
habitats and coral is also present. The Operator is required to 
demonstrate to the local and national authorities that the 
dredging activities will not cause a significant impact to these 
important habitats. To that effect, numerical modelling 

studies were undertaken in order to predict the effect of the 
dredging on tidal flows, waves and sediment transport. 

 

Figure 1.  Location map showing the Ichthys Field in relation to Darwin. 

 
Figure 2.  Location map, also showing the model extent as an orange line. 
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Figure 3.  Close-up view of the Middle Arm Peninsula, showing how the 
model (orange line) includes inter-tidal and mangrove areas, also showing 

the model grid resolution. 

HR Wallingford has provided support to the Ichthys 
Project since July 2009. During that time, extensive 
numerical modelling of potential and planned dredging 
programmes has been undertaken to simulate the dispersion 
of the fine material from the proposed dredging activity.  A 
fine grained sediment transport model was used for that 
purpose, mainly driven by a hydrodynamic model.  This 
paper presents only the TELEMAC-2D hydrodynamic 
model. 

What started as a relatively simple model, relying on a 
few simplifying assumptions, has developed over the years 
into a complex, robust and accurate model that has been 
extensively calibrated and validated, using field data.  This 
paper describes the final version of the hydrodynamic model 
and, as such, summarises all the steps that went into the 
development of the hydrodynamic model. 

II. THE DARWIN HARBOUR MODEL SETUP 

A. Extent 

The Darwin Harbour model extends for over 325 km 
from the westernmost boundary to the easternmost boundary.  
To the West, it extends offshore, past Cape Fourcroy and 
Point Jenny, to approximately the 50 m contour and therefore 
entirely covers the Beagle Gulf.  To the North, the 
hydrodynamic model extends to the southern coastline of the 
Melville and Bathurst Islands.  To the North-East, it extends 
to Cape Don and Soldier Point, and therefore includes the 
whole of the Van Dieman Gulf. 

The hydrodynamic model extent was initially defined as 
the (approximately) +5 m contour above mean sea level 
extracted from SRTM3 satellite data (refer sub-Section 0 for 
information on these data).  The boundary was later refined 
using satellite imagery and vegetation maps to capture the 
sensitive inter-tidal and mangrove areas.  Fig. 3 clearly 
shows this, where the orange line is the outline of the 

hydrodynamic model.  This approach is conservative and was 
intended to include all regions prone to flooding. 

The full model extent is shown in Fig. 2. 

 

B. Resolution 

Given the extent of the hydrodynamic model area, a mesh 
with spatially varying resolution was used.  The mesh size 
varied from about 5 km in regions away from the harbour, in 
the middle of the Van Dieman Gulf, to 350 m across Darwin 
Harbour approaches and between 30 m and 100 m in areas of 
interest (e.g. mangrove areas).  A resolution of between 75 m 
and 150 m was used in inter-tidal areas.  Overall, the 
hydrodynamic model area was represented using 
approximately 161,000 nodes and 307,000 elements. 

 

C. Seabed map 

A digital elevation model of the seabed throughout the 
hydrodynamic model area, including inter-tidal and 
mangrove areas, was constructed by combining the different 
data sources available at the time of study, where superior 
data took precedence over data of lesser quality / resolution: 

 LiDAR data covering the inter-tidal zones in the 
vicinity of Darwin Harbour, at 1 m and 5 m 
resolution.  These data were generally used above  
-2 m MSL.  SRTM3 topographic satellite data 
obtained from the U.S. Geological Survey at 90 m 
spatial resolution were used in areas not covered by 
the LiDAR data. 

 Recent bathymetric survey data collected in 2010 
and 2011 in Darwin Harbour, and other sensitive 
areas (e.g. Shoal Bay, Blue Holes).  Bathymetric 
contours and spot heights from navigation charts 
covering the Beagle Gulf and Van Diemen Gulf were 
used otherwise. 

Best judgement was used to extrapolate in areas where 
sparse or no data were available. 

 

D. Friction map 

In TELEMAC-2D the bottom roughness can be 
represented with a linear coefficient, a Chézy, Strickler / 
Manning coefficient, or using a Nikuradse roughness length.  
A Chézy formulation was used for this study, with a 
spatially-varying coefficient, dependent on the local water 
depth.  Values between 30 m

½
/s and 70 m

½
/s were used 

throughout the hydrodynamic model area following the 
calibration process, the results of which are shown in 
Section 0.  These values are within the range of expected 
bottom roughness coefficients. 

The friction coefficients used in vegetated inter-tidal 
zones were originally based on a delineation of mangrove 
communities from satellite imagery and a description of the 
plants in the mangrove areas by the Department of 
Infrastructure, Planning and Environment [1]. 
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Figure 4.  Schematic profile of mangrove zonation in Darwin Harbour [2]. 

 

 

Figure 5.  Lumnitzera racemosa (Black mangrove) [1]. One of the nine tree 
species found in the Darwin Harbour mangrove areas. 

 

 
 

 
Figure 6.  Aegialitis annulata (Club mangrove) [1]. Another tree species found 

in the Darwin Harbour mangrove areas. 

 
Mangrove communities are often made up of obvious 

zones which run parallel to the shore.  Each zone is likely to 
be dominated by one particular tree species, which has 
adapted to specific environmental characteristics.  Generally 
a minimum of three zones are recognised, these being the 
landward zone, the seaward zone and an intertidal zone [3]. 
Fig. 4 shows a more complicated zonation pattern, which has 
been mapped in Darwin Harbour [2]. 

Many plant growth forms are associated with mangrove 
ecosystems including vines, grasses, shrubs, chenopods, 

sedges, forbs, palms, ferns and parasitic plants.  Nine tree 
species coexist in the mangrove communities at the top end 
of the Northern Territory [1].  These species vary 
considerably in their appearance, adaptations to the coastal 
habitats and position in relation to the coast.  Fig 5 and 6 
show pictures of the Lumnitzera racemosa and Aegialitis 
annulata, two of the nine tree species found in the Darwin 
Harbour mangrove.  The delineation of the mangrove 
communities from satellite imagery (see Fig. 7 for example) 
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identified a total of twelve communities, where one or more 
tree species are present.   

 
Figure 7.  Delineation of one mangrove community as per [2]. 

A literature review was subsequently performed, which 
determined that the effect of the vegetation on the flows, as 
the tide rises and reaches the mangrove areas, was best 
represented based on [4]. 

In [4], the drag forces due to vegetation in x- and y- 
directions reproduced below as (1) and (2) are estimated as: 
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where Cd is the drag coefficient, Dt the density of trees 
per unit area (in m

-2
) and mt is the diameter of trees (in m).  

These were estimated based on pictures (to help determine a 
representative diameter for each species) and aerial 
photographs (to help determine a representative density for 
each species).  In the following, D refers to the drag factor 
CdDtmt. 

In addition to the drag forces, [4] accounts for the 
reduction in cross-sectional flow area due to vegetation by 
using a porosity factor [5].  Equation (3) below is based on 
this: 

      
    

 

 
 

It was initially envisaged to use both a drag factor, D, and 
a porosity factor, P, in the hydrodynamic model to represent 
the mangrove areas.  The application of (3), however, 
indicated that the reduction in cross-sectional area (or 
blockage) due to the presence of the vegetation (tree trunks) 
was less than 2%. Porosity was, therefore, ignored in the 
final model simulations.  

The friction coefficient (in the form of a Chézy 
coefficient) was adjusted in the vegetated inter-tidal zones to 
account for the drag caused by the vegetation (D factor from 
[4]).  Although best judgement was applied in the 
characterisation of the vegetation parameters Cd, mt and Dt, 
and although the resulting friction coefficients are within 
appropriate physical ranges, however, there remains some 
degree of uncertainty in the friction coefficients as there is 
uncertainty associated with estimating the values of the 
vegetation parameters. 

A sensitivity analysis to the value of the friction 
coefficient used for the mangrove in the hydrodynamic 
model was, therefore, conducted.  This analysis indicated that 
varying the friction coefficient in these areas (from spatially 
varying 15-20 m

½
/s Chézy values to a constant 30 m

½
/s 

value) did not make a significant impact on the performance 
of the hydrodynamic model (RMSE values of the order of 
0.01 m and 0.01 m/s).  A representative value of 30 m

½
/s 

was, therefore, chosen in vegetated inter-tidal zones that 
provided the best results during hydrodynamic model 
validation. 

 

E. Tidal forcing 

TELEMAC-2D is driven by currents and/or water levels.  
In this study, time-varying sea levels were applied along the 
offshore boundaries of the hydrodynamic model (Cape 
Fourcroy to Point Jenny and Cape Don to Soldier Point, Fig. 
2). 

These time histories were derived from hydrostatic 
pressure data recorded at these locations in 2010, at 6 minute 
intervals without interruptions for a period of over 45 days.  
The data were processed to infer water depths, assuming a 
seawater density of 1025 kg/m

3
, and using concurrent time-

varying Mean Sea Level Pressure (MSLP) obtained at high 
resolution from the nearest available Australian Bureau of 
Meteorology (BoM) weather station. 

The frequency and time span of the data were deemed 
suitable to perform tidal harmonic analysis.  Tidal harmonic 
analysis seeks to break the overall tide into the summation of 
a number of simple and quasi-independent oscillations of 
varying periods, each corresponding to the tractive cycle of 
an astronomical disturbing force, called tidal harmonic 
constituents. 

The amplitude and phase of a tidal constituent are defined 
by harmonic constants; they are unique for every location.  
Combined with the fixed rotational speed of that constituent, 
the harmonic constants allow the prediction of the 
contribution of that constituent to the overall tide in time.  
Adding up the effects of all the constituents at a given 
location enables prediction of the overall tide at any time in 
the future or past (refer [6] and [7]). 

Tidal harmonic analysis was performed on the water 
depth time records derived at Cape Fourcroy, Point Jenny, 
Soldier Point and Cape Don to determine adequate boundary 
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conditions for the hydrodynamic model.  The harmonics 
analysis software used in this study was T_TIDE [8]. 

Water depths were then converted to sea levels relative to 
MSL to drive the hydrodynamic model by reducing the water 
depths using the mean sea level value derived from harmonic 
analysis of the data.  A vertical shift was also applied to the 
sea level time histories predicted at Cape Don, Soldier Point, 
Cape Fourcroy and Point Jenny, when appropriate, to 
account for documented seasonal variability in Mean Sea 
Level throughout the year.  This was based on long-term tide 
gauge observations (monthly average data) held by the 
Australian Bureau of Meteorology (BoM) for Darwin station 
IDO71064 up until April 2013 (blue dots in Fig. 8). 

 
Figure 8.  Monthly mean sea levels at Darwin tide gauge 

(blue: historical data, red: projected). 

Time-varying sea levels were applied along the offshore 
boundaries of the hydrodynamic model.  Best judgement was 
used to derive appropriate interpolation of harmonic 
constants from the data obtained at discrete locations to 
provide time-varying levels across the model boundaries. 

 

F. Meteorological forcing 

In addition to tidal forcing, the hydrodynamic model was 
sometimes driven by additional wind forcing processes.  This 
part of the Northern Territory coast is subject to seasonal 
influence of different wind regimes.  The main wind regimes 
may be summarised as follows: 

 Trade winds, which blow with predominant direction 
East-South-East, characterise the Australian dry 
season from May to July.  They can reach up to 15 
m/s. 

 Westerly monsoonal winds, which are strong, rain-
bearing winds, characterise the Northern Territory 
wet season from October to February.  There are 
usually two or three major monsoon events during 
the wet season. 

 Transitional periods between the ESE trade winds 
and the W monsoon occur in March to April and in 
August to October.  There is no abrupt change from 
one to the other.  For a period of several weeks light 
winds, interspersed by squalls, predominate [9]. 

When winds were included, they were applied as 
temporally-varying but spatially constant fields, and taken 
from the NOAA WAVEWATCH III® global wave model 

data archive, in the absence of more suitable and site-specific 
data. 

The NOAA WAVEWATCH III® data are available at 3-
hourly intervals, covering the period between January 1997 
and April 2013.  The annual wind climate at point 12°S, 
130°E at the entrance to the Beagle Gulf is presented in 
Fig. 9 for information.  In Fig. 9, sporadic high winds from 
NE to E are noted.  A finer (monthly) analysis indicated that 
these conditions occurred in December and from March to 
April. 

 
Figure 9.  Annual offshore wind rose, 12ºS 130ºE Jan 1997 – Apr 2013. 

 

III. CALIBRATION, VALIDATION AND VERIFICATION 

The dispersion of fines associated with the dredging 
activities is primarily governed by the prevailing 
hydrodynamics.  An effective hydrodynamic model is, 
therefore, paramount to the accurate representation of the 
advection and diffusion of material released in the water 
column. 

The hydrodynamic model was calibrated and validated 
against observed current and water level data collected in 
2008 in Darwin Harbour and in 2010 at the Blue Holes and 
the spoil ground.  It was later verified against more recent 
data collected in 2012 and 2013 in the Darwin Harbour area.  
Fig. 10 to 12 present some of the results of the calibration, 
validation and verification exercise. 

The comparisons made in Fig. 10 to 12 give confidence 
in the predictions of the hydrodynamic model.  The flow 
characteristics are satisfactorily predicted at measurement 
locations offshore in the Beagle Gulf, including at the 
proposed disposal site and at the Vernon Islands area.  
Agreement at the Blue Hole location, c. 20 km away from the 
main area of interest, could be further improved should 
highly resolved local bathymetry/topography data be made 
available. In the current version of the model, the 
representation of the Blue Hole was based on a simple 
schematisation of the complex pool and terraces features.  
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The same can be said of the Upper East Arm location, Fig. 3, 
(results not shown here), where the model results were 
generally found to be less representative than at other 
locations in the model, though still reasonable. 

The agreement of the predicted and observed traces in the 
Progressive vector plots (PVP) indicates that the residual 
current throughout the verification period is reasonably 
reproduced, both in direction and magnitude in Darwin 
Harbour (Fig. 12).  At the spoil ground, the ENE flows are 
generally more closely reproduced than the WSW flows.  
This explains to some extent the discrepancies shown in the 
PVP between observations and predictions (Fig. 12), where 
the predictions indicate a more substantial southward flow 
component than the observations. 

The residual velocities for both observations and 
predictions were derived from the verification period and 
compared in Table I. 

TABLE I.  RESIDUAL CURRENTS COMPUTED FOR  
THE VERIFICATION PERIOD 

 
Darwin Harbour area Spoil ground 

Observed 
(0.15 m/s; 38ºN) 

(0.04 m/s; 120ºN) 
0.01 m/s; 140ºN 

Predicted 
(0.12 m/s; 43ºN) 
(0.06 m/s; 129ºN) 

0.02 m/s; 173ºN 

 

The agreement was also assessed quantitatively by 
computing Root Mean Square Error (RMSE) statistics on 
both velocity and water surface elevation.  These are 
summarised in Tables II and III.  Overall the performance of 
the hydrodynamic model is satisfactory and it is expected 
that its results will, when used in the dispersion study, 
provide a good estimation of the dispersion patterns of 
dredged material both within Darwin Harbour and offshore 
in the Beagle Gulf. 

TABLE II.  PERFORMANCE OF THE HYDRODYNAMIC MODEL 

(CALIBRATION/VALIDATION AGAINST 2008 AND 2010 OBSERVED DATA) 

 
Darwin Harbour area Spoil ground 

RMSE on levels 0.25 m N/A 

RMSE on speeds 0.07 – 0.22 m/s 0.07 m/s 

TABLE III.  PERFORMANCE OF THE HYDRODYNAMIC MODEL 

(VERIFICATION AGAINST 2012 OBSERVED DATA) 

 
Darwin Harbour area Spoil ground 

RMSE on levels 0.31 – 0.66a m 0.29 m 

RMSE on speeds 0.10 – 0.16 m/s 0.07 m/s 

a. 0.66 m RMSE corresponds to a location with poorly resolved bathymetry data (up one of the 

tributaries). As such, it is not deemed representative of the overall model performance. 
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Figure 10.  Water level at Bladin Point (2008). 

W
at

er
 l

ev
el

 (
m

 M
S

L
) 



21st Telemac & Mascaret User Club Grenoble, France, 15-17 October, 2014 

 

 

139 

 

 

 
Figure 11.  Current speed in Darwin Harbour (2008), at Blue Hole and the spoil ground (2010-2011). 

     

Figure 12.  Tidal ellipse and Progressive vector plot in Darwin Harbour and at the spoil ground (2012). 
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Abstract— This communication presents the assessment of an 

offshore disposal site, named La Lambarde, located in open 

water offshore of the mouth of the Loire estuary in France. The 

site is used since 1986 by Port Authority of Nantes-Saint-Nazaire 

(GPMNSN) to relocate fresh sediment dredged for maintenance 

purposes in the access channel and port installations located 

along the estuary. A six-year study, commissioned by GPMNSN 

authorities to ARTELIA, started in 2007 to optimize the location 

of the disposal site and improve the knowledge of the suspended 

sediment regional dynamics. 

I. INTRODUCTION 

The Loire estuary is one of the three major French 
estuaries. It is a macro-tidal estuary with a mean spring tidal 
range of about 5 m allowing the tide to propagate up to 
Ancenis, 90 km upstream from Saint-Nazaire. The long-term 
mean discharge of the Loire river is 825 m

3
/s with considerable 

variations ranging from 60 and 6,000m
3
/s. A dredged 

navigation channel serves Saint-Nazaire Harbor at the mouth 
of the estuary and Nantes Harbor 55 km upstream. Between 
2004 and 2010, 36.6 million m

3
 was dumped in the disposal 

area of Lambarde (Fig.1). 

The Site of Lambarde (3000 m x 2000 m) is divided into 15 
sub-zones (Fig.2). Sub-zones: 0, 1 and 2 have been used 
between 2004 and 2010. 

Assessments performed in 2001 and 2007 have shown that 
the disposal site is strongly dispersive with about 80% of the 5 
million m

3
 of very fine sediments dumped annually (mixture of 

88% of silt and clay and 12% of sand; in situ density of 1.4) 
were remobilized by waves and currents and dispersed 
regionally. This conclusion raised questions among the 
administration and the stakeholders about the impact of this 
source of fine sediments on the neighboring coast and activities 
and about the ways to reduce it. A six-year study, 
commissioned by GPMNSN authorities to ARTELIA, started 
in 2007 to solve these questions, optimize the location of the 
disposal site and improve the knowledge of the suspended 
sediment regional dynamics. 

 

Figure 1.  Map of navigation channel and disposal area 

 

Figure 2.  Bathymetry and area of Lambarde disposal site  

The study was divided into three parts: 

 Preliminary study   (2009) 

 Field campaign    (2010-2011) 

 3D hydro-sedimentary model  (2011-2012) 

The third part is the main object of this paper. 

mailto:regis.walther@arteliagroup.com
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II. PRELIMINARY STUDY  

A classical 3D hydrodynamic model was first set-up and 
trajectories of particles with a critical shear stress from 
Lambarde site was calculated on the hydrological year 1999. 
10 representative sequences of oceano-meteorological 
conditions were selected. Fig.3 and Fig.4 are an example of 
results for two typical sequences. From these results and 
statistical weighting, the first annual short-term dispersion 
pattern was established (Fig.5). 

 
Figure 3.  Period 1: Field of particles after 15 days of low flow, low wind 

(NE ->W) and low waves 

 
Figure 4.  Period 3: Field of particles after 15 days of mean-> low flow, 

strong wind (W->NW), mean -> strong waves 

 
Figure 5.  Preliminary study: establishing a first dispersion pattern 

The study of patterns of dispersion and time cards exceeded 
several critical shear stresses (Fig.6) allowed to propose three 
alternative disposal sites. The location of these three alternative 
disposal sites (Fig.7) is a compromise between different 
parameters as stability, dispersion, economic, biological, 
fishing, shipping and others… 

 
Figure 6.  Maps of time exceeded a threshold shear stress for period 1 and 3 

 
Figure 7.  Location of 3 sites for an alternative disposal 

 

III. FIELD CAMPAIGN 

This initial understanding enabled the preparation of a large 
field campaign, carried out in September and October 2009 and 
April-May 2011 by IMDC, covering hydrodynamic conditions, 
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short-term local monitoring of placing events and medium term 
regional monitoring of suspended sediment fluxes and 
deposition [1]. 

 

A. Field campaign at fixed point 

Three fixed stations measurements are implemented, near 
the actual dumping area, near the site 1and between site 2 and 
3 (Fig.8). 

 
Figure 8.  Sheme of Lambarde fixed station 

The objective of the fixed stations measurements is to 
provide the hydrodynamic and sediment transport conditions 
prevailing during the field survey for the results analysis. 
Additionally it should help characterizing the alternative 
disposal sites, and help to determine the dispersion and re-
suspension of sediments on the medium to long-term. Each 
station measured during three weeks, starting from the 
beginning of the dredging campaign. Each station was 
composed of a series of instruments measuring turbidity, 
salinity, current velocity and direction, wave characteristics 
and for Lambarde station: erosion-sedimentation (Fig.9). 

 
Figure 9.  Location of fixed stations (red) and transects (green) 

 

B. Field campaign: Instruments on a survey vessel 

A vessel was equipped with an ADCP and a Siltprofiler, for 
measurement of plume tracking and measurement of Sediment 
fluxes through transects. The objective of the plume tracking 
(Fig.10) is to determine the behaviour of the sediments 
immediately after dumping, both in the water column and near 
the sea bed, under different hydrodynamic conditions and 
according to the sediment characteristics. The objective of 
transects measurements (Fig.8) is to determine the fluxes of 
dispersed sediments in direction of the estuary through 
predetermined transects during a complete tidal cycle. Three 
transects are situated at mid-distance between the disposal site 
and the city of Saint-Nazaire, respectively perpendicular to the 
navigation channel (A), the secondary channel of Mindin (B) 
and in the direction of the bay of Saint-Michel Chef-Chef (C). 

 
Figure 10.  Surface dispersion of the plume under the influence of the current 

during a Lagrangian protocol measurement. 

 

C. Field campaign with  fluoresent tracer 

Fluorescent tracer with the same characteristic as sediment 
mixture was mixed and dumped, during ebb and during flow 
the 1rst April 2010 on the Lambarde site. This was followed by 
two sediment sampling campaigns in targeted areas of the 
estuary which took place at midApril and at the end of May. 
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The objective of a campaign with fluorescent tracer is to 
measure dispersion end recirculation in the bay. 

 

D. Bathymetric surveys 

Regular six-monthly bathymetric surveys over the period 
2004-2011 were also analysed to establish the stability of the 
disposal site (Fig.11). 

 
Figure 11.  Evolution of Bathymetry  

 

IV. 3D HYDRO-SEDIMENTARY MODEL 

A. Using an existing Telemac 3D model of Loire estuary 

The model is based on the Telemac-3D system. The 
simulated area is about 90 km inland and 40 km offshore. It 
includes laterally not only the tidal flats but also large parts of 
submersible areas. The horizontal mesh is composed of about 
7100 nodes with a maximum size of 2.5 km offshore and 50 to 
150 meters in the area of interest. The vertical mesh is 
composed of 16 planes, with a strategy of fixed planes (red) 
and sigma planes (black)  to get a proper refinement near the 
bed (2 at 5 planes of 0.25m to catch the strong gradients of 
currents, salinity and SSC) and near the surface to properly 
integrate the wind effect (Fig.12). The model is forced with the 
daily discharge of the Loire river, the astronomical tide level, 
variation of mean sea level due to meteorological conditions, 
waves and wind conditions. 

This operational 3D model is calibrated and validated in the 
inner estuary: sea levels, currents, salinity, sedimentology 
including turbidity of mud transport and bed level evolutions in 
mud [2]. 

This model included particularly: 

 New law of erosion [3] 

 New law of consolidation [4] 

 Flocculation effects on fall velocity 

 Sliding effect 

 Development of a multilayer mixing length for a  
better calculation of stratification effect [5] 

 Morphodynamic coupling of bottom roughness and 
fluid mud [6] 

 

The model proved to be able to reproduce a full annual 
cycle of the dynamics of the maximum turbidity in the Loire 
estuary without any assumption regarding the bathymetric state 
of the estuary. 

 
 

 
Figure 12.  Telemac-3D model of Loire estuary 

 

B. Adaptation and validation of the model in the study area 

 
The mesh of the model was refined by reducing the mesh 

size of about 100m horizontal grid in the area of the deposit 
site and 250m around. The model simulated the 2009-2010 
hydrological year and compared to the measurements on the 
period from 24 September to 14 October 2009. 

The model correctly represents the water levels and 
currents in the outer estuary (Fig.13). 

The model correctly represents the magnitude of the 
salinity measurement at the bottom as at the surface. In 
particular we identify the effect of low tides allowing a little 
stratification between the bottom and surface. The effect of 
high tides tends to homogenize the bottom salinity and surface 
(Fig.14). 

The 3D model uses a library of waves propagation that was 
pre-calculated for different water levels, directions, and 
periods. A total of 1920 wave propagation are pre-calculated. 
At each time step a spatial interpolation is performed, from the 
waves measured at the maritime boundary and the library. This 
relatively simple and very fast method of calculation time gives 
good results (Fig.14) as bathymetry does not change too much. 
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Figure 13.  Sea level and velocity comparison 

 
Figure 14.  Comparison of salinity at bottom and surface and comparison of waves in amplitude an period 

 



21st Telemac & Mascaret User Club Grenoble, France, 15-17 October, 2014 

 

146 

C. Introduction of a mixed sediment in Telemac-3D 

 
It was added in Telemac-3D a sand sediment tracer, in 

addition to the mud sediment tracer. 

In the water column, both sediments do not interact, both of 
them have their own fall velocity and thus their own deposition 
flux. 

However, they interact in the consolidation model, in which 
mud and sand are mixed in each layer of the consolidation 
model. The percentage of the mixture then modifies critical 
shear stress of layer and flow erosion. 

When the mass fraction of mud in the mixture (Fig.15) is 
below ~ 0.3, the critical shear stress is larger than that of pure 
sand. Mud infiltrate into the pores formed by the assembly of 
sand brings cohesion mixture (b). When the mass fraction of 
mud in the mixture is higher than ~ 0.3, mud that have 
infiltrated the pores between not allow contact of the sand 
grains together. The critical stress decreases (c).When the mass 
fraction of mud in the mixture is higher than ~ 0.5, it can be 
considered that the mixture behaves like pure mud. 

 
 

Figure 15.  Conceptual diagram showing the implementation mechanism in 

motion, Panagiotopoulos et al., 1997 

In terms of flows, the code computes a flow of pure sand 
and a flow of pure mud. The equilibrium concentration at the 
reference level for pure sand is calculated at each point of the 
model by model 1DV TRANPOR 2004 [7] [8], taking into 
account the combined effect of wave and current. 

Depending on the mixture in the treated layer, a mixture 
flow is derived and based on the mass fraction of each class of 
sediment (Fig .16). 

 

Figure 16.  Variation of critical shear stress as a function of mass fraction of 

mud (Frvas) and relative concentrationof mud (Cv,rel), Thesis of B. Waeles 
2005 [9]. 

D. Hydro-sedimentary 3D model of stability 

The purpose of the model of stability is to correctly 
reproduce the evolution of the disposal site over 7 years. 

1) Description and Boundary condition 

 
The real time series from 2004 to 2011 will be imposed in 

tide, mean sea level, wind, wave and dumping (position, time 
and mass distribution in sand and mud). 

Given the significant time calculation, it was decided to 
create a model in 3D, forced by the general model of the Loire 
estuary (Fig.17).  

 

 

Figure 17.  3D sub-model of stabilty 



21st Telemac & Mascaret User Club Grenoble, France, 15-17 October, 2014 

 

147 

Every 3 months the library of wave propagation in the 
stability model is recalculated to take into account the 
evolution of the bathymetry site. 

2) hypothesis for the near-field 

 
The near field of sediment release is not calculated (time 

and space scale are not adapted), it is approached by 
assumptions regarding the distribution of masses from the 
measurements 5-10 minutes after the start of dumping. 

The mass of each sediment release is distributed uniformly 
over 10 minutes and sub-divided into three phases: 

 The suspension dissolved in the entire water column 

 The bottom turbid plume, 

 Part deposited on the bottom 

The bottom turbid plume that has a lifespan of 10 to 15 
minutes from the measurements is put in the bottom layer of 
the model less concentrated: 40g/l. The mass is distributed with 
in 500m around the central position of the point of dumping. 

The part deposit in the bottom is divided into the layers of 
concentrations between 40 and 100g/l. The sandy part of the 
dumping is set entirely in the layer 100g/l. The masses are also 
distributed within 500m around the point of dumping. 

The radius of dumping was a calibration parameter and the 
value of retaining 500m corresponds to the empirical result of 
calibration. It remains consistent with measurements. 

The mass distribution in the three phases is based on the 
speed of the ambient current. The measures of plume tracking 
reinforce laboratory experiments of R. Boutin [10] and also 
designed to provide a balance between bottom turbid plume 
and suspension dissolved in the water column. 

 

 
Figure 18.  Hypothesis of mass distribution in the near field 

 

3) Calibration and validation of hydro-sedimentary 3D 

model of stability 

 
The model of stability is calibrated and validated on the 

basis of bathymetry between February 2004 and February 
2011. The calibration was performed on measured evolution 
during the first 3.5 years. The validation consisted to simulate 
the last 3.5 years.  

After the seven years, the deposit measured on the site is 
9.8 million m

3
 while dumped volumes was, in the same period, 

39.6 million m
3
 (calculated volume density up to 1.4). The 

stability rate in volume (typically used by ports) is 24%. 

The main fitting parameters were: 

 The choice of layers of concentration mud in which the 
mud are initially deposited.  

 The radius on which is deposited the mass of each 
dumping around the centre point 

 The critical stress for erosion for highly concentrated 
mud: it was decided to limit the critical stress 1.53 N / 
m

2
, which corresponds to a vase of 300g/l 

 The parameter value of sliding effect 

Calibration was performed initially on the volume 
remaining in place on the site throughout the 7 years. Also, as 
can be observed in graph (Fig.19), the average stability of the 
deposit around 25% is well reproduced by the model. 

For area 1 and 2, maps of bathymetric evolution are 
provided (Fig.20). Volumes find on site were found with less 
than 3% of error but with a little less spreading in the model. 

 
Figure 19.  Comparison of the volume on the site 

 
Figure 20.  Bathymetry evolution 

For each bathymetry, we calculated an average bottom 
level per area, in order to assess the temporal and spatial 
distribution of deposits on the site. Changes in average bottom 
level of each area are relatively well represented (Fig.21). This 
good agreement was obtained by fitting the radius of dumping. 
Indeed, this radius has an important role on the distribution of 
dumped volume between the target area and neighboring 
area.The sliding effect plays an important role on the area 3 or 
no dumping is made and for which we see a significant 
bathymetric evolution between 2010 and 2011 (Fig.21). The 
critical shear stress of consolidated sediment plays an 
important role in the evolution of the area 0, where there is no 
dumped after 2005 (Fig.21). 
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Figure 21.  Average bottom level for each area 

 

4) influence of waves 

 
With a focus on the graph of volume at bottom evolution 

(Fig.22), we can see the strong influence that may wave during 
dumping on the site stability. In this example, if sediment is 
dumped with more than 2 meters of waves, there is no stability. 

 

Figure 22.  Influence of waves on the stability 

E. Hydro-sedimentary 3D model of dispersion 

Once all sedimentological parameters have been calibrated 
in the sub-model of stability, it is reintroduced into the overall 
model (Fig.23). 

 
Figure 23.  View of the dispersion model 

The goal of the 3D dispersion model is to follow over a 
year the dumping in the far field. 

The data used here include 1371 dumping from 21 
September 2009 to 21 September 2010. Mass of sediment are 
respectively 0.33 million tons of sand and 4.12 million tons of 
mud for a total of 4 45 million tons dumped in area 2. 

 

1) Calibration of hydro-sedimentary 3D model of 

dispersion on measurement of Suspended Sediment 

Concentration  

 
In this simulated year, we have a series of measurements of 

Suspended sediment Concentration at Site 1 (Fig.24) in 
September 2009 which is about 3km from the dumping area. 

 

Figure 24.  Location of Suspsended Sediment Concentration measurement 
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Figure 25.  Comparion of suspended concentration at the surface and at the 

bottom 

Correspondence with the model is reasonable, even though 
peaks are more important in the model (Fig.25). Measurements 
are quite close to the area of dumping, where assumptions are 
made on the forms and distributions of sediment release, but 
quality of the result is very correct. To obtain these results, 
particularly on the surface, fall velocity for low concentrations 
has been adapted over the original law. Indeed the Original fall 
velocity law had been calibrated on the dynamics of the 
turbidity maximum, which is more related to the dynamics of 
higher concentrations. 

 

2) Comparison with flusoresecnt tracer campaign of April 

and May 2010 

 
The April-May 2010 campaign, consists of two sediment 

releases on the 1rst April  containing a fluorescent tracer, 
followed by a campaign sediment sampling in targeted areas of 
the estuary that took place on 20 and 21 May . 

The sediment releases were made during ebb and flow of 
spring tide (coefficient 106) and just before a storm of Western 
significant height peaking at 5.5m. The sampling campaign 
was carried out following northeast established wind (between 
5 and 11 m /s). 

Map of maximum deposits obtained on the sampling period 
(20-21 May) is compared to the map of tracer presence in the 
samples (Fig.26).It was observed that the areas where the tracer 
was noted are in areas where the model had deposits. Deposits 
are more pronounced in the Bay of Saint-Michel-Chef-Chef 
than in Bay of Bourgneuf. This is in the sense that the tracer 
concentrations found were higher in the Bay of Saint-Michel-
Chef-Chef. Unfortunately, more quantitative comparison is 
technically difficult. 

 

Figure 26.  Comparison of tracer measurement and deposit during 1 April-21 
May 

3) Dispersion results after one year 

 
Figure 27 show that annual average (off near field area), 

dumping induces an excess concentration relative to the natural 
conditions. 

 
Figure 27.  Average concentration of  Lambarde sediment dispersion during 

one year 

The maxima show with initial directions (that is to say 
when the plume is concentrated again) that may take the 
plumes from the following different hydro-meteorological 
forcing (Fig.28).  
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Figure 28.  Maximum concentration of  Lambarde sediment dispersion during 

one year 

Clearly, there is the area of influence around the Lambarde 
in east-west axis, the entrance to the “grande fosse” and the 
entry of the navigation channel and the East Coast: Bay of 
Saint-Michel-Chef-chef and channel Mindin and the northern 
entrance of the Bay of Bourgneuf. The inner estuary part is 
more like a reconstruction of turbidity maximum, as a plume of 
Lambarde. 

V. CONCLUSIONS 

 
An important measurement campaign, defined from the 

results of a preliminary 3D model of the Loire estuary, allowed 
to calibrate and validate: 

 A sub-3D model of stability in sand mud mixing that 
simulate real-time up to 7 years of bathymetric 
evolution 

 A 3D model of dispersion in sand mud mixing, that 
simulate up to 1 year of dispersion in real time 

 These two models were used: to better analyze and 
understand the current situation, to compare six 
dumping scenarios in stability (Fig.29) and dispersion 
(Fig.30), to compare dumping strategies (in time and 
space)  

 

 

 

 
Figure 29.  Comparison of stability for 6 scenarii 

 

Figure 30.  Comparison of dispersion bertween actual situation and scenario 5 
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Abstract—Dunes are the major bed forms of waterways. If they 

are only represented indirectly by a dune predictor and an 

average bed height in a numerical model, the resulting 

simulated water depth and with it the shipping capacity will 

also be an average one - and due to this locally subject to high 

uncertainties. Not only does the presence of dunes considerably 

modify the flow structure with vortex creation in the lee side of 

bed forms, also the sediment transport rates are changed. The 

prediction of dune characteristic dimensions (height and 

length) with numerical modules and configurations that are 

applicable in project work is therefore of high interest. This 

paper describes the efforts that have been conducted at the 

Bundesanstalt für Wasserbau (BAW) to enable a better 

understanding of dune processes in rivers and the direct 

integration of bed forms and the associated flow structures into 

their river models. After successful calibration of the modules 

Telemac3D-Sisyphe with data sets gained at an experimental 

flume, the found parameter settings have been applied to a 

river reach of the river Elbe. It was possible to simulate the 

movement of bed forms of a 4 km river reach during constant 

water discharge. Further research will focus on changing 

discharge conditions and resulting adaptation (time scale as 

well as shape) of the bed forms. 

I. INTRODUCTION 

The Federal Waterways and Engineering Research 
Institute (BAW) is the technical and scientific federal 
authority of the Federal Ministry of Transport and Digital 
Infrastructure. It provides the shipping administrations with 
necessary consultancy and expert opinion services, to assure 
a safe and economic transport on all navigable rivers in 
Germany. One of the main tasks is to guarantee a minimum 
water depth in the navigation channels. This task is 
complicated by dunes, which are the most common bed 
forms of German water-ways. Being capable of predicting 
height and length of bed forms, is therefore of major interest. 
But even if sediment characteristics, river geometry and 
discharge are known, the prospective sediment transport and 
water depth in the presence of dunes can only be determined 
approximately. 

This is due to the fact, that even despite the growing 
computer capacities, numerical models for morphological 
simulation of large river sections or to forecast long-term 

developments still involve 2D flow simulations coupled to a 
morphodynamic model. In case of bed forms the established 
engineering practice is to use empiric formulations and 2D 
RANS-simulations to account for dunes or bed roughness, 
for example the formulation of van Rijn [1]. Those empiric 
formulations have an enormous uncertainty. It is therefore 
the aim to enhance the existing numerical tools to calculate a 
three-dimensional flow field, which will let dunes develop, 
grow and move, without the need for parameterization.  

Dune simulation has seen a lot of advances concerning 
the prediction and simulation of dynamics of dunes. The 
complex processes of river dune morphology have been 
examined with high-tech measuring instruments in 
experimental studies (e.g. [2], [3], [4] and [5]) and in more 
and more detailed simulations (e.g. [6], [7], [8], [9] and [10]). 
This was mainly achieved through the progress that took and 
is still taking place in high performance computing. There 
were also advances to reproduce dune morphodynamics with 
numeric simulations (e.g. [11], [12]). 

The next section will present the numerical model used in 
the following numerical calculations: the third section will 
describe the calculations done for an experimental setup, the 
fourth section shows results gained for a natural river model. 

II. NUMERICAL MODEL 

It is widely agreed on, that the turbulent flow that 
surrounds the bed forms is the initiator and vital element of 
dune forms and their movement. It is therefore crucial to 
reproduce this flow in a numerical model [13]. Not 
surprisingly successful flow simulations around dunes, or as 
well morphological dune simulations, mostly apply DNS or 
LES. Calculating complete river models on the other hand 
requires less extravagant solutions: fluvial models are still 
mostly, if even, 2D RANS models. Hence the model used in 
this study applies as well the Reynolds-Averaged Navier 
Stokes (RANS) equations for shallow water flow. To account 
for the turbulent flow around and behind dunes, the 3D 
model of the TELEMAC system is employed – coupled to 
the morphodynamic module Sisyphe [14], [15]. For 
turbulence modelling the k-ɛ model of Telemac3D is applied.  
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III. EXPERIMENTS 

A.  Hydrodynamic Simulations 

To calibrate and test the numerical morphological model, 
data from an experimental flume situated at the BAW in 
Karlsruhe was employed.  

The experimental flume has a length of 32 m of which 
approximately 28 m can be evaluated. It has a rectangular 
cross section with one side wall of glass with metal bars and 
one side wall of plastic material. The width of the flume is 
5 m split in two halves of 2 m where two different dune 
experiments were conducted: one side hosts a mobile bed 
experiment and the other side contains fixed, naturally 
formed dunes. The bottom of the moving bed experiment is 
constantly covered with sediment which has a steep grading 
curve (4 fractions with a 1 – 3 – 64 – 32% distribution with 

mean diameters of 0.4275 – 0.605 – 0.855 – 1.2 mm) and a 
total mean diameter of 0.94 mm. The same sand was used for 
the fixed dunes, which were formed with a constant 
discharge and fixed with a two-component adhesive. Over 
these dunes detailed velocity measurements were performed 
to validate the hydrodynamic model. The movable bed 
experiment allowed comparing the morphodynamic model 
with dunes of different discharges and configurations.  

The hydrodynamic simulations showed very good 
agreement of velocities and water levels. The critical areas of 
recirculation behind the dunes could be matched as well as 
the distribution over the water column in course over the 
whole dune. Figure 1. a,b,c show plots of the velocity in all 
three spatial directions in comparison to measurements. The 
values of the numerical simulation have been extracted at the 
same points where the measurements have been taken.  

 

Figure 1.  Velocities in three spatial directions and turbulent kinetic energy over fixed dunes. Each point represents an extraction point/ measurement. 
Comparison of simulation with Telemac3D and measurements (Vectrino II, BAW). The turbulent kinetic energy of the simulation was multiplied with a factor 

of 2. 

a)                 b) 
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Due to this a slight interpolation was necessarily applied, 
as the calculation was done with 13 vertical, logarithmically 
distributed sigma-levels and the measurements were taken at 
more or less equally distributed points. 

The largest room for improvement can be seen in the 
calculation of turbulent kinetic energy (Figure 1. Here one 
notices the qualitatively correct distribution, but the amount 
of depictured turbulent kinetic energy in the calculation was 
multiplied by 2 to gain a fit with measurements. This is a 
flaw in the numerical simulation and the employed k-ɛ 
turbulence model that needs further investigation. 

B. Morphodynamic Simulations 

Morphodynamic simulations were done over 24 h. The 
same hydrodynamic and morphodynamic boundary condition 
as in the physical experiments and the hydrodynamic 
simulations were applied. 

As opposed to the mere hydrodynamic experiments with 
a high water level discharge of 240 l/s, the morphodynamic 
experiments presented here were done with a lower discharge 
of 145 l/s. This results in an average water depth of 0.175 m. 
To compare the experimental and numeric data sets of the 
morphodynamic simulations, the following dune parameters 
are considered: first dune length and height which are the 
main variables when evaluating dunes for decades, e.g. [1]. 
As a dune field is a multiscale statistical structure which isn’t 
realistically captured by merely two physical values [16], 
second skewness and kurtosis of the spatial data field are 
considered as well. These 3

rd
 and 4

th
 order distribution 

moments normalized by the variance (which is therefore 
calculated as well) will give additional information about the 
general shape or form of the bed surface and the distribution 
of the dunes in space [17], [18]. Also the three-dimensional 
structures can be compared visually to account for shape and 
slope differences and local scour/erosion phenomena.  

Using these calibrated data sets of the hydrodynamics for 
morphodynamic simulations good dune movement and shape 
parameters could be achieved. The overall best results were 
gained with the bed load formulas of Engelund and Hansen 
[19] and Yang and Lim [20].  

For slope effect the formula of Koch and Flokstra [21] 
and for the deviation the new formula of Apsley and Stansby 
[22] proved to create the best dune shapes. The dune 

parameters gained with those configurations are summarized 
in TABLE I. .  

Comparing them to the results of the experimental runs 
one finds that for dune height and length the values of the 
simulations fit the spectrum of the physical experiment. Also 
the range of the variance can be reached. Skewness and 
kurtosis are slightly more off: The skewness only reaches a 
negative value in one run of the simulations. Most of the 
kurtosis values of the simulations are negative. Even though 
the range of the presented experimental values is positive, 
some other experimental runs at an earlier stage of time have 
shown negative values as well. Printing the values into a 
skewness–kurtosis diagram (as in [25]) one can see the 
discrepancy between the shape parameters of experiments 
and simulations even more clearly (Figure 2. ). 

Explanations for this discrepancy in length/height vs. 
shape parameters are manifold. The simulations on one hand 
miss smaller bed forms like ripples, in consequence of the 
mesh size. This will result in differences in shape parameters. 
On the other hand the chosen transport and slope formulae 
might be insufficient, as well as the chosen k-ɛ turbulence 
model (see previous section). Nonetheless the final result of 
movement, bed form height and length is satisfying enough 
to test the findings in a river model application. 

IV. RIVER MODEL – LENZEN, ELBE  

A dune dominated stretch of the river Elbe near Lenzen 
was chosen to test the data sets found in the experimental 
flume. The chosen reach stretches from El-km 480 to El-
km 484. Tests done with longer stretches are discussed 
below. In this area the river Elbe has partially retained its 
hydro- and morphodynamics, even though during the last 
centuries its flood plains have been reduced and large parts of 
its banks have been stabilized with groynes and revetments 
[26]. 

The presented area is an almost straight stretch, with an 
average width of the main channel (desired groyne head line) 
of 203 m. Due to different groyne forms this is only a mean 
value and the actual width can be quite variable. Following 
this, also the velocity at specific cross sections may change 
along the reach. In average the mean velocity of a low water 
(MNQ, 297 m³/s) is 0.73 m/s, a middle water (MQ) of 
689 m³/s will result in average velocities of 0.96 m/s.  

TABLE I.  DUNE PARAMETERS GAINED WITH FOUR DIFFERENT EXPERIMENTAL COMBINATIONS. EL&H= BED LOAD FORMULA BY ENGELUND AND HANSEN 

[19]. Y&L = BED LOAD FORMULA BY YANG AND LIM [20]. SL1 = SLOPE EFFECT FORMULA BY KOCH AND FLOKSTRA [21]. SL2 = SLOPE EFFECT FORMULA BY 

SOULSBY ET AL. [23]. DEV2 = FORMULA OF DEVIATION BY TALMON [24]. DEV3 = FORMULA OF DEVIATION BY APSLEY AND STANSBY [22]. 

simulation name height [m] length [m] deviation skewness kurtosis 

EL&H, sl1 dev3 0.0329 1.2373 0.0123 0.2688 -0.6585 

EL&H, sl2 dev2 0.0447 1.0724 0.0178 -0.1747 0.9828 

Y&L,   sl1 dev3 0.0280 1.8361 0.0112 0.4629 -0.4021 

Y&L,   sl2 dev2 0.0228 1.3345 0.0102 0.4633 -0.1583 

      

Experiments 0.042 – 0.047 1.144 – 1.511 0.018 – 0.019 -0.639 – -0.505 0.405 – 0.743 
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Figure 2.  Plot of skewness over kurtosis with same simulations as in Table 1. Background diagram taken from Friedrich et al (2006). 

The river bed is a sand-gravel mixture, composed of 80% 
medium and coarse sand and 20% fine and medium gravel. 
This results in an approximate D50 of 2.4 mm. The bottom of 
the reach is very mobile, transporting bed forms which 
appear in all sizes, ranging from ripples and dunes to banks. 
The dunes can be divided in large dunes (length > 120 m, 
height > 1.1 m) and medium dunes (length 10 to 120 m, 
height up to 1.1 m). The average speed of the dunes is 
10 m/d, the average slope is 0.13%. 

Figure 3. shows the primary complete model domain (a) 
and an extraction that was finally calculated (b). The original 
model domain (a) is 12 km long and the straight section has a 
length of 4 km. In this area high resolution bed 
measurements of different discharges exist that can be used 
for morphodynamic evaluation. The 2D mesh of the 12 km 
reach has about 1million elements with excessive refinement 
in the 4 km evaluation area, where the element distance is 
about 2 m – in comparison to a mesh width of about 15 m in 
the rest of the main river bed. A refinement is needed to 
directly represent the bed forms with their stoss- and lee-
sides in the mesh, which have a length of 50-80 m, but a 
height of only 0.5-1.2 m. 10 sigma layers were used for the 
3D hydrodynamic calculations. The 12 km mesh was used 
for first calculations but proved to be instable and non-
manageable. The difference in mesh resolution, especially 
across the river channel, resulted in too high gradients when 
calculating morphodynamics. Due to this, a shortened mesh 
with a constant mesh width of 4 m over the complete area 
was created. The flood plains were cut off, as these areas are 
not flooded during the presented discharges. The short mesh 
has 117.195 nodes in 2D (337.944 elements), which allows 
fair calculation times with 96 processors. Further 

parallelization will not result in significant reduction of 
calculation time. The calculation time of this mesh also 
provides basis for further mesh elongations or refinements. 

In a first step the findings of the morphological 
calculations of the experimental flume were used to calculate 
a steady discharge (485 m³/s) with a corresponding river bed 
taken from bottom measurements. Figure 4. shows 
longitudinal extractions of the river bed of a morphodynamic 
calculation (EL&H, sl = 1, dev = 3), taken from the middle of 
the river. Approximately every 12

th
 hour of the calculation is 

shown, starting from t = 0 h which is a measured data set. 
One can see that the dunes move steadily and are not 
flattened out. The average speed is 40-50 m/d, which fits the 
value of the real-life dunes very well. From the longitudinal 
sections no direct comparison of the three-dimensional 
movement of the dunes can be drawn. The 3

rd
 and 4

th
 order 

moments of these spatial data sets need to be evaluated in 
order to do so. 

 

Figure 3.  Simulation area of Lenzen, Elbe. Extent is a) 12 km, b) 4 km. 

a) long mesh,  

    516.000 nodes  

b) short mesh, 

    117.000 nodes 
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Figure 4.  Longitudinal extractions of the bottom of the Elbe (El-km 480 - 484, only 2.3 km shown here), calculated over 5 days. The height of the bottom is 

exaggerated by a factor of 7.6. Dune progress is shown by red, vertical lines.

V. RESULTS AND CONCLUSIONS 

The results show that a calculation of a complete river 
section with very diverse sediment transport phenomena is 
possible with Telemac3D coupled to Sisyphe. A good dune 
movement could be simulated.  

The ongoing research focuses on changing discharge 
conditions and resulting adaptation in time scale as well as in 
shape of the bed forms. Further model parallelization should 
be possible and therefore an elongation of the domain seems 
feasible. Through this a model domain that is able to deliver 
reliable forecasts is a realistic goal. 
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Abstract— In this study, we investigated the ability of a physics 

based 2-D model (TELEMAC2D coupled with SISYPHE) to 

reproduce the braiding dynamics from the initiation, starting 

from an initially flat bed with a central incision, to the evolution 

of the pattern resulting from different flow, sediment forcings 

and sediment transport formulas. The idealized river model 

remained close, in terms of dimension, to flume experiments. The 

choice of boundary conditions, taken as simple as possible, 

allowed to directly link the result to the constitutive relations 

used and an isolated analysis of the model capability to 

reproduce the morphology and the dynamic characteristic of 

braided streams. The simulation results showed that the model 

successfully reproduced the initiating phase of the braiding 

pattern. 

 

I. INTRODUCTION 

Braided rivers are self-induced forms of alluvial streams 
which are characterized by a multichannel network separated 
by ephemeral exposed bars (see Fig. 1). Prevailing sediment 
inflow, high stream power and erodible banks are necessary 
conditions for braiding. Among the existing channel types of 
alluvial rivers, the braiding streams are - the less stable and the 
more active in terms of sediment transport, or more 
specifically, bedload transport [1]. 

 

Figure 1.  Waimakarini River, New Zeland (Google Earth) 

The reasons which lead to the initiation of the braiding of a 
stream are partially known. However, there is no scientific 
consensus yet. As cited in [2], one can consider two main 
reasons for both the initiation and the development of braiding: 
an abundant bed load and an easily erodible banks. The 
overloads encourage the first sediment deposition so it initiate 
the formation of the first central bar which will cause the 
deflection of the flow [3] and therefore the erosion of the banks 
and the widening of the mean stream bed. Furthermore, 
turbulence and the regime tendency to lower its Froude number 
can also be considered as factors for, respectively, initiating 
and developing the braiding pattern [4]. 

Braided rivers are particular in terms of their 
morphodynamics. Formed with a large gravel bed in which 
multiple channels cross and split; their global aspect is similar 
to braids. Their crossing channels are separated with gravel 
bars, which are very dynamic. Although, the channels can be 
slightly sinuous, they generally follow the orientation of the 
valley. One other aspect of braided rivers, the pattern or the 
bed form might seem chaotic and complex. Nevertheless, most 
of the time, the water flows only on half of the channels [5]. 
Also, the solid transport activity is limited to a narrow strip in 
the main channels [6]. 

In this work, we assessed the capabilities of the 
TELEMAC-MASCARET modeling system (TMS) to 
reproduce the dynamic of the braiding system from the 
initiation of the braiding pattern and the response of the 
numerical model to different types of settings. Prior to the 
numerical modeling work, a physical model was developed in 
the hydraulics laboratory of IRSTEA Grenoble in order to 
establish basis knowledge relative to braiding streams. 
Accordingly, some of the model’s settings and calibration 
parameter were inspired from the flume experiments. Further 
details can be found in [7]. 

In the following, we will first present the numerical model 
configurations, secondly the simulations results and then 
conclusions regarding the TMS ability to reproduce the 
braiding streams dynamics will be drawn and discussed. 

II. NUMERICAL EXPERIMENT 

A.  Construction of the model 

The domain considered for the numerical simulations was 
10,75m long and 1,15m wide, similar to the dimensions of 
flume experiments. A small rectangle was added upstream at 
the inlet in order to withdrawn the input. This proved to 
effectively eliminate some of the instabilities at the very first 
nodes. Therefore, the domain was described with an 
unstructured grid of triangular elements with 61212 nodes and 
a typical edge length of 1,5cm. 

TELEMAC was run in depth averaged mode (2-D) and was 
fully coupled with SISPHE. 

B. Initial conditions 

The initial state from which the simulation starts is a flat 
sloping bed (3%) with a central incision of 10cm and a 
constant water depth of 2mm on the whole domain. This last 
condition didn't affect the behaviour of the model and was 
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chosen only in order to ensure the stability of the first time 
steps. 

C. Boundary conditions 

Before presenting the boundary conditions, it was suitable 
to first present how the following modelling work is organized 
(see Fig. 2). 

 

Figure 2.  Organization of the runs 

First, Run0 starts from the flat initial model presented 
before, Run0 was therefore the braiding formation model. 
Second, and once the braiding was established, three major 
runs followed. Run00 is the continuity of Run0. The boundary 
conditions were kept the same as prior Run0. The two other 
runs, Run01 and Run02 are, respectively, erosion and 
aggradation. In the first one, the sediment inflow was stopped, 
and in the second one, the sediment inflow was increased. The 
Table 1 presents the boundary conditions configuration for 
each run. 

TABLE I.  BOUNDARY CONDITIONS FOR EACH RUN 

Runs 

Inlet Outlet 

    
  ⁄       

  ⁄       
  ⁄                    

Run 0 
          

          

Calculated 

with 

sediment 
transport 

formula 

Constant 

(     above 
the bed level) 

Run 00 

Run 01 0 

Run 02           

D. Modeling parameters 

The 2-D simulations were performed using the finite 
element method for the hydrodynamics and the finite volume 
method for the morphodynamics. The scheme used for the 
advection of velocities and water depths were, respectively, the 
method of characteristics scheme and the mass-conservative 
distributive PSI scheme. The solver used for the hydrodynamic 
propagation step was the conjugate gradient on normal 
equation method and conjugate gradient method for the 
turbulence model.  

Considering all these numerical parameters, and in 
agreement with the specified boundary conditions, the 
optimum time step of each iteration was therefore t=0,01s. 

The turbulence model considered was the constant 
viscosity model, the advantage of this model is that it required 
a lower refinement level of the mesh compared to the K-
epsilon and therefore reduces the CPU time. The overall 
viscosity coefficient (molecular + turbulent) was 10

-6
 m

2
/s 

(water at 25 °C). This velocity diffusivity parameter had an 
impact on both the shape and extent of recirculation. 

Regarding the bottom friction law, it is one of the most 
important hydrodynamics parameters which influence the 

water velocity and also the bed shear stress, which controls the 
sediment transport rate. It was taken the same in the whole 
computation domain. The used friction law was the Stickler’s 
law with the a Strickler coefficient of K=50 m

1/3
/s. 

Moreover, the simulation parameters for the 
morphodynamic module were as follows. 

The sediment used had a mean diameter of D50=0,8mm. 
The use of uniform particle size allowed to conduct an analysis 
without consideration of the hiding and exposure effects. 
Furthermore, the sediment transport formulas used for the four 
runs (0, 00, 01 and 02) was the classical Meyer-Peter-Müller 
formula. In addition, Ashmore [8] and Van Rijn [9] formulas 
were used in other following runs. 

The critical Shields number was taken equal to θc = 0,047 
when Meyer-Peter-Müller formula or Van Rijn [9] formula 
were used. However, when the simulation was run with 
Ashmore [8] formula the critical Shields parameter was set to 
θc = 0,045. 

In this work, we included the effect of the (transverse) 
slope on sediment transport. It allow to take in consideration 
the direct effect of gravity on particle on a sloping bed. Indeed, 
the gravity adds a force which can encourage or discourage the 
initiation of the transport, in other terms: the slope effect has an 
influence on the threshold shear-stress [10]. The critical 
Shields θc parameter was therefore adjusted via the Soulsby 
formula. Depending on the slope angle, the angle of repose and 
the relative direction of the flow to the slope direction, the 
threshold shear-stress value would either increase or decrease. 
The new critical Shields θβc parameter was calculated 
according to Soulsby formula. 

On the other hand, the change of the direction of solid 
transport was also take in account by the use of deviation’s 
formula from [11]: 

            
   

  
 

   
 

  √ 
 

Where α is the direction of solid transport, δ is the direction 
of the bottom stress in relation to flow direction, Zf is the bed 
level, n the coordinate along the axis perpendicular to the flow 
and β2 an empirical coefficient taken equal to 0,85. 

SISYPHE allows to take into account the influence of the 
secondary currents, such as helical or spiral flow effect, on 
sediment transport. Indeed, the bedload transported sediments 
are deviated from the main stream because of such effects. The 
sensitivity analysis conducted by [12] on his numerical model 
of braiding rivers highlighted the importance of the 
consideration of these effects. The deviation angle δ caused 
secondary currents effect was implemented in the model via 
Engelund formula: 
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The coefficient α was taken equal to 1, in agreement with 
the recommendation to relatively smooth beds. 

III. RESULTS 

First, the Run 0 and Run 00 results are exposed in the same 
section. The second section presents the results of the Run 01 
and the third the results of Run 02. Also, additional simulation 
models are presented. 

A. Establishment of the braiding pattern (Run0 and Run00) 

First, as the simulations started, one could notice the 
changes on the central incision. Indeed, the banks were eroded 
and therefore the central incision’s width increased. The 
sediments coming from the inlet boundary added to the 
mobilized volume from the bank erosion contributed to the 
increase of the bed level. This, added to widening of the 
channel, increased the width-to-depth ratio. In other terms, the 
channel became shallow and therefore the sediment transport 
capacity decreased. The sediment were deposed and the first 
bars appeared. 

 

Figure 3.  The formation of bars. a. the bed's topography Run 0, b. cross 

section of the bed, in red the cross section of a bar and in blue the cross 

section of a scour hole. 

The bar developed a curved convex shape with a central 
"peak" (see Fig. 3) .This caused the water flow to split and 
flow on the sides of the central bar. Passing the central bar, the 

junction of the two channel streams (confluence) lead the 
increase of the transport capacity and the appearance of a pool. 
One could also notice the forward migration of this bars in the 
downstream direction. 

This pool formation and migration processes are well 
described in literature [13]. The confluence of channels created 
a highly turbulent zone which destabilize locally the bed and 
lead to the digging of a scour hole. The migration of the 
channels and therefore their junction caused then also the 
migration of this scour hole. 

This first phase lasted about 40 minutes. At a certain point, 
the bars were exposed and the continuous aggradation caused 
the elevation of the bed level. Consequently, some channels 
started flooding and the water start flowing on what could be 
assimilated to a flood plain. Therefore, if the shear stress was 
high enough, the incision of a new channel initiated (see Fig. 
4). These observations suggested that the braiding initiates by 
combined aggradation and erosion processes. The forward 
migration of these bars toward the downstream direction was 
also observable on the model (Fig. 4). 

After 1 hour, the bed morphology became similar to the 
braiding patterns observed in both in the field and flume 
experiments. The braiding morphology was rather realistic and 
the model shows several noteworthy morphologies typical to 
braiding rivers. After the first hour, to the end of Run0, the 
braiding developed but in a much slower motion compared to ti 
initiation. 

Passing the second hour to the end of Run 00, the bed 
seemed to evolve and change. However, analyzing water 
depth, water velocities and solid discharge revealed that even if 
the bed relief seemed undulating and varying, the water mostly 
flowed in single channel. Consequently, one can state that the 
highly rippled bed forms are only the remainings of a 
previously braiding stream. 
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Figure 4.  Run0-00: evolution of the bed through time. 

The Bed Relief Index (BRI) reflects the transversal 
variability of the bed around the average elevation and the 
active-BRI is the BRI if we only take into account active 
channels elevations (here the threshold value over which a 
channel was considered as active was a water depths of 
h=2mm). Both are expressed in meters. 

Fig. 5 shows the evolution of the BRI and active-BRI over 
time. The active-BRI was lower than the standard BRI because, 
at the beginning, not all the flow is contained in the first 
incision, and therefore a thin layer (lower than 2 mm) of water 
poured over the banks. During the first 30 min both the indices 
decrease, which is due to the shallowing of the central incision. 
This first profile smoothing phase was followed by a renewal 
of the transversal irregularities of the bed which indicated bar 
formation. 

 

Figure 5.  Evolution of the BRI and active-BRI of Run0-00 

The bars emergence was also captured by the active-BRI. 
Indeed, a small decrease could be noticed around the first hour, 
whilst the standard BRI increased. The bed continued changing 
its transversal profile while a dry zone had emerged. 

The continuous increase of the BRI reflected the bed’s 
remodelling. However, passing the sixth hour, the BRI’s 
evolution slowed and the active-BRI became almost constant. 

This ascertainment reflects a tendency of the system to convert 
to a single-thread channel: the water flow migration to a single 
channel phase was shown by the decay of the active-BRI and a 
slight increase of the standard BRI. Then, the single channel 
started incising, which increased the total horizontal variation 
of the bed but left the active active-BRI almost constant. The 
growing gap between the BRI and active-BRI proved that even 
though the bed is remodeled, only a small fraction conveyed 
the water. 

In addition, we calculated three average slopes: the slope of 
the upstream half of the domain, the slope of the downstream 
half and the mean slope. 

First thing noticeable, is that Run0-00 was characterized by 
three phases. The general shape of the bed started by becoming 
convex, then, after the 35 minutes, became concave, and once 
again became convex. The first phase was due to the deposition 
of inlet sediments at the upstream part of the flume as a 
response of the sudden widening of the domain. Consequently, 
the sediment deficit caused the erosion of the middle of flume, 
which sediment would be deposited in the downstream part. In 
addition, the profile shape seemed to translate in the 
downstream direction, the aggraded pile shifting would 
gradually reverse the convexity (passing from convex to 
concave), and again, when the sediment wave reached the 
downstream part, the bed regains its convex like shape. This 
process was clearly seen in the Fig. 6. Indeed, the conveying of 
the sediment wave affected the partial mean slopes. 
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Figure 6.  Evolution of the slope of Run 0-00. 

However, slope decreasing indicated an adjustment of the 
topography in order to adapt to the boundary condition (or the 
control variable). This could indicate that the system was at 
sediment supply limitation. Nevertheless, at a certain point a 
width averaged slope accounting for the total width became 
somewhat irrelevant. In fact, the BRI and visual analysis of the 
bed topography showed that after the sixth hour the stream 
transform to a single-thread channel. Consequently, only the 
topography of a small fraction of the width would reflect the 
hydro-morphodynamical status of the system. Calculating the 
slope along the main channel showed agreement with this 
statement, for the slope of the main channel at the end of Run 
00 was 2.59 %, which was less than the mean slope of the 
whole data extraction zone. 

B. Erosion (run01) 

In this part, we investigate the response of a braided model 
(resulting from Run0) to the cancelling of sediment feeding. 
The flow rate was kept constant and the sediment inlet was 
stopped. 

The simulation results showed that the BRI increased as the 
bed evolves in time (see Fig. 7). The incision of a main channel 
added to previous bed variation, and therefore the BRI 
continued on increasing. However, the active-BRI only 
accounted of the variations of bed surfaces under water (the 
threshold value is taken equal to 2mm 2 mm)).  In fact, one 
could notice the relatively slow evolution of the active-BRI,, 
which was a reflect of two phenomena: the narrowing of the 
main channel with the decrease of its width-to-depth ratio and 
the progressive conversion to a single-thread channel, then its 
ongoing narrowing, which happened from the upstream to the 
downstream. 

In comparison to the values of Run0-00, which were also 
increasing, we could notice that the Run 01’s values of BRI 
and active-BRI were higher, which revealed that the single 
channel resulting from Run01 was narrower. 

 

Figure 7.  Evolution of the BRI and active-BRI (Run 01 starts at 02:15). 

The mean slope of the whole bed continuously reduced 
along the simulation (see Fig. 8). This result agreed with 

general field and flume observations and also with the Lane's 
Balance principle. However, the upstream and downstream 
mean slope considered apart, showed how the slope adjustment 
process occurred. Indeed, the upstream slope remained lower 
than the downstream one for about 9 hours. The width average 
bed profile had a concave shape during this phase. These 
observations were the result of the transfer of the sediment 
budget from upstream to downstream, which described the 
slope adjustment process. After this adjustment period, the bed 
slope seemed to stabilize. 

 

Figure 8.  Evolution of the slope (Run01 starts at 02:15). 

Considering the transformation of alluvial style to a single 
channel one. The slope of a width averaged profile became 
quite irrelevant. In that sense, the slope of the main channel 
was measured. The channel slope was equal to 1,99% which 
was less than the mean slope of the whole bed. 

C. Aggradation (Run02) 

In here, we investigate the response to braiding model 
(resulting from Run0) to the increase of the sediment feeding. 
The flow rate was kept constant and the sediment feeding was 
increased by 54%. 

The BRI continued increasing, as in the two previous runs. 
However, the increase of the sediment feeding didn’t maintain 
the braiding morphology. 

The active-BRI showed that a certain equilibrium was 
reached after the 7

th
 hour. The active-BRI remained almost 

constant, meaning that the dominant channel didn't incise nor 
flatten. However, the increase of the standard BRI combined 
with a constancy of the active-BRI indicated that the total bed's 
topography encountered some changes, but the average 
channel's shape remained at rest. In other terms, although it 
moved within the domain, the dominant channel's shape 
remained almost constant. 

 

Figure 9.  Evolution of the BRI and active-BRI (Run 02 starts at 02:15). 

The slopes variations (see Fig. 10) remained of the ones of 
Run0-00. The profile's convexity changes compared well. A 
closer look to this slope variation showed that the shifting from 
the concave profile to a convex one happened sooner in this 
run than in Run0-00. The aggradation process at the upstream 
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part was accelerated by the abundant sediment feeding. The 
peak of the total and upstream slope at 06:30 was characteristic 
of the collapse of the sediment deposit at the inlet and its 
gradual propagation through the domain. 

 

Figure 10.  Evolution of the slope (Run02 starts at 02:15). 

D. Additionnal results 

The following is a short presentation of other braiding 
streams simulations. Their aim was to broaden the view of 
TELEMAC2D/SISYPHE abilities on reproducing braiding 
morphologies with the account of other parameters. Besides, 
the analysis of these new results would provide additional 
bases necessary to the assessment of the models strength and 
weaknesses. Hereafter, the models' results will be discussed 
briefly and mostly in a qualitative way. 

1) Variation of the water inflow 
Two additional model runs were simulated in order to 

investigate the influence of the variation of the water discharge 
on the maintaining of the braiding pattern. The first one 
accounted for the flow rate variation using a hydrograph with a 
randomly oscillating discharge over time. In the second one, 
the direction of the flow at the inlet was changed over time in a 
random motion. 

On the one hand, the variation of the flow rate wasn't very 
conclusive. The hydrograph random variation didn't prevent 
the progressive transformation of the pattern to a single-thread 
channel. On the other hand, the random variation of the 
velocity vectors direction gave rather interesting results. The 
braiding pattern seemed more developed (see Fig. 11) and 
maintained longer than in the case of constant inflow direction. 

 

 

2) Ashmore and Van Rijn 
The Van Rijn [9] formula was already available in 

SISYPHE’s subroutines and the Ashmore formula [8] was 
implemented in the model. 

 

Figure 11.  Water velocity field of the after 3 hours, a. with random variation 
of the inflow velocity vectors, b. with a constant direction of the inlet's water 

velocity vectors 

The results produced by each one of these formulas were 
quite different (see Fig. 12). The beds topography seemed more 
evolved for the Van Rijn model. Compared to the results of the 

previous runs, one could state that the Ashmore formula [8] 
underestimated the sediment transport comparing to Meyer-
Peter-Müller and Van Rijn [9] formulas. 

 

Figure 12.  Elevation of the bed resulting after 3 hours with a. Van Rijn [9] 
transport formula and b. Ashmore's [8]. 

IV. DISCUSSION AND CONCLUSIONS 

First, Run0-00 showed how the model initiated the braiding 
pattern. Indeed, at the beginning of the simulation, the bed 
started evolving as a reaction of the hydrodynamics and 
sediment inflow. The results showed realistic initiation 
processes in agreement with flume observation as described by 
[8], [13], [14]. Observations of the bed evolution after 15 
minutes showed the co-occurrence of the two modes and also, 
to some extent, the superposition of theses said modes. This 
was also observed in flume experiments [7], and therefore gave 
a good appreciation of the model’s accuracy in capturing such 
processes. 

However, the observations on the bed's evolution, BRI, 
active-BRI, slopes and volumes changes agreed with the 
typical initiation's path of braiding streams. However, passing a 
certain time, the model failed maintaining the braiding pattern 
and the flow gradually merged into a single channel. This 
behaviour could be related to insufficient sediment feeding, or 
to inadequate representation of the processes controlling bars 
and bank’s erosion. The following runs, Run01 and Run 02, 
investigated the effect of, respectively, the cancelling of the 
sediment inflow and its intensification. On the one hand side, 
the model respond as expected to the cancelling of solid 
feeding. A single channel, with a lower slope, and conveying 
all the flow rate, formed progressively from upstream to 
downstream. On the other hand, Run 02 didn’t respond as 
expected. Indeed, the increase of sediment discharge didn’t 
prevent the transformation of the active pattern into a single-
thread channel. 

At the end, after 13 hours, the three simulations converged 
to a single channel stream, each of which had a different width, 
sinuosity and slope. As one could foresee, the higher the 
sediment inflow, the steeper the main channel’s slope. 

 

Figure 13.  Comparison of the braiding indices [14] of the runs. 

Besides, the comparison of the braiding indices [14] in Fig. 
13 confirmed that the models  failed in sustaining  the braided 
pattern for the three runs. The decrease of the braiding index 
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was almost the same, and happened at the same time, 
regardless of the boundary conditions. This suggests that, 
besides the boundary conditions, other causes were involved in 
the systems’ tendency to converge to a single channel 
configuration: 

 The lack of variation of the inflow discharge; 

 The unvarying inlet location; 

 The insufficient refinement of the mesh as it doesn’t 
represent well both the hydrodynamics and erosion 
processes near the banks. 

The second part of the modelling work related to the 
influence of additional model’s parameters. First, the random 
variation of the velocities direction at the inlet nodes proved to 
be moderately effective in terms of sustaining the braiding 
pattern. This fact underlined the importance of a sustained 
perturbation of the flow to maintain a braiding pattern. 
However, as the simulation forwarded in time, the braiding was 
abandoned in favour of a main single channel. Also, when the 
flow direction was varied the braids only maintained longer, 
but did not evolve into another analogous braiding pattern. 
Which weighted in favour of the lack of representativeness of 
banks erosion processes as a limiting factor for braids 
development. 

Second, the changing of the transport formula influenced 
the formation of braids, which developed sooner when Van 
Rijn [9] bedload formula was used. For a same shear stress 
value, different load formulas gave different results. However, 
one should keep in mind the effects of the nonlinearity of 
sediment transport equations as stated by [15]. The presented 
Ashmore formula [8] has been developed with the account of 
the active width averaged shear stress, Meyer-Peter-Müller and 
Van Rijn on the basis of narrow flume experiments, whilst 
TELEMAC2D computes the shear stress per node. 
Consequently, the causes of these differences of results can be 
partially justified by the nonlinearity of the load equations. 

Indeed, in [15] Recking showed that such effects are even 
greater when the exponent of the shear stress is high. The 
exponents of the sear stress in Ashmore [8], Meyer-Peter-
Müller and Van Rijn [9] formulas were respectively 1.37, 1.4 
and 2.1. This results highlighted the importance of care on the 
choice of transport formulas depending on the dimension of the 
problem, for the transition from a 1D to a 2D model wouldn’t 
be without consequences. 

The discussion above showed how the model succeeded on 
representing the braiding initiation and, in opposition, it failed 
on maintaining this braiding pattern. In fact, the lack of 
channels dynamics was apparent and is to be attributed the 
models failure on sustaining dynamic and mobile braids. But, 
before starting the discussion of the numerical effects on the 
braiding evolution, it would be suitable to first recall that 
during the modelling work, the setting of the boundary 
conditions for instance, proved to be delicate task and rather 
limitative. In addition, in many circumstances an unrealistic 
and massive accumulation of sediment happened at the 
boundary nodes, or, exaggerated erosion/aggradation occurred 
in located nodes. These model instabilities compelled 
additional effort in the model calibration. 

In that sense, the models lack of dynamic couldn’t be 
addressed by lowering the implication coefficient for it would 
deteriorate the model stability. Conversely, increasing the 
numerical diffusion would produce smoothed results and 
therefore damp, to a certain extent, the morphodynamics. 

Besides, the model stability was also conditioned by the 
mesh quality, which in turn impacts, not only, the CPU time, 
but also the results’ precision. Furthermore, in a 2-D simulation 
the edge length would force the minimal channel width. In fact, 
channels narrower than twice the distance between two nodes 
would not form. The small channels (in terms of number of 
nodes per cross section) evolutions is very constrained. In 
addition, a very high slope in a coarse 2-D mesh will cause the 
relative elevation of two consecutive nodes to be high, which 
will yield to bad interpretation of the free surface transversal 
profile. 

Which brings the discussion to the last point: the impact of 
mesh refinement on the representatively of the banks and 
therefore the impact on the bars’ erosion processes. Yet, one 
could first recall the observations made on the models’ gradual 
transition to a single-thread channel in Run 00 and Run01. The 
bed initially braided progressively formed a relatively wide, 
deep and low slope channel which carries the imposed flow 
rate. This conversion reminds of the observation of [16] 
resulting of the effects of vegetation on braiding channels in 
flume experiments. 

Indeed, the experiments results showed that the vegetation 
caused the previously bare braiding pattern to transform to a 
meandering like stream. This transformation of the 
morphology is caused by the development of the plants and the 
ensuing effects, such as, the slowing the rate of channels’ 
widening and definition floodplains. In this sense, the 
constraint of the mesh’s level of refinement as a limiting factor 
for small channel incision and evolution can be compared to 
the effects of vegetation on discouraging the reactivation 
channels, which is typical to braiding streams dynamics [5]. 
This lack of braiding's dynamics was also observed in other 
numerical modelling studies [12]. 

Therefore, the two major limitations of the 2-D model can 
be related to the refinement of the mesh. However, as stated 
before, the number of nodes had a direct incidence on CPU 
efforts. Consequently, reducing the nodes spacing can make 
the simulation too much time consuming or even impossible. 
Besides, the constant refinement of the mesh could reveal to be 
inefficient for it would also increase the mesh definition in low 
interest areas. Conversely, the adaptation of the mesh to the 
bed's relief (close nodes in sloping areas like banks and bars’ 
edges for instance) can reveal to be only efficient in short time 
scale studies since the channels pattern changes over time. The 
solution is therefore to have a mesh which will constantly 
adapt for example to the beds topography. 

Fig. 14 shows an example of an adaptive mesh. In fact, the 
resulting grid is refined near the banks and left coarse in 
relatively flat zones. Indeed, multiplying the nodes defining a 
bank would increase the model accuracy in these high interest 
regions and therefore allow better erosion processes 
representation. 
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Figure 14.  Example of mesh adaptation process. a. the initial mesh with 
constant nodes' spacing, b. the detection of high bed's variation areas, c. 

adapted mesh to the bed's relief with a high resolution in sloping zones. 

This last solution was tested. Indeed, an additional model 
was built furthering in time the last state of Run0 with the same 
boundary conditions. In this run, the mesh was updated every 
15 minutes. The density of the unstructured was set depending 
of the bathymetry gradient: tightened in steep areas and 
widened in flat ones. The results, however, were not very 
conclusive. The braiding pattern evolved to a single thread 
channel, which translated by a decrease of the braiding index 
(see Dyn.Mesh in Fig. 14). Nevertheless, the BRI and active-
BRI were significantly remained lower than for the Run00. 
This could be partially related to the smoothing of the bed’s 
topography generated by the frequent updating of the mesh. In 
addition, after 3 hours, the resulting bed was different from the 
one of Run00. This emphasises the effect of the mesh on both 
the hydrodynamics and morphodynamics and therefore the 
prediction of the braidplain evolution. 

Other aspect of the mesh refinement process that should be 
considered with care is the choice of the threshold criterion. In 
the example above, the mesh refinement was linked to the 
variation of the topography along the cross section. This 
method will have the disadvantage of unnecessarily increasing 
the resolution even for dry undulating lands for example. Many 
criterions could be chosen, for instance: 

 2-D variation of the bed's elevation; 

 Water depths variation; 

 Velocity gradient; 

 A weighted combination of these parameters. 

Finally, the present report aimed at modelling the sediment 
dynamics in a braiding streams. To do so, a 2-D coupled 
hydro-sedimentary model (TELEMAC2D coupled with 
SISYPHE) was used. The braiding stream model was inspired 
from prior flume experiments. Three major cases were 
simulated in order to investigate the braiding formation and 
evolution in response to different forcing. Additional runs were 
done so as to broaden the assessment of the model capabilities. 

The main conclusions of this report relate to the model’s 
ability to generate realistic braiding pattern and representing its 
dynamics. In that sense, the simulation results showed that the 
2-D model succeeded in replicating the braiding initiation 
phase and the resulting pattern was presented realistic features. 
However, the braiding pattern didn’t maintain in any of the 
simulations. Besides, the additional runs showed that the model 

reacted accurately to other forcings such as variation of the 
initial slope, widening of the braidplain, but failed on 
simulating sediments grading effect in the case of bimodal 
material.  It also revealed that inlet perturbations improve the 
maintaining of braids, however, it didn’t address the issue 
completely. 

Though, one can state that most of the model’s strengths 
mentioned above are not only specific to TELEMAC, but can 
also be associated to other 2-D physics based model. In fact, 
the success of TELEMAC on reproducing the braiding 
formations for example, is mostly associated to the fact that the 
mathematical formulations of the physical phenomena are 
accurate and thorough. Still, TELEMAC-MASCARET 
modelling system, with its high flexibility and extensibility, 
allows benefiting from the advantages of a physical based 
model. 

However, the main disadvantages (which can also be 
exported to other 2/3-D models) were, on the one hand, the 
high computation time. The time required for a simulation is 
linked to the model’s time scale, the space scale, the numerical 
scheme and its level of refinement. Indeed, compared to other 
models, such as branches, neural or cellular, the general 2/3-D 
general models were the most time consuming. On the other 
hand, the uncertainties of the results are even more significant 
in the case of complex pattern as the braiding rivers. A single 
simulation with one set of boundary conditions doesn’t give 
enough information to speculate on a braiding river’s future 
evolution. This last issue could be addressed by a Monte Carlo 
approach. Although it would multiply the computation time, it 
remains a promising path for future development, especially 
with the continual increase of computational power and the 
parallelization of codes. 

In addition to this last TELEMAC-MASCARET modeling 
system development outlook, one could also add the 
development of a vegetation module which will account of the 
effect of vegetation growth on the hydro-morphodynamics.  
And also, the consideration of adaptive finite volume methods 
with a dynamic mesh with an adaptation criterion based on 
physical assumptions and/or error posteriori estimates. 
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Abstract—Amongst the most widely used computational fluid 

dynamics models, some include a sediment transport module that 

enables the examination of river channel dynamics. However, 

most ignore two families of processes influencing lateral erosion 

rates, and thus channel evolution mechanisms: lateral transport 

of sediment through mass wasting along river banks and valley 

walls, and soil reinforcement created by plant roots. A few 

modelling packages consider geotechnical processes, albeit with 

important limitations. Indeed, most solutions are solely 

compatible with single-threaded channels, impose a given 

computational mesh structure (e.g. body-fitted coordinate 

system), derive lateral migration rates from hydraulic properties, 

adjust bank morphology solely based on the angle of repose of 

the bank material, rely on non-physical assumptions to describe 

certain processes (e.g. channel cut offs in meandering rivers), and 

exclude floodplain processes. This paper describes the 

development and testing of two modules that were recently added 

to the mathematical suite of solvers TELEMAC-MASCARET to 

address the aforementioned limitations. The first module 

(GEOTECH) includes an algorithm that scans the computational 

domain in an attempt to detect potentially unstable slope profiles 

across the domain or intersecting with water-soil boundaries. 

The module relies on a fully configurable, universal genetic 

algorithm with tournament selection to delineate the shape of the 

surface along which a slump block detaches itself from a river 

bank or slope by translational or rotational mechanism. Both the 

hydrostatic pressure caused by the flow and the elevation of the 

water table are used in the Bishop’s method to quantify slope 

stability. Another algorithm computes the surface of the coarse 

fraction of the block material which is deposited at the toe of the 

slope. The second module (RIPVEG) simulates the evolution of 

floodplain vegetation, whose properties affect the geotechnical 

stability of slopes present in the computational domain by 

imposing a surcharge and increasing soil cohesion near the soil 

surface. Plants develop in height, weight and rooting depth at a 

rate that depends on the species and plant age. The two modules, 

combined with the flow and sediment transport models included 

in TELEMAC, provide a holistic solution to study the dynamics 

of a broad range of alluvial river types. The model is currently 

being tested, calibrated and validated using datasets from 

meandering rivers. 

I. INTRODUCTION 

Numerical models are frequently employed by researchers 
and practitioners to predict the morphodynamics of river 

channels [e.g. 1-3]. The sediment transport sub-model they 
include enables the computational mesh to evolve and allows 
researchers to elaborate hypotheses regarding the evolution of 
a river in the natural environment. However, existing models 
often do not have the capacity to simulate additional important 
river channel and floodplain processes. In particular, the 
mechanical effects of soil texture and riparian vegetation on 
geotechnical slope stability are largely ignored [4,5] despite 
their recognized key role in the evolution of river channels. 
Vegetation provides mechanical soil reinforcement [6] whose 
magnitude varies with the density of the root network [7], but 
also with soil texture, species, plant age, and location relative 
to stem or trunk [8,9]. The magnitude of the reinforcement is 
attenuated by a large soil moisture content [10]. The evolution 
of vegetation across the floodplain, and the species assemblage 
is influenced by stream hydrology, with vegetation density 
varying as a function of the distance to the river, elevation 
relative to the water table, and tolerance of plants to 
disturbance events such as flooding [11,12]. Therefore, 
floodplain vegetation, river bank hydrology, and soil properties 
are known to influence lateral channel adjustments, but are 
often left out of the modelling experiments. 

A large number of assumptions are used to simplify 
numerical calculations and reduce simulation times. For 
example, the HIPS formulation relies on an erodibility 
coefficient that combines lateral erosion rates due to fluvial 
entrainment and river bank failures [see 13-15], thus making it 
impossible to isolate the specific causes for retreat and to 
"entirely" simulate long-term planimetric and morphological 
evolution due to the lack of analytical solution of neck/chute 
cutoff [16]. In addition, these models do not guarantee 
sediment continuity and ignore in-channel topography [17]. 
When riparian vegetation is considered, it only modifies flow 
conditions by altering bed roughness, although a few notable 
exceptions exist [e.g. 18-12]. In addition, the simulation 
domain in meandering models usually defines a channel 
deprived from a floodplain, ignoring the presence of a complex 
topography due to paleochannels and making it impossible for 
multiple threads to coexist. 

This paper describes a new physics-based, deterministic 
model of channel-floodplain co-evolution that takes into 
account the biophysical context to examine the interaction 
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between a river channel and its surrounding vegetated 
floodplain at the spatial scale of an extended river reach. In 
particular, this model simulates the lateral river channel 
adjustments that can lead to the development of meandering 
and wandering river planform geometries. The model 
integrates geotechnical processes into the TELEMAC 
computational fluid dynamics model, while taking into account 
hydraulic, biological and sediment processes for the floodplain 
as a whole. This paper also presents the results of sensitivity 
analyses conducted with the altered TELEMAC model. A 
reach along the semi-alluvial Medway Creek (London, 
Canada) is employed to examine the effects of soil texture and 
riparian vegetation cover on river bank stability and resulting 
topographic changes during a 4.2-year recurrence interval 
hydrological event. 

II. OVERVIEW OF THE MODEL 

A geotechnical module (GEOTECH) and a riparian 
vegetation module (RIPVEG) were developed and integrated 
into the hydraulic solver suite TELEMAC-MASCARET to 
include the transport of sediment through mass wasting and the 
effects of floodplain vegetation on river channel evolution. The 
transport of sediment by flow entrainment is included in the 
existing module SISYPHE. Since the module GEOTECH was 
presented in detail in [19], this paper puts greater emphasis on 
describing the module RIPVEG and explaining the interaction 
between the different modules of the coupled morphodynamic 
model (Fig. 1). 

 

Figure 1.  Modules included in the proposed river morphodynamics 
model and interaction between the components of GEOTECH and the 

other modules. 

III. MODEL DESCRIPTION 

A. Geotechnical Module (GEOTECH) 

The module is divided into five components (Fig. 1). A 
landscape analysis algorithm generates a network of transects 
along which slope stability assessments are performed during a 
morphodynamic simulation (G1). This algorithm can be 
configured to detect potentially unstable slopes anywhere 
across the simulation domain, and not strictly along the 
external river bank of meander bends. A genetic algorithm 
searches for the geometry of the most likely failure profile 
along each transect (G2). It is assisted by an algorithm that 
performs slope stability assessment to obtain the safety factor 
associated with potential failure profiles (G3). The geotechnical 
module also includes a river bank hydrology manager that 
computes water table elevation in the floodplain, near the river 
bank (G4). Finally, a slump block analyzer removes the 
unstable slump blocks, deposits the material downslope and 
updates the computational mesh (G5). 

1) Landscape analysis (G1): 
The geotechnical model evaluates the stability of the terrain 

along multiple transects placed evenly across the landscape. 
Each transect is oriented in the direction of the steepest ascent 
then shortened or stretched to extend from the lowest to the 
highest point in the current direction. An option is available to 
filter out transects that are not at least partially submerged. 

2) Genetic algorithm (G2): 
Any slope stability analysis includes an algorithm that 

devises a set of potential slip surfaces to be evaluated for their 
geotechnical stability. Assuming a two-dimensional analysis, 
we can define a solution with identifier id as a series of 
connected nodes delineating the lower limit of an unstable soil 
block, i.e. the dashed line in Fig. 2a. Therefore, a solution can 
be described by the following vector: 


 nnid vvvvS


,,...,, 121 

 

where iv


is the node at rank i along a slip surface. The 

solution with the lowest safety factor (Fs) is the most likely to 
occur and is said to be critical. 

Grid-search patterns are usually employed to list potential 
slip surfaces. For instance, this can be achieved by varying the 
location of the centre of the arc describing the shape of a 
circular slip surface, along with its radius. Here, a genetic 
algorithm with tournament selection, improved over the work 
of [20], was implemented in GEOTECH to converge toward a 
critical solution more rapidly. A solution k is created by 
combining two existing solutions, i and j, such that: 


  jik SSS


1 

 

where η = [0,1] is a randomly generated cross-over ratio. 
During cross-over, mutation has a probability of happening, in 
which case a randomly selected node comprised in solution k is 
displaced. A set of matching rules, namely partner exclusivity, 
child count policy, and prevention of breeding between 
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relatives, allows the variability within the pool of solutions to 
be optimized. Finally, a user-specified migration  

 
Figure 2.  Illustration of slope stability assessment in 2D using Bishop's 

simplified method of slices. The light-shaded area represents the unstable 
portion of the river bank, whereas the dark-shaded portion is stable. The 

forces acting on a slice i and the variables used in (3-6) are shown in 'b'. 

rate dictates the probability for a solution to be created 
randomly rather than being the result of a cross-over. 

In the current context, we can define a generation as the set 
of n solutions that were created from an initial population. 
After each generation, the most critical slip surface(s) are kept, 
the least critical are discarded, and new randomly selected 
surfaces survive to the next round. The search process 
terminates when the most critical slip surface remains 
unaltered for a number of consecutive generations. 

Several parameters of this algorithm can be adjusted, 
including for the efficiency and accuracy of the stability 
assessments. The algorithm can generate planar, circular, and 
non-circular slip surfaces, all of which are monotonically 
increasing from slope toe to peak. 

3) Slope stability assessment (G3): 
The Bishop's method of slices (Fig. 2) is used to quantify 

the geotechnical stability of the soil along a transect. It can 
produce planar, circular and non-circular slip surfaces. The 
following set of equations must be solved: 



 








n

i i

i

iii

i

s

m

bU
cb

F
1

tan





 

 iicpiisi FW  coscos ,, 
 

 iicpiisi FW  sinsin ,, 
 

 s

i

ii
F

m



tansin

cos




 

where Ws,i = weight of soil material in slice i out of n; Ui = 
the pore water pressure at the base of a slice of width bi, basal 
angle βi and top angle αi; δi = angle between the result of 
hydrostatic confining force and normal to failure plane; ϕ = 
friction angle of the soil material; and m = a term in Bishop 
formula. Pore water pressure is given by: 

 bwt zz

g
U






 

where ρ = water density, g = acceleration due to gravity, 
zwt = elevation of the water table, and zb = elevation at the base 
of a slice. The confined water pressured is given by: 

 iiwicp WF cos,,   

where Ww,i = weight of water. Any solution resulting in a 
safety factor (Fs) lower than unity is said to be critical and is 
expected to result in a slope failure. 

4) River bank hydrology (G4): 
A saturated river bank, combined with a falling flow stage 

can trigger mass wasting events [21]. To account for the lag 
effect between free surface and water table elevations, a simple 
river bank hydrology sub-model is used to calculate water table 
elevation. According to this sub-model, water table elevation 
(z’wt) at a time t=t0+Δt is given by: 


  tk

wtfsfswt ezzzz


'
 

where t0 = time at the previous iteration, Δt = time step, 
t=t0+Δt = time at the current iteration, zwt = water table 
elevation at time t0, z'wt = water table elevation at time t; zfs = 
flow surface elevation at time t0; and k = rate of convergence of 
the water table elevation toward zfs. The constant k is adjusted 
according to the hydraulic conductivity of the bank material, 
and thus represents the rapidity by which the water table adapts 
to a change in the river's flow stage. Two k-values are required 
per simulation: one for the rising limb of a flood hydrograph, 
and one for its falling limb. 

5) Slump block removal and deposition (G5): 
If the genetic algorithm calculates a safety factor below 

unity for a given transect, the unstable transect nodes relocate 
downward vertically (e.g. from the soil to the slip surface in 
Fig. 2a) and the computational mesh nodes (located in a 
different layer) adjust accordingly. It is assumed that the mesh 
nodes affected by a slope failure are those comprised in an 
elliptical zone having the length of the unstable section of the 
analysis transect and a user-defined relative width (i.e. a width-
to-length ratio) (i.e. the red ellipse in Fig. 3a,c). 
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Figure 3.  a) Map illustrating the effects of two mass failures on the elements 

of the computational mesh of  Medway Creek, London, Canada. The red 
nodes along the analysis transect represent the unstable nodes, whereas the 

white nodes are stable. The  red ellipses are the zones in which the mesh 

nodes are affected by mass movement. Each element with a green edge 
includes at least one node that will need to be displaced downward vertically 

due to erosion. 

b) River bank profiles along the two analysis transects. The light-shaded area 
represents the unstable portion of the river bank whereas the soil in the dark-

shaded zone is stable; the  water level at the toe of each slope appears in blue. 

The elevation of the water table is assumed to be the same as that of the free 
surface of the flow. 

c) Measurements required to calculate the elevation change due to mass 

movement at a mesh node x in (10).The computational element shown in 
green needs to be updated since one of its three nodes falls within the erosion 

zone (i.e. the red ellipse). 

A mesh node located along the edge of the ellipse or 
beyond will not be displaced vertically. Conversely, the 
displacement is greatest along the transect. Therefore, a mesh 
node located in the ellipse has a vertical displacement that is a 
linear function of the distance between the edge of the ellipse 
and the transect, in the direction orthogonal to the transect, and 
thus that: 
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where rA and rB = rA·kf = lengths of the semi-axes A and B, 
kf = width-to-length ratio of all ellipses defining an erosion or 
deposition zone, dA and dB = distances from the ellipse's centre 

to the mesh node along each semi-axis, dzA = elevation change 
at a distance dA from the centre of the ellipse in the direction of 
the mesh node x along the axis A. The value of dzA is obtained 
by interpolating elevation change at node x using the two 
nearest transect nodes. 

The volume of soil eroded during a mass wasting event is 
calculated by subtracting the pre- and post-failure 
computational meshes. The geotechnical model allows to 
define the percentage of the soil material that is too coarse to 
be instantaneously entrained by the flow. The coarse fraction 
of the unstable slope material deposits in an elliptical zone at 
the toe of the slope at the friction angle. 

B. Riparian Vegetation Module (RIPVEG) 

The plant evolution module optionally generates an initial 
plant cover, manages plant growth, and transfers information to 
GEOTECH regarding the plant properties that can influence 
the mechanical properties of the river bank at any given 
location. These properties are root depth, apparent cohesion 
due to roots, trunk height, and trunk width. 

1) Representation and Physiological Properties: 
Although the module allows for multiple species to occupy 

a simulation domain, a single one is associated with each 
computational mesh node. Each plant is defined by its current 
and termination ages, which are defined at initialization of the 
plant cover. 

The physical properties of a plant (i.e. at a mesh node) are 
species-dependent and are determined at run-time using species 
growth curves. These properties are plant type (none, 
herbaceous, shrubby, arboreal), trunk height diameter (at base 
and top) and length, life expectancy (mean and standard 
deviation), growth and decay rates, root cohesion and depth. 
Each value represents the magnitude of a property at maturity. 
In addition, the plants from each tree species are assumed to 
have a given wood density and spacing. All plants have user-
specified resistances to flooding and to a lack of flooding. The 
latter properties allow to distinguish between terrestrial and 
aquatic plants and to represent the effects on plant succession 
of changes in water table elevation. 

2) Initialization of cover: 
Plant cover can be initialized in different manners, 

depending on the option selected by the user. The first 
implemented method is the random generation of plants 
according to user-specified percentages for terrestrial and 
aquatic species. The initial plant age (a) is generated randomly, 
given the mean (μA) and standard deviation (σA) values 
associated with a species' life expectancy, and assuming a 
normal distribution of ages within the simulation domain. The 
probability P for a species to be a years old is given by the 
normal distribution cumulative distribution function: 
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where the error function (erf) is approximated using [22]: 
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The second method relies on an input file that defines the 
likelihood of generating a plant of each species at each mesh 
node. This option is useful if the land cover is heterogeneous 
and requires zones with distinct species distributions to be 
defined. Note that this method relies on (11-12) to randomly 
generate plant ages. Finally, a third method reads an input file 
that defines the species code, along with the initial and 
termination ages of the plant at each node. This option is useful 
when land cover is known, or when running comparative 
simulations which require identical plant cover. Also note that 
this option must be used when continuing a simulation. 

3) Growth, termination and succession: 
The generalized logistic sigmoid growth equation [23] is 

employed to describe the evolution of plant's physiological 
characteristics. This equation was found to represent well the 
growth of grazed plant communities, with a potential to relate 
its parameters to meaningful biological growth characteristics 
[23]. This equation is given by: 



    bTtbRd yeYy
1

5.0
1





 

where y = magnitude of a plant physiological characteristic, 
Y = value of this characteristic at plant maturity, d = parameter 
to vary the time at which y = Y/2, t = time elapsed since 
germination, T = life expectancy, Ry = maximum rate of 
increase of y, b = parameter to modify symmetry. During our 
simulation, parameter values of b = 1, d = 0, Ry = 10, and Ry = -
10 were assigned to all plant species. Ideally, however, each 
species would be assigned a unique set of parameter values. 

A plant dies if its roots are submerged (terrestrial plant) or 
not submerged (aquatic plant) for a prolonged period of time. 
At this moment, the plant starts decaying and a new plant of 
the same species starts growing. In nature, the roots of a 
decaying plant continue to enhance soil cohesion and the trunk 
continues to exert a downward force on the soil for a period of 
time after a plant dies [24]. Growth and decay curves must, 
therefore, be combined to calculate plant properties (see the 
example in Fig. 4). This strategy is especially relevant in a case 
where the plants located in a frequently flooded area die at an 
age that is considerably smaller than their life expectancy. In 
that case, the biomass of the different plants decomposing (of 
the same species) must be combined to correctly account for 
the effects of roots and trunks. 

 
Figure 4.  Growth curve, assuming that the magnitude of a physical trait 

was at 80% of the maximum value (at maturity) when the plant died. 

IV. EXPLORATION OF MODEL BEHAVIOUR 

A. Study reach and experiment 

A 1.5 km reach of the semi-alluvial river Medway Creek, 
London, Canada, is employed to calibrate the coupled 
morphodynamics model and explore its sensitivity to variations 
in geotechnical and vegetation parameters. The channel is on 
average 20 m wide in this reach. A total of 69,073 mesh nodes 
(138,280 triangular elements) spread over an area of 440,808 
m² (3.2m² per element) describe the topography of the channel 
and floodplain (Fig. 5). A steady flow discharge of 70m³/s is 
used, which corresponds to a recurrence interval of 4.2 years. 
In the absence of data on soil texture for this fine fraction for 
this reach, the soil was assumed to have the same texture as 
that along Dingman Creek, located near our study site and 
consisting of 24% clay, 61% silt and 13% sand [25]. The 
coupled model was run for a single iteration, for multiple soil 
and vegetation configurations. This allowed the safety factor 
and eroded profile area (along each transect) for multiple 
combinations of soil and vegetation characteristics to be 
computed. 

Simulations were carried out to test the sensitivity of key 
parameters in the coupled GEOTECH-RIPVEG modules to 
variations in soil and plant cover properties. Three series of 
experiments were performed. First, the parameters of the 
genetic algorithm were calibrated to maximize the percentage 
of the slope failures detected and minimize simulation times. In 
a second experiment, the influence of grain size was evaluated.  
Mean grain size was varied from fine clay to fine sand, 
assuming moderate soil compaction for each grain size class 
and moderate stiffness for the clay fraction. Finally, in a third 
experiment, vegetation cover, in terms of plant type, species, 
and assemblage, was varied using the physiological plant 
properties defined in [26] and [27]. The selected plants are not 
found at our field site, and are unlikely to be all present in a 
single area. However, they are employed here to represent a 
range of values on root strength. The properties of the two 
grass species, four shrub species, and four tree species are 
summarized in Table I. The values of apparent cohesion are 
depth-averaged and exclude the roots below which the 
cohesion is lower than 0.25 kPa. In our simulations, the 
spacing between tree trunks of the same species is equal to the 
drip line, assumed to be 25% of plant height. All tree species 
have a diameter of 41 cm, a height of  18 m and a wood density 
of 0.94 g/cm³. 
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Figure 5.  Topography of the study site at Medway Creek. The white 

rectangle corresponds to the zone shown in Fig. 3a. The 960 transects 
generated for the geotechnical analyses are shown in black for stable slopes 

and in colour for the slopes that are expected to be unstable according to the 

most accurate simulation performed during the calibration of the genetic 
algorithm. 

B. Calibration of genetic algorithm parameters 

The sensitivity analysis of the genetic algorithm was 
achieved assuming moderated silt texture (0.031 mm) and 
moderate soil compaction. Depending on the combination of 
parameters used, between 290 and 364 failures were detected. 
The result of the latter combination is shown in Fig. 5. An 
accuracy of 95.9% was reached (i.e. detection of 95.9% of the 
failures) with a population size of 48 slip surfaces evolving 
over four generations, a 3-child-per-couple policy, no genetic 
restriction for parent matching, a migration rate of 65%, and a 
mutation rate of 12.5%. Due to the selected configuration, one 
individual of the population survives to the next generation, 31 
are randomly generated (65% of 48), and 16 (the remainder to 
maintain population size) are created by cross-over. Since 
mutation only affects the individuals that were created by 
cross-over, the location of one node along the profile of two 
surfaces (12.5% of 16) is expected to be slightly altered. Once 
calibrated, the 960 cross-sections could be evaluated in 255 
seconds using a high-performance notebook. Note that the 
model overestimates the number of slope failures that occur 
along the study reach for the selected flow discharge. Future 
efforts will include the analysis of soil samples from the study 
reach to accurately measure their geotechnical properties. 

TABLE I.  PHYSIOLOGICAL PROPERTIES OF THE PLANTS USED IN THE 

GEOTECHNICAL EVALUATIONS  

Species Properties 

Code Common name–Latin name Root 

depth 

(m) 

Apparent 

cohesion 

(kPa) 

Aa Gamma grass –Tripsacum dactyloides 0.6 6.40 

Ba Switch grass –Panicum virgatum ‘Alamo’ 0.9 6.87 

Cb Quail bush –Artiplex lentiformis 0.8 55.24 

Db Wolfberry –Lycium andersonii 0.5 54.60 

Eb Creosote bush –Larrea tridentata 0.8 23.70 

Fb Iodine bush –Allenrolfea occidentalis 0.7 21.41 

Ga Sycamore –Platanus occidentalis 0.9 9.84 

Ha River birch –Betula nigra 0.9 12.66 

Ia Sweetgum –Liquidambar styroflora 0.8 6.64 

Ja Black willow –Salix nigra 0.8 4.29 

Values obtained from a. [26] and b. [27]. 

C. Variation in mean grain size (GEOTECH) 

Three observations can be drawn from the grain size 
sensitivity analysis (Fig. 6). First the selected grain size affects 
both the number of slope failures and volume of eroded 
material. In the cases of silt- and sand-textured soils, the 
number of failures decreases with an increase in grain size. 
There is no clear trend for clay. The second observation is that 
the number of failure events is not correlated with the resulting 
amount of eroded material. It is for fine sand, but not for clay 
and fine sand. For instance, an increase in mean grain size for 
silt-textured soils results in a decrease in the number of block 
failures, but it has no effect on the total eroded area (Fig. 6). 
Finally, the eroded areas are orders of magnitude lower with 
clay soils. The sharp increase in the incidence of mass wasting 
events between clay and silt size classes may be due to the use 
of moderate stiffness and compaction with clay.  

D. Variation in vegetation cover (RIPVEG) 

Based on a series of paired two-tail t-tests, the number of 
failures is significantly different (α = 0.05) between all pairs of 
two plant species (Fig. 7), with the exception of three pairs: A-
B (i.e. the herbaceous plants), C-D (i.e. two shrub species), and 
G-I (i.e. two tree species) (Table II). Due to the facts that the 
weight of shrub plants is neglected and the tree trunks were 
assumed to have identical weights, a variation in apparent 
cohesion is expected to result in a significantly different 
number of mass wasting events. The conclusions are different 
when performing the same statistical analysis for the eroded 
areas. The predicted areas of the failure blocks are significantly 
different between herbaceous and tree plants, but not between 
herbaceous and shrub plants. Most of the shrub-tree pairs have 
significantly different eroded areas, whilst the other pairs are 
associated with a low P value (0.05 ≤ P ≤ 0.10). Note that a 
significant reduction in the eroded areas is noted for three out 
of four tree species, relative to a bare soil. 
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TABLE II.  P-VALUES OBTAINED FROM THE STATISTICAL ANALYSIS OF 

DIFFERENCES BETWEEN EACH PAIR OF TWO SPECIES FOR THE NUMJBER OF 

FAILURES AND TOTAL ERODED AREAS 

 
Species codea 
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u

e 
(n

u
m

b
er

 o
f 

fa
il

u
re

s)
 

A 0.45 - 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

B 0.38 0.98 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

C 0.66 0.73 0.73 - 0.44 0.00 0.00 0.00 0.00 0.00 0.00 

D 0.22 0.67 0.65 0.35 - 0.00 0.00 0.00 0.00 0.00 0.00 

E 0.59 0.83 0.81 0.91 0.54 - 0.01 0.00 0.00 0.00 0.00 

F 0.97 0.43 0.49 0.71 0.23 0.61 - 0.00 0.00 0.00 0.00 

G 0.04 0.03 0.02 0.05 0.01 0.05 0.06 - 0.04 0.96 0.01 

H 0.09 0.04 0.02 0.06 0.00 0.09 0.10 0.92 - 0.04 0.00 

I 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.30 0.34 - 0.01 

J 0.04 0.02 0.02 0.03 0.00 0.05 0.04 0.76 0.66 0.50 -  

 P-value (total eroded areas)  

a. Species codes described in Table I. b. The symbol ϕ represents a lack of plant cover. 

 

 
Figure 6.  Effect on the number of failures detected and total eroded area of a 

variation in the mean grain size for clay, silt, and fine sand classes. 

Using an aerial photograph including the area of the field 
site and multiple visits to the river reach and floodplain, zones 
with consistent land cover were delineated in a geographical 
information system. This allowed to attribute a percentage of 
bare soil, grass, shrubs, and trees to each zone of the vegetation 
layer, and thus to create the probability input file that can be 
used by the module RIPVEG to initialize plant properties. A 
series of 32 simulations were launched to evaluate the 
sensitivity of the geotechnical stability to the selection of 
herbaceous, shrub and tree species (Fig. 7). A total of 1056 t-
tests were performed between each pair of two species 
assemblages, for the number of failures and total eroded areas, 
in order to verify the extent to which the selected species in an 
assemblage determines the geotechnical outcome. 

 
Figure 7.  Effect on the number of failures detected and total eroded area of a 

variation in a) plant species and b) assemblage of species. The code attributed 

to each species is listed in Table 1. The symbol ϕ represents no plant cover. 

Overall, the simulations with mixed vegetation cover 
resulted in fewer slope failure events and a reduced total 
eroded area with P-values of 0.019 and 0.001, respectively for 
each variable. This is consistent with previous studies that 
found vegetated strips consisting of woody and grass species to 
be associated with enhanced soil strength [26,28]. With the 
species considered, our results suggest a weak influence of 
species assemblage on geotechnical stability, with 53/528 
assemblages being significantly different for the number of 
failures and only 19/528 for the eroded areas. Whereas we 
noted significant differences in the case of single species 
(Fig. 6), we find here that the species composition of the 
vegetation assemblage is less critical (Fig. 7). For this 
experiment, we employed data from plant species that are not 
found on the field site, and thus, introduced error. However, 
the comparison of the different plant assemblages suggests that 
obtaining exact species physiological details may not be 
critical when this assemblage includes multiple plant types. 
Note also that the four species used in the simulations are 
deciduous, and thus that different results could have been 
obtained with coniferous trees, which tend to have shallower 
rooting systems. 

V. DISCUSSION AND CONCLUSIONS 

A. Features, benefits and limitations of the new 

morphodynamic model 

A geotechnical module and a riparian vegetation module 
were developed and coupled to TELEMAC to build a river 
morphodynamics model that includes a physical description of 
floodplain processes that are usually left out of the 
computational fluid dynamics models or embedded within non-
tangible coefficients. The new modules allow the examination 
of a diversity of alluvial and semi-alluvial river channels and 
floodplains with limited impact on simulations times. This 
model offers the following features and benefits: 

 Capacity to simulate river morphodynamics in single 
and multi-threaded channels. 

 Independence of the slip search algorithm with respect 
to the structure of the computational mesh. 
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 History of previous erosion and deposition events that 
occurred on the floodplain embedded in the 
computation mesh. 

 Fully configurable genetic algorithm to efficiently 
locate planar, circular and non-circular slip surfaces. 

 The geotechnical and riparian vegetation modules can 
run separately or together. 

 Consideration of water table elevation in river bank. 

 Strong physical basis of the equations employed to 
simulate lateral erosion rates due to the inclusion of the 
two new modules in a CFD model. 

B. Influence of soil texture and plant cover on slope stability 

The improved morphodynamic model TELEMAC was 
used to evaluate the sensitivity of geotechnical stability to 
variations in mean grain size and species assemblage. The 
number of slope failures and the total eroded area were used to 
compare the outcome of the simulations. Our results indicate 
clear patterns in the case of silt- and sand-textured soils, but a 
more chaotic response for clayey soils. Statistical methods 
were used to evaluate the effect of different species and 
different assemblages of species on slope stability. We found 
important interspecies differences that influence more the 
number of slope failures detected than the total eroded areas. 
However, our experiment reveals fewer significant differences 
between species assemblages consisting of herbaceous, shrub 
and tree species. 

C. Future development 

The performance of TELEMAC coupled with the two 
modules described in this paper is currently being evaluated. 
The study reach along the semi-alluvial Medway Creek, 
London, Canada, is appropriate for that purpose since it 
exhibits a complex topography with islands and ephemeral 
channels forming and disappearing with changes in flow stage. 
It is also vegetated and is subject to bank retreat. The 
evaluation of the geotechnical module GEOTECH and the 
riparian vegetation module RIPVEG mainly consists in testing 
their robustness and efficiency in a variety of environmental 
contexts. Once calibrated, the model will need to be validated 
against time series of topographic datasets. 

The structure of the developed riparian vegetation module 
is in its present form very simple. Two important limitations 
should be addressed in future versions:1) bed roughness, which 
currently remains uniform across the domain, should be  
calculated at runtime based on the characteristics of the 
vegetation cover; and 2) species at one mesh node, which 
currently remain the same throughout each simulation, should 
be allowed to vary to allow for newly created habitats to be 
colonized. Also, research on interactions between 
geomorphology and riparian ecology may benefit from the 
access to a model that can simulate competition between 
species. This competition could be implemented relatively 
easily by defining species-specific growth curves and tolerance 
to shade. 
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Abstract—This paper discusses the abilities of numerical 

models to predict bed morphodynamics and longshore 

sediment transport on multi-barred sandy beaches. The 

sediment transport model used in this study solves the bed 

evolution equation in conjunction with several sediment 

transport formulas. The flow field and the water depth are 

calculated using the depth-averaged hydrodynamic model 

TELEMAC-2D[1]. The work consisted in setting up three 

different methodologies of calculation. The principle is to make 

an internal coupling of three codes where Tomawac models 

swell propagation; Telemac2D calculates the currents and 

Sisyphe determines the morphodynamic evolution. These 

models were used in the framework of a simulated 

meteorological cycle describing the seasonal evolution of 

hydrodynamic factors. 

I. INTRODUCTION 

Compared to the beaches where the tide plays only a low 
or moderate role, macrotidal beaches have been only a few 
studies attempt to measure it sandy transport [3, 4, and 5]. 
This type of beaches are characterized by a strong tidal with 
sand bar which results in a large variability in hydrodynamic 
processes with a horizontal translation of shoaling, breaking 
and surf zone [6]. These variations lead to more difficulties 
to simulate and understand all the process in action. 

The amount of sediments transported by longshore drift it 
mainly determined by the height of the waves at breaking but 
this measurement can be difficult to realize due to tidal and 
waves conditions. In simulation, the McCOWAN [7] 
theoretical breaking index of  0.78 is commonly used but 
many studies show that wave can break for different values 
and this ratio Hs/h (Hs=wave height (m),h=water depth(m))   
depends particularly on the slope of the beach [8, 9]. Smaller 
coefficient (Hs/h between 0.3 and 0.5) are proposed for 
macrotidal beaches [10, 4] but there are only a few in-situ 
measurements with high tides. 

This article presents the results of a study in macrotidal 
beaches of the southern North Sea and eastern English 
Channel that analyze the impact of the breaker parameter 
over wave height and the longitudinal sediment transport. 
Three different formulas available in Telemac-mascaret have 
been used to simulate sediment transport, Bijker, Bailard and 
Soulsby Van-Rijn. 

To calibrate the different sediment transport formulas 
integrated in the numerical model, our simulations of 
sediment flux were compared with in-situ data of sediment 
transport measured on macrotidal beaches of the southern 
North Sea and eastern English Channel. Longshore sediment 
transport measurements were obtained using streamer traps 
deployed at several locations across shore-perpendicular 
transects, following the method proposed by Kraus [2], 
which enables to estimate sediment flux at several elevations 
through the water column. Hydrodynamic measurements 
have also been realized with six devices place on beaches. 
The results had shown that the wave breaking occurs at a 
ratio Hs/h between 0.2 and 0.4 and have a maximum ratio 
Hs/h around 0.5. This comparison between in-situ data and 
simulation showed that the breaking index is a major indices 
on the validity of the results.  

II. STUDY AREA AND METHODOLOGY 

A.  Study site 

This study was conducted on a sandy beach (D50 = 0.17 
mm) at Zuydcoote on the coast of northern France (Fig. 1A). 
The measurement site is characterized by a low slope (tan  = 
0.014), approximately 450 m wide, marked by the presence 
of several intertidal bars with variable height and width (Fig. 
1B). Beach Zuydcoote faces the North Sea and is exposed to 
surges with low to moderate power due to refraction on their 
pre-littoral sand banks and low slopes that characterize the 

mailto:Thibault.Oudart@legi.grenoble-inp.fr
file:///D:/article_telemac/Cartier.geodunes@gmail.com


21st Telemac & Mascaret User Club Grenoble, France, 15-17 October, 2014 

 

 

180 

 

 

Figure 1.  A) Location of the study site; B) Position of measurement 
devices in the intertidal zone and position of the bar B1, B2 and B3. 

shoreface [11]. The tide is semi-diurnal and tidal is 
macrotidal, mean tidal range in Dunkirk being about 5.5 m 
whitewater and 3.5 m in still water. This high tidal range is 
responsible for strong tidal currents flowing parallel to the 
shore in the coastal area, but whose intensity strongly 
decreases from bottom to top of the beach [12]. 

B. In-situ measurement Methodologie 

The method used is based on the simultaneous acquisition 
of hydrodynamic data and in situ measurements of sediment 
fluxes using sediment traps. Hydrodynamic measurements 
were performed in June 2013 using two electromagnetic 
current-wave recorders and two current profilers (ADCP) 
arranged in three intertidal bars and a tarp along a radial 
perpendicular to the coastline (Figure 1B). These devices 
make it possible to obtain measurements of wave parameters 
(significant wave height (Hs), period and direction) and 
current (speed and direction of the average current speed of 
transverse and longitudinal component of the current), and 
the average height of the water column. Currents were 

measured near 0.15 m above the bottom in the case of 
electromagnetic induction current meters and 0.2 m for the 
ADCP (height of the first cell above the unit). The 
acquisition frequency hydrodynamic data was 2 Hz for all 
devices that have been programmed to record data every 15 
minutes for 8.5 minutes (electromagnetic current) and 10 
minutes (ADCP). Two  ADW S4 current meter were placed 
parallel to the beach at a depth of ten meters to obtain wave 
parameters far away from the other devices and to have 
initial condition for wave generation in the simulations. They 
also helped to adjust tidal current as explained latter. 

Measurements of sediment fluxes has been done using 
sediment traps to measure suspended sediment transport at 
several levels in the water column and near the bottom with 
five nets of a mesh of 63 microns distributed regularly on a 
height of 1.43 m. Sediment traps are placed facing the 
longitudinal current for a period of 10 minutes. Sediment 
flows were determined at each trap, and then integrated over 
the water column following the procedure recommended by 
Rosati and Kraus [1]. All flux measurements were carried out 
closed to the current meter devices. 

A camera was installed at the top of the dune behind the 
beach at a height of 10 m above mean tide level to take a 
picture every 10 seconds. Images corresponding to an 
average of 60 consecutive shots allow to locate the surf, 
breaking and shoaling area during each period of 
hydrodynamic which allowed to know what type of 
hydrodynamic processes was at each measurements device 
during each registration period.  

The bathymetric measurements were performed on the 
entirety of the study area using DGPS. 

C.  Simulations Methodologies 

In situ measurements of sediment fluxes were compared 
with the results of modelling of sediment flux based on the 
coupling of three codes (TOMAWAC for wave propagation, 
2D Telemac for current and Sisyphe for sediment transport) 
and use of three transport equations: Bijker [13],Bailard [14] 
and Soulsby Van-Rijn [15, 16, 17].  

Tidal currents are generated by imposing a difference in 
sea level at each side of the simulation domain. This 
difference is calculated using data from three tide gauges: 
one at Calais and one at Dunkirk in west Zuydcoote and one 
in Oostende, at east from Zuydcoote. The water depth given 
by the two ADW S4 current meter allowed us to optimize 
this sea level difference by comparing their water depth at 
rising and falling tide. The simulation are done with 
Telemac-2D which resolve Barré de Saint-Venant equation 
in two dimension. 

Data of the ADW S4 devices are also used for the 
generation of waves at boundary layer by giving waves 
height and period. These waves are propagated by Tomawac 
software by solving the balance equation of the action 
density directional spectrum. The total energy induced in 
waves is the sum of dissipated and induced energies 
produced as a result of physical interactions (1): 
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 Q=Qds + Qnl + Qbf + Qbr + Qtr (1) 

Where 

 Qds = Whitecapping-induced energy dissipation 

 Qnl = Non-linear quadruplet interactions 

 Qbf = Bottom friction-induced energy dissipation 

 Qbr = Bathymetric breaking-induced energy 
dissipation 

 Qtr = non-linear triad interactions 

These terms are numerically modelled and different 
methods have been proposed by researchers for calculating 
their values. In this study we did not use actually wind for 
waves generation. The breaking model choose is the Battjes 
and Janssen's model [18] which is based on the analogy with 
a hydraulic jump. It assumes that all the breaking waves have 
a maximum height Hs(m) compute by (2). 

        

Where   : a factor which depends of the type of beach.  

The total energy dissipation term    is expressed as 
follows (3) 

      
       

 

 
 

where   is the fraction of breaking wave,    is a 
characteristic wave frequency and   is a numerical constant 
of order 1.   is estimated as the solution of the implicit 
equation (4) 


    

       
 

   

   
  

where    is the significant wave height 

Sediments fluxes are calculated through Sisyphe. Sisyphe 
is a sediment transport and morphodynamic simulation 
module which is part of the hydrodynamic finite elements 
system Telemac. In this module, sediment transport rates, 
decomposed into bed-load and suspended load, are calculated 
at each grid point as a function of various flow (velocity, 
water depth, wave height, etc.) and sediment (grain diameter, 
relative density, settling velocity, etc.) parameters. The bed 
load is calculated by using one of the classical sediment 
transport formulae from the literature. The suspended load is 
determined by solving an additional transport equation for 
the depth-averaged suspended sediment concentration. Three 
different formulas have been used in this study, Bijker, 
Soulsby – Van Rijn, and Bailard. All of them take into 
account the interaction with the waves to calculate sediment 
flux. 

For Bijker’s method, the two components (the bedload 
   and the suspended load    )are computed separately. 

The bedload transport rate is (5) : 

       
       (     

 

    
) 

where   is the non-dimensional shear stress due to 
currents alone,     is the non-dimensional shear stress due to 
wave-current interaction, and   is a correction factor which 
accounts for the effect of ripples and     is a constant 
value. 

The suspended load transport is solved in a simplified 
manner, by assuming the concentration profile to be in 
equilibrium. The inertia effects are not modelled and it is 
assumed that no exchange takes place with the bed load 
layer. After depth-integration and by assuming a Rouse 
profile for the concentration and a logarithmic velocity 
profile for the mean velocity profile ([13] and see Sisyphe 
user guide[19]) 

For Soulsby-Van Rijn’s method the transport rate due to 
the combined action of waves and currents is provided by the 
following equation(6): 

           [(    
     

  
  

 )
   

    ]
   

 

This formula can be applied to estimate the components 
of the total sand transport rate (bedload and suspended load), 
and it is suitable for beds covered by ripples.      is a 

coefficient function of    , gravity and water and sediment 
density.   is the depth-averaged current velocity,    is the 
RMS orbital velocity of waves, and    is the quadratic drag 
coefficient due to current alone. This formula has been 
validated assuming a rippled bed roughness with ks = 0.18 
m.      is the critical entrainment velocity. 

Bailard’s formula is based on the energetic approach. The 
bedload and the suspended load components of the sand 
transport rate are expressed respectively as the third- and 
fourth-order momentum of the near-bed time-varying 

velocity field, ,    ⃗⃗⃗⃗ ⃗⃗ ⃗⃗  ⃗ as follows (7, 8) : 

    
   

      

  

    
〈| ⃗⃗ |

 
 ⃗⃗ 〉 

    
   

      

  

  
〈| ⃗⃗ |

 
 ⃗⃗ 〉 

with     the friction coefficient which accounts for wave-
current interactions,    = 0.02,    = 0.1 empirical factors,   
sediment friction angle (         ) and 〈 〉 time-averaged 
over a wave-period.   is the gravity and   the relative density 
(     ,    sediment density and    water density) and    is 
the fall velocity of the sediment. 

The time step for Telemac is of 2 seconds and it is 
coupled with Tomawac and Sisyphe every 10 and 2 time step 
respectively. Morphodynamics evolution is taken into 
account to calculate currents and waves and currents are also 
taken into account for waves’ generation. 
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III. RESULTS 

A. In situ results 

The measurement’s campaign was characterized by 
conditions of moderate wave energy, wave height have 
ranged from less than 0.20 m to 0.93 m, the maximum height 
has been reached on the B3 bar down the beach .Waves 
heights show high variability across the foreshore, the 
heights decreasing to the upper beach due to the dissipation 
of waves energy when they are spread over the lower depths 
of the foreshore and because of their breaking on intertidal 
bars. 

It is observed almost exclusively lifting of the waves in 
the troughs because the waves are reformed into depression 
following the flood on the lower bar. Hs/h reports are 
generally higher on the bars, because the thickness of the 
water layer is lower than in the troughs, but also because the 
wave height increases with the breaking that occurs 
preferentially on bars. This is particularly the case at bar B1, 
which was exclusively subject to breaking process and surf 
during these measurements. Only the device on bar B3 and 
B2 which were subject to all the process and have enough 
water depth can give a good estimation of the maximum ratio 
Hs/h (Fig. 2) which is about 0.5. 

B. Simulations results 

By extracting the waves’ height, frequency and direction 
from the ADW S4 devices we can generate waves with a 
good precision. Multiple simulations were accomplished by 
varying the breaking index of the Battjes and Janssen's model 
(Fig .3, 4 and 5). These figures show that when   = 0.25 
(Fig. 3) the waves cannot propagate and growth properly and 
the breaking point occurs before the bar B3 and B2 which 
leads to small waves height over it with an error of more than 
20%. For   = 0.78 (Fig. 5) the waves seem to be in 
accordance in bar B3 but they do not break soon enough and 
grow too much at B2 with an error of 11%. The simulation 
with   = 0.5(Fig. 4) gives results consistent with in situ 
measurements over each bar with an error lower than 5%. 
Simulations results for the sedimentary flows are 
summarizing in Tab .1, 2 and 3.   

 

Figure 2.  Hs over h for the bar B3 

Bijker (Tab. I) and Bailard (Tab. II) formulas seem to 
overestimate the sedimentary flux in all position and for 
every    coefficients tested. Soulby -Van Rijn formulation 
(Tab. III) is more in line with in-situ results and the better 
values are obtain for   =0.5 as for the waves simulation. 

 

TABLE I.  SEDIMENT FLUX WITH BIJKER FORMULA 

Device 

Sedimentary flux (kg/s/m) 

Experimental 
Simulation 

Hs/h = 0.25 Hs/h = 0.5 Hs/h = 0.78 

A 5,14E-03 2,52E-01 8,43E-01 2,06E+00 

B 2,98E-03 1,34E-01 9,74E-01 2,74E+00 

C 3,25E-02 4,63E-01 1,04E+00 4,43E+00 

D 3,99E-02 1,61E-01 6,43E-01 1,39E+00 

TABLE II.  SEDIMENT FLUX WITH BAILARD FORMULA 

Device 

Sedimentary flux (kg/s/m) 

Experimental 
Simulation 

Hs/h = 0.25 Hs/h = 0.5 Hs/h = 0.78 

A 5,14E-03 2,88E-01 5,92E-01 4,17E+00 

B 2,98E-03 3,34E-01 2,04E+00 2,35E+00 

C 3,25E-02 4,24E-01 2,69E+00 2,15E+00 

D 3,99E-02 9,13E-02 1,17E+00 3,71E+00 

TABLE III.  SEDIMENT FLUX WITH SOULSBY VAN RIJN FORMULA 

Device 

Sedimentary flux (kg/s/m) 

Experimental 
Simulation 

Hs/h = 0.25 Hs/h = 0.5 Hs/h = 0.78 

A 5,14E-03 1,86E-03 6,15E-03 8,40E-02 

B 2,98E-03 1,05E-03 8,44E-03 1,45E-01 

C 3,25E-02 2,05E-04 2,32E-02 5,67E-02 

D 3,99E-02 6,27E-05 2,87E-03 6,19E-02 

 

The results obtain for device A which correspond to bar 
B1 are less accurate than the other, this can be explained by 
the small water depth that never exceeds 1.0 m. 

IV. CONCLUSION 

The results obtained in this study show that the wave’s 
breaking on a beach with intertidal bars and low slope occurs 
at lower indices breaking than those provided by a theoretical 
index such as McCowan. The comparison of fluxes measured 
in situ with the calculated flow highlighted the importance of 
choosing index breaking in transport modeling this type of 
beach, the best  simulations results have been obtained with 
indices   = 0.5, which correspond to the maximum Hs/h 
experimentally obtained during the measurement campaign. 
Results obtain with Sousby – Van Rijn’s equation are in 
agreement with experimental but these obtain with Bijker 
and Bailard formulas are not accurate on such beaches. 

The measurement campaign also provides us with wind 
data that have not been yet taken into account to generate 
current and swell. 
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Figure 3.  Wave height  in function of time for Hs / h = 0.25  A) over bar B3,  B) over bar B2

 

 

Figure 4.  Wave height  in function of time for Hs / h = 0.5  A) over bar B3,  B) over bar B2

 

 

Figure 5.  Wave height  in function of time for Hs / h = 0.78  A) over bar B3,  B) over bar B2
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Abstract— Numerical experiments for the two-dimensional 

(2D) shallow water equations (SWEs) are used to study the 

HLLC scheme of TELEMAC-2D (v6p3r2). The correct 

implementation of the friction term and boundary conditions is 

tested against two analytical examples for one-dimensional 

shallow water flow. A 2D example of a curved channel is used 

to study two-dimensional flow over variable topography. The 

results of the vertex-centered implementation of the 

TELEMAC-2D HLLC scheme (HLLC-T2D) are compared 

with the N-TF advection scheme (N scheme adapted for tidal 

flats) in combination with the PSI scheme of TELEMAC-2D 

(TELEMAC-2D 14;5). Further a cell-centered implementation 

of the HLLC scheme (Camelet) was developed in C++ for 

comparison. We observed small differences between the 

specified inflow and the simulated boundary flux for HLLC-

2D. A variation of the time step for TELEMAC-2D 14;5 shows 

that the scheme strongly depends on the chosen time-step, even 

when the CFL condition is fulfilled.   

I. INTRODUCTION 

Finite volume methods are very popular in computational 
fluid mechanics. In the last decade numerous finite volume 
schemes and models have been developed to solve the 2D 
shallow water equations (SWEs). The HLLC (Harten-Lax-
van Leer-Contact) scheme is actually one of the most popular 
schemes. Details on the implementation of the HLLC scheme 
as it is implemented in TELEMAC-2D are given in [1] and 
[2]. It is important to mention, that different variants of the 
HLLC scheme exist. For example there are different ways to 
approximate the intermediate wave inside the HLLC solver. 
The scheme must be also extended to be able to handle 
wetting and drying fronts and varying topography. The 
differences in the implementation of these features will 
influence the numerical results [3]. In this paper we will not 
discuss numerical details of the HLLC scheme as it is already 
implemented and documented [2].   

We believe that the application of the HLLC scheme is 
not limited to dam break or tsunami modelling. Even though 
the scheme is explicit in time and restricted by a strict CFL 
condition, it has some advantages: It is able to handle the 
transition between supercritical and subcritical flow, the 
implementation of a HLLC scheme is simple and the 
application is user friendly since the only numerical 
parameter to be chosen by the user is the maximum allowed 
CFL number.   

In the present paper we first compare 1D analytical 
solutions of the SWEs with numerical results. In order to 
study the different schemes for more complex 2D flows, we 
designed a small test case of a curved channel. The example 
is also used to study the dependency of the schemes on the 
chosen time step.  

II. ANALYTICAL TEST CASES (1D) 

Usually the numerical solution is compared to an 
analytical solution to test the accuracy and correctness of 
numerical models. The library SWASHES [4] provides a 
collection of such analytical solutions for the SWEs. Two of 
these test cases are used to study HLLC-T2D. Details for the 
analytical solutions used for our study may be found in [5] 
and [4]. We passed the computation of error norms since we 
observed small differences between the specified inflow and 
the inflow simulated with HLLC-T2D.  

A. Example 1 - Mac Donald’s type 1D solution 

In the first test case we consider subcritical flow in a 
1000 m long rectangular channel. The channel width is 10 m. 
The constant inflow rate at the inflow boundary (x = 0) is Q 
= 20 m

3
/s. A constant water depth (h = 0.748324 m) is 

prescribed at the outflow boundary (x = 1000 m). Manning’s 
friction coefficient is set to 0.033 m

-1/3
 s. We set the initial 

condition to a constant water depth of 0.74 m. The simulation 
time was set to 3600 s to make sure that a steady state 
solution is reached.  

The longitudinal varying bed level and the analytical 
solution for the water level of SWASHES are shown in 
Fig. [1]. The numerical solutions of all three models show a 
good agreement with the analytic solution (Fig. [1]). 
However, the HLLC schemes overestimated the water depth 
at the inflow boundary. We observed a difference of about 3 
cm for Camelet (cell-centred implementation of the HLLC 
scheme) and 5 cm for the HLLC-T2D. One reason for this 
may be that the varying topography at the boundary was not 
considered. We further observed that the error in the 
boundary flux was around 0.3 % for HLLC-T2D. An 
important finding of the test case is that the semi-implicit 
discretization of the friction term works very well for the 
HLLC scheme. The step-wise approximation of the bottom 
topography in the HLLC schemes introduces no significant 
errors. Kesserwani [3] reported that the simple hydrostatic 
approximation can be inaccurate when simulating flow over 
a complex varying topography.   
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Figure 1.  Analytical solution and topography (top), comparison of 

analytical and numerical solution for Mac Donald’s problem (bottom). 

B. Example 2 - Mac Donald’s type 1D solution with smooth 

transition and a shock 

The second test case considers subcritical and 
supercritical flow in a short rectangular channel with a length 
of 100 m and a width of 10 m. The constant inflow rate at the 
inflow boundary (x = 0) is Q = 20 m

3
/s. The water depth at 

the outflow is h = 2.87871 m. The Manning coefficient was 
set to 0.03 m

-1/3
 s. We used a constant water depth of 0.74 m 

as initial condition. The simulation time was set to 3600 s. 
Fig. [2] shows the bed level as well as the analytic and 
numerical solutions for the water levels.   

All three numerical models are able to capture the shock 
and the transition. As in the previous example, both HLLC 
schemes slightly overestimated the water depth near the 
inflow boundary. For this example, the error in the discharge 
was around 0.2 % for the HLLC-T2D.  It is interesting to see 
that TELEMAC-2D 14;5 was able to capture the shock and 
the transition without oscillations. Such oscillations were 
observed for the wet dam break problem (not shown here).   

 
Figure 2.  Analytical and numerical solution for Mac Donald’s type 

problem with smooth transition. 

C. Boundary Conditions 

As mentioned above, we observed small differences 
between the specified inflow rate and the boundary flux for 
HLLC-T2D.  The implementation of boundary conditions for 
HLLC schemes can be carried out by using ghost cells and 
the Riemann invariants [6]. Details about a correct 
implementation are given in [7] and [8]. The implementation 
of an inflow boundary with a given discharge requires an 
iterative procedure to compute the correct water depth and 
velocity. Hence, the correct implementation of ghost cells for 
the boundary conditions is not trivial.  

Vertex-centred methods like HLLC-T2D cause problems 
when the inflow boundary elements are not on a straight line. 
For this case, the flow velocity is not vertical to the 
boundary. The same problem occurs on a solid wall 
boundary when a slip condition is applied. The procedure for 
the slip condition of the HLLC-T2D may not be momentum 
conservative [2]. However, the errors due to the loss of 
momentum can be often negligible, compared to the error 
due to the numerical diffusion of a first order scheme.  

In general it would be preferable to have a no-slip 
boundary condition at solid walls. Such a condition allows 
the simulation of boundary layers at a solid boundary. As 
discussed in [6] this boundary condition can only be 
implemented for viscous fluids. Following findings of [6] we 
can conclude that in cases where a large boundary layer 
exists close to a solid wall or when the viscous effects at the 
boundary have a significant influence on the global solution, 
the viscosity can not be neglected.   
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III. FLOW IN A CURVED CHANNEL (2D) 

The numerical experiment was designed to simulate the 
water flow over a variable topography (see Fig. [3]). The 
channel was discretized with 11998 nodes and 23140 
triangular elements.  The inflow rate at the left boundary was 
set to 0.01 m

3
/s. At the right boundary the water elevation 

was set to 0.9746 m. The difference between the given 
discharge and the boundary flux was negligible small for 
HLLC-T2D.   

A. Water depth 

Figure [4] shows the computed water depths for all three 
models. The model Camelet uses a cell centred discretization, 
so that a direct node by node comparison of the water depths 
between Camelet and the two TELEMAC-2D schemes is 
impossible. All three schemes provide plausible water 
depths. The water depths in Camelet are higher near the 
contractions. Figure [5] shows the differences between 
HLLC-T2D and TELEMAC-2D 14;5. We observed that the 
HLLC scheme of TELEMAC-2D tends to overestimate the 
water depth. This behaviour was also observed in other 
studies (not presented here). One reason might be the 
implementation of the slip boundary condition. In general the 
results of HLLC-T2D seems to be more diffusive (see also 
Fig [8]).  

In a second step we investigated the dependency of the 
schemes on the chosen time step. The numerical results of 
HLLC-T2D do not significantly change when the CFL 
number is reduced from 0.95 to 0.5. This is not the case for 
TELEMAC-2D 14;5. We used the following time steps (dt): 

 dt = 0.05 with a maximum CFL number of 0.21 

 dt = 0.2 with a maximum CFL number of 0.86 

 dt = 0.5 with a maximum CFL number of 2.1 

 dt = 1.0 with a maximum CFL number of 4.0 

One may expect that the results (see Fig [5]) should not 
significantly differ when the CFL number is smaller than 1. 
However this is not the case. A detailed investigation of this 
phenomena is complex and out of the scope of this work. We 
can conclude that the maximum differences for the water 
depth in TELEMAC-2D 14;5 were between 0.002 and 
0.004 m, depending on the chosen time step. For HLLC-T2D 
the largest difference was 2.0·10

-6
 m. 

B. Scalar Velocity 

Figure [6] shows the scalar velocity for all three schemes. 
The highest velocities occur near the smallest channel width 
(8 m < x < 10 m and 15 m < x < 20 m). All three models 
show feasible results: e.g. lower water depths lead to higher 
velocities.  

Figure [7] shows the differences in the scalar velocity 
between the two schemes of TELEMAC-2D. There are large 
differences between TELEMAC-2D and HLLC-T2D. We 
conclude from this figure, that there are strong differences in 

the implementation of the slip boundary condition in HLLC-
T2D, since there are significant differences along the entire 
boundary. 

The results of TELEMAC-2D 14;5 depend strongly upon 
the chosen time step. We observed differences up to 0.07 m/s 
for the v-velocity and 0.04 m/s for the u-velocity.  The 
maximum difference for HLLC-T2D in the velocity was 
around 4.4·10

-4
 m/s (CFL number reduced from 0.9 to 0.5).   

C. Velocity field 

Figure [7] shows the velocity fields of all three schemes. 
Camelet and TELEMAC-14;5 produce a more complex flow 
system with a vortex near x = 11.0 m, y = -1.8 m. The 
comparison between Camelet and the other schemes is 
difficult due to the different spatial discretization. The wet 
area near x = 11 m and y = 0.2 m is much larger for Camelet.  

IV.  CONCLUSIONS  

Two analytical examples and an example of a curved 
channel with a variable topography were used to study the 
HLLC scheme of TELEMAC-2D. We observed that the 
correct implementation of boundary conditions is more 
complex for a vertex-centred discretization (HLLC-T2D) 
than for a cell-centred discretization (Camelet). The results 
suggest that the cell-centred discretization is less diffusive. 
Nevertheless the results of all three schemes were very 
similar.  

Finally our studies have shown that the results of 
TELEMAC-2D 14;5 depend strongly on the chosen time 
step. This influence does not significantly decrease with a 
decreasing CFL number (CFL < 1). The dependence on the 
time step is not the result of round-off errors. It is unclear 
how the dependence of TELEMAC 14;5 on the time step will 
behave for unsteady flows or flow in a complex domain with 
varying velocities and water depths. Maybe the settings for 
the solver can be improved to reduce the problem. One may 
argue that the observed differences are small, but they may 
have strong influences on the sediment transport when 
TELEMAC-2D is coupled to SISYPHE. However as shown 
in [9] such a splitting method for the coupling can sometimes 
fail. So we can conclude, that the user must take care when 
choosing the time step for TELEMAC 14;5. The HLLC 
scheme has the main advantage that the results only slightly 
change when the maximum allowed CFL number is reduced 
form 0.95 to 0.5. 

The main disadvantage of the HLLC scheme is its strict 
restriction by the CFL condition and the resulting computing 
time. However this restriction is a physical one and 
corresponds to transport of information between the finite 
volume cells. From this point of view all schemes that do not 
account for the hyperbolic properties of the SWEs may lead 
to some loss of information. In the best case this only leads to 
an increased diffusion, in the worst case the scheme may be 
become unstable. 
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Figure 3.  Topography for the curved channel example. 

 

Figure 4.  Water depth distribution for the curved channel example.  
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Figure 5.  Comparison of water depths between TELEMAC-2D 14;5 and HLLC-T2D and the dependency on the time step size for TELEMAC-2D 14;5. 
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Figure 6.  Comparison of the scalar velocity for the curved channel example.
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Figure 7.  Differences in the scalar velocity between the TELEMAC-2D models for the curved channel example. 
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Figure 8.  Velocity fields for the curved channel example.
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Abstract — A It is difficult and time consuming for both, 

beginners and advanced users, to set up a Telemac 

environment with parallel computing (distributed MPI-cluster) 

functionality and the many powerful Open Source pre- and 

postprocessing tools like PARAVIEW or QGIS. This article 

describes a ready to use Linux Life Disk that builds up a basic 

parallel computing cluster within few minutes. It lowers the 

hurdles of linux configuration and lets the user focus on the 

hydraulic analysis instead. 

Multiple copies of the disc can be plugged in existing office 

computers via USB or SATA and interconnect through 

common LAN infrastructure which is already available in most 

small and medium enterprises.   

I. INTRODUCTION 

Setting up a running system with Telemac, pre- and post-
processing tools and all libraries is very time consuming. 
Setting up a Linux cluster for parallel computing is even 
worse. Before a user can care about his hydraulic projects, he 
needs weeks of trial and error to get all the right versions 
together. This is a big barrier for beginners and an expensive 
adventure for occasional users. 

Therefore the Telemac Cluster abilities are only used by 
bigger institutions, as they have the human resources to care 
for the administration. This barrier was also the key problem 
for Telemac trainings, as many users had problems to repeat 
the exercises on their home computer setup. 

The here presented project breaks down this barrier:  

One of the biggest strengths of Linux is the ability of a 
1:1 duplicated hard disk (with an installed and configured 
Linux) to be plugged in almost any other recent computer, 
and it runs out of the box, without reconfiguration. All the 
previous installed Telemac and cluster  related special 
software runs as well.  

The “Telemac-LinuxLiveCluster” makes use of the well 
known LinuxMint / Ubuntu LTS distributions which have an 
immense internet knowledge base and a reliable update 
cycle. The ready configured disk image, which contains free 
software for the full tool chain from pre- to post-processing, 

is free. It aims to provide a full working environment, 
running out of the box, for beginners as well as for hydraulic 
modelers who want to use development environments and 
cluster capabilities in a small office. 

Plugging a 1:1 copy of the disk in any recent laptop or 
workstation integrates it in the local office cluster after just 
changing the IP address.   

 

II. FEATURES 

 TELEMAC Suite (several versions), precompiled for 
productive, debugging and profiling use, tested in 
parallel. 

 PARAVIEW with a direct Selafin reader for 
Telemac binary files. 

 QGIS with a direct Selafin reader for Telemac binary 
files and the TRIANGLE based mesh generator 
BASE MESH. 

 A special GDAL beta version that converts Selafin 
files to docents of other vector formats like ESRI 
SHAPE, SVG, DXF, SQLITE, GeoJSON, GPX, 
KML a.o. 

 Microsoft EXCEL and a Libre Office CALC files 
with macros able to read directly values from Selafin 
files into tables.  

 TorquePBS, a scheduler that distributes large 
numbers of Telemac jobs to free cluster nodes, if 
necessary only at night or weekends. 

 Cluster administration tools. 

 Code::Blocks IDE, Fortran Edition with 
preconfigured Telemac setup to develop new princi.f 
files with several compilers (GNU - installed, NAG 
and INTEL - preconfigured).  

 BACKInTIME, an automated backup system similar 
to Apples “Time Machine”.  
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 WINE, a windows emulation environment, 
preconfigured to install BLUE KENUE (a Windows 
64bit program) with a few clicks under LINUX. 

Additionally the user might combine several instances of   
the workstation to a cluster by just duplicating the disk for 
other computers in the local area network.  

Plugging the disks in via USB3.0 or SATA provides good 
performance. A basic 1-GBit switch is enough for at least 8 
computers. 

Tests with 40 cores on 8 Desktop computers showed 
similar performance as big clusters running on the same 
number and type of CPU cores: 

 A speed up of more then x20 for the MPI parallel 
computation against serial computation of the official 
Telemac validation case “221_donau” 

 A combined batch processing speedup of x35 for a 
1000 job Telemac2d parameter study, compared to 
single core 

 

 
Figure 1.  Parallel performance scaling ability of 150€ gaming CPUs with 

1GB-LAN vs. 1300€ server CPUs.  

 

III. ADVANTAGES & LIMITATIONS 

The guideline for the development of this disc was: “It 
shall be a system for quick implementation and faster work 
flow on small and medium office networks with standard 
hardware, for demonstration and training purposes”. It was 
optimized and  tested with Telemac projects divided in up to 

40 parallel partitions on 8 computers with 40 cores. All nodes 
where average Desktop computers.  

It is meant to run without much administration costs and 
complicated cluster safety policies. 

The “Telemac-LinuxLiveCluster” scales up well as long 
as limit of the existing network infrastructure is not reached 
and the different nodes are not too heterogeneous in their 
performance. 

The configuration is not optimized for network safety! 
(neither firewall nor virus protection are implemented for 
performance and cluster interaction reasons) 

The IP-addresses are fixed, and DHCP is deactivated, as 
MPI will not run reliable with dynamic IP addresses. 
Currently the addresses 192.168.178.71 to 192.168.178.82 
are used, but this can easily be changed in the file 
/etc/network/interfaces and the script 
/root/duplicate_node.sh 

 

IV. LICENSE 

The disc image of the “Telemac-LinuxLifeCluster” is 
available for free on demand by our website for everybody 
interested. It is free of charge and free of any warranty. It is 
meant as a quick start example for training purposes, for 
production use every user should set up his own system. 
Based on Ubuntu 12.04 (“Long Time Support” until 2017) 
and Linux Mint 13 all additionally installed programs are 
either under GNU and LPGL licenses that allow 
redistribution, or redistribution is directly granted by the 
authors. 

 

V. SETUP 

A. The Server - Node71 

The disk is available as an image file at  

www.uwe-merkel.com/TelemacLinuxLiveCluster and 
can be copied on any USB3.0-key with more than 60GB or 
much better, an internally connected solid state disc. The disc 
should be reasonable fast for a smooth workflow during pre- 
and postprocessing. One line in the Linux bash writes the 
image to a new disc, which will be completely overwritten. 
As superuser type: 

gunzip -c clusterdisc.img.gz | dd 
of=/dev/<the_new_disc>  

Plug the new disc in any computer and restart it, and 
choose this disc as boot device in the BIOS (mostly with 
DEL or F12-buttons during start up) 

During the first startup the system reconfigures itself for 
the new hardware what might take some time. When the 
system shows up, login with “guest” and enter the password 
“guest”. 

Now a full functional Telemac Workstation is already  
running. The user is strongly advised to change the login and 
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password as soon as possible. The Linux Mint and Ubuntu 
online manuals provide help if needed. 

B. The Clients 

To set up a cluster together with other computers in the 
same network requires more copies of the same disc. This 
copies can be produced the same way as the first disc 
“Server” or by copying the disc directly with  

dd if=/dev/sdb bs=16M| pv -s 60G | dd of=/dev/sdc 
bs=16M 

where /dev/sdb has to be replaced with the source disc 

and /dev/sdc has to be replaced with the next new disc.  

Copying the disc is only possible from an external 
operating system. Use any other Linux computer or choose 
on boot up of the “Telemac-LinuxLiveCluster” the  
“Bootable ISO Image: pmagic”. The latter option boots into a 
“parted magic rescue system”, a tiny Linux that fits 
completely in a ram disc, from where it allows save copying 
of the “Telemac-LinuxLiveCluster”. 

Now each node needs an individual name and IP-address. 
This is done by a script which has to be modified and 
executed only once. After the first startup of each node open 
a terminal window (the BASH console) and login as 
superuser: 

$> su  #login as super user 

$> cd /root/ #change to the root home 

$> emacs duplicate_node.sh #edit the config script 

 # In the editor go to the following line and set
 # a unique node ID between 72 and 81 :  

 nodenumber_new=$(echo '72')  

 # Save the file 

$> source duplicate_node.sh  #run the script  

 #Output should look similar to this: 

 This Client is node72: 
 Hostname: node72  
 Grub.cfg: 'node72 - Linux Mint 13 MATE' 
 Fixed IP:  192.168.178.72  

 This Clients network interface: 
 EthernetDevice: auto eth1  
 iface eth1 inet static  
  
 The Server is node71: 
 cluster-data : node71:/data  /cluster-data    nfs  
 Torque Master: node71 
 

$> reboot  #reboots the computer 

After rebooting, the client is a full Telemac workstation 
as well which can be used stand alone from the screen or 
remote controlled via SSH from any other client or server.  

The SSH login is password free via the command: 

ssh node72 

ClusterSSH is able to login on various nodes at the same 
time, e.g. 

cssh node71 node72 node73  

All clients use the network folder /cluster-data , which is 
placed on the server for jobs send to them by MPI or the 
Torque PBS-Queuing. 

More Information can be found on the website. 

C. Connecting the Clients (Hardware) 

For small clusters the network hardware is only of minor 
importance. But it is strongly advised to use Ethernet cables 
at least in quality CAT6a or above, as they connect with up 
to 120MB/s to the other nodes. The switch is less important 
as long as you connect only up to 8 nodes. For more nodes a 
managed switch is mandatory. 

D. Performance 

Just connecting more computers will not necessarily 
bring a speed up for Telemac in parallel. The whole system 
will not be faster in calculating one time step than the slowest 
client! (as the neighboring clients need the result of the latter 
after each time step!) This means: All nodes should run on 
more or less the same performance level! 

Despite of this, the cluster performance is mainly 
dominated by the following hardware parameters: (from “o = 
not very important”  to  “+++ = very important”) 

Server / Client: 

    RAM:  
 RAM-Frequency (+++) 
 Number of RAM modules: double or 
quadchannel(+++) 
 Amount of RAM in GB (o/+) 

    CPU:  
 CPU-Frequency (+) 
 Number of floating Point Units (+++) 
 Number of Cores (++/+) 
 Cache (+++) 

    DISK:  
 Writing performance (use SSDs !) (++)  

    GPU: (o) 
 not used for  Telemac, but significant in 
PARAVIEW, known  problems with NVIDIA graphic 

    Mainboard: 
 Frequency (++) 

Network:  
 1GB-LAN is enough for up to 8 nodes with 4 cores 
(o/+) 
 cable: at least quality level “Cat6a” (++) 
 1GB-Switch (+ / ++) 
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Abstract: 

Testing and validation of scientific codes is time consuming but critical and even more so for industrial uses. It 
is paramount that the TELEMAC system follows a strict testing and validation programme for every major release 
to maintain its quality standard. Since the distribution of the TELEMAC system in open source, the entire source 
code and all the current developments have become available to anyone at any time. It has, therefore, become 
necessary that testing and validation of the TELEMAC system be an integrated and continuous process of its 
distribution, happening at least once every night. 

An automated management and continuous integration system has been put in place by the Consortium to 
allow continuous testing, validation and monitoring of the TELEMAC system for its deployment in the industry. 
The automated management is operated through a Java-based webserver, thus accessible to anyone through the 
Internet to visualise the system continuous testing and validation processes and statistics. It manages (see a 
schematisation on Figure 1): 

 The main source code repository, all its branches of development and all its mirrors; 

 Virtual computers running different operating systems, compilers and configurations; and 

 Actions triggered by any changes made to the source code repository and following a system of 
promotions driven by pre-defined success and failure criteria. 

The continuous integration and validation system is made of a myriad of python scripts. These are run across 
the all virtual computers and include compilation, testing and validation of plus two hundred cases, extraction of 
time series, values, cross-sectional data, generation of figures and assembling of table data, validation of extracted 
data against criteria, production of validation reports and packaging into archive files for upload on the 
distribution website. This allows testing and validation to be carried out natively on each operating system, 
ensuring maximum compatibility and performance with known industry uses. 

The automated management and continuous integration and validation system, its promotion processes and the 
python scripts it manages will be further detailed in this paper. 

 
Figure 1.  Scheme of the actions.
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Abstract: 

A good knowledge of the spatial and temporal evolution of water temperature is crucial to model 
biogeochemical processes. TELEMAC-3D software enables to model the advection-diffusion of temperature. 
Temperature is strongly influenced by heat exchange between water and atmosphere. An accurate modelling of 
such phenomena is thus necessary. 

Modelling of heat exchange between water and atmosphere in TELEMAC-3D can be done with a linearised 
formula of heat fluxes balance at the free surface. To improve the modelling of heat exchange with atmosphere, a 
module that calculates the complete balance of exchanged fluxes has been developed. It calculates the solar 
radiation, the atmospheric radiation, the water radiation, the sensible heat and the latent heat and takes into 
account the solar radiation penetration in the water column. 

This module has been validated and sensibility analyses have been carried out. Two cases have been treated: the 
modelling of a schematic case that is compared to a solution from a 0D thermal model used for lacustrine modelling 
and the modelling of a real lake that is compared with in situ measurements. 
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Abstract— Surface and subsurface flow systems are inherently 

unified systems that are often broken into sections for logical and 

technical reasons. For instance, in the TELEMAC-MASCARET 

suite, distinct codes deal with surface (MASCARET, 

TELMAC2D and TELEMAC3D) and subsurface (ESTEL) flows.  

While in most applications, such decoupling of the systems works 

well and allows a very accurate and efficient description of the 

individual system by treating the adjacent system as a constant 

boundary condition, in the case of water flow over a porous 

medium, it is not adequate. Thus, in order to improve the 

accuracy of simulated overland flows, it is now often required to 

integrate the interaction between surface and subsurface flows 

(or free surface and groundwater flows). For now, this 

interaction is simulated using TELEMAC2D for free-surface 

flows and the ESTEL (EDF R&D) for variably saturated 

groundwater flows. 

One major difficulty of coupled surface and subsurface 

simulations is to treat the evolution of the coupling interface in 

respect to the height of the river. Thus, the coupling strategy 

should be robust and generic enough to manage this problem. In 

this study, we present our latest developments and results on 

academic and real coupled surface-subsurface flows. The 

governing equations, the considered assumptions for each code 

and the details of the iterative coupling procedure are presented.  

 

I. INTRODUCTION 

Free surface flows and groundwater flows are generally 
simulated separately and industrial applications often neglect 
or oversimplify their interactions. The main reason is that the 
spatial and time scales of their flows are largely different. In 
this case, simulations of surface flows usually treat the impacts 
of the groundwater table as steady boundary conditions. Only 
few coupled strategies can be found [1] and two different 
approaches are used: the fully coupled approach [2] and the 
iterative coupling [3]. The iterative coupling seems to be more 
adapted to industrial applications, as the codes are used 
separately but communicate throughout boundary conditions 
[4]. In this paper, we describe in details our coupling strategy 
in Section II. The error assessment of the coupling is presented 
in Section III. Finally, in Section IV, the exchanges between 
the river and the groundwater table are quantified on a simple 
river case. 

II. DESCRIPTION OF THE COUPLING APPROACH 

Our coupling strategy is based on the use of the two codes 
ESTEL and TELEMAC2D. They respectively deal with the 
groundwater and shallow water flows.  

A. TELEMAC2D 

TELEMAC2D is an open source code which belongs to the 
OpenTELEMAC-MASCARET platform. It is based on the 
shallow water equations that can be solved with the finite 
element method or the finite volume method. 

The shallow water equations can be obtained by deriving a 
depth integrating form of the Navier-Stokes equations. 
Moreover, some assumptions are to be made: 

 Horizontal length scale must be greater than the 
vertical one. 

 The fluid is considered to be incompressible with a 
constant density. 

 The horizontal velocity field is constant throughout the 
depth of the fluid. 

 The pressure is hydrostatic. 

 The vertical acceleration is neglected. 

Shallow water equations consist of the continuity equation: 

   
  

  
      ⃗           

And the momentum equations: 


   

  
        ⃗      

   

  
        (       ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗     )  


   

  
    (   ⃗ )     
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Where: 

 h is the water height (m), 

  ⃗    ⃗  is the discharge per length unit (m
2
.s

-1
), 

 u and v are the components of the velocity vector  ⃗  
(m.s

-1
), 
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 g is the gravitational acceleration (m.s
-2

), 

 νe is the effective diffusion which models turbulent 
viscosity and dispersion (m

2
.s

-1
), 

 Zs is the elevation of the free surface (m), 

 t is the time (s), 

 Sce is the source term (m.s
-1

) which has to be 
multiplied by the surface to obtain a discharge. 

The momentum equations can be decomposed in five 
terms, which can be related to: 

 The local flow acceleration, 

 The advection term, 

 The free surface gradient term, 

 The source term, 

 The diffusion term.  

B. ESTEL 

ESTEL is a proprietary code of EDF, which uses several 
libraries of OpenTELEMAC-MASCARET, such as the finite 
element solver BIEF and the MPI based module PARTEL. 
This code is based on the Richards equation, which can be 
obtained by combining the continuity equation with the Darcy 
law. This equation allows modeling the motion of the water in 
saturated and unsaturated soils:  

       
  

  
                  ⃗⃗⃗⃗⃗⃗ ⃗⃗  ⃗          

Where: 

 kr is the relative hydraulic conductivity (-), 

 Ks is the saturated hydraulic conductivity (m.s
-1

), 

 θ is the water content (-), 

 Qs is the volumetric source term (s
-1

), 

 h is the pressure head (m), 

        
  

  
  is the soil capacity (m

-1
). 

The soil capacity is determined thanks to the empirical Van 
Genuchten model: 
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Where L, n, m, α, θs and θr are the parameters which 
depend on the properties of the soil. 

It is important to remind that, in this form, the Richards 
equation is non-conservative, which implies that mass balance 

errors are generally non negligible. However, we chose to use 
this form as it allows managing both saturated and unsaturated 
soils [5]. Moreover, due to an intrinsic limitation of ESTEL, 
only tetrahedron meshes can be used. 

C. The coupling strategy 

 
As we previously mentioned, our coupling strategy is based 

on the use of two separate modules interacting throughout an 
iterative process. Thanks to this strategy, we avoid to solve a 
larger system of equations (shallow water and Richards 
equations) with different mathematical properties. 
Furthermore, the iterative coupling is easier to implement and 
preserve the independence of the two codes. In this case, the 
communication is done throughout boundary conditions.    

For a given time step, the coupling strategy can be 
decomposed into 4 steps (see Fig. 1): 

Step 1 – During the initialisation step, the intersection 
between the river and the ground is determined. The part of the 
ground below the river is set to have a Dirichlet boundary 
conditions on the pressure head, while the rest of the surface is 
set with a no-flux boundary conditions. The value of the 
boundary conditions on the pressure for ESTEL and the source 
term for TELEMAC2D are initialized to the value of the 
previous iterations. 

Step 2 - TELEMAC2D computes the solution of the 
shallow water equations with the enforced flux q handled as a 
source term. The river height is sent to ESTEL. 

Step 3 – ESTEL computes the solutions of the Richards 
equation with the enforced boundary conditions on the pressure 
head h. Thus, the flux at the interface between the river and the 
ground is deduced from the pressure field thanks to the Darcy 
law. The flux q is then sent to TELEMAC2D. 

Step 4 – The evolution of the river height is computed. If 
the value is grower than the criteria, a new coupling iteration is 
started by returning to step 2. Otherwise the coupling iteration 
is finished and a new time step is started. 

It is important to notice that the coupling strategy is based 
on the assumption of a continuous pressure head at the 
interface. Thus, it is mandatory to define coherent initial 
conditions to conserve the numerical stability. Moreover, the 
runoff effect (the flow of water that occurs when the water 
table is higher than the river) is neglected. This simplification 
implies an overestimation of the exchange at the interface 
between the river and the ground, to counterbalance the lack of 
runoff [6]. It is a drawback of our coupling strategy in which 
exchanges can only occur at the surface of the ground covered 
by the river. Finally, with coupling strategy, the solver based 
on the finite volume method cannot be used in TELEMAC2D. 
In fact, as the time step is governed by ESTEL, it cannot be 
adapted to the CFL required by the FVM. 
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Figure 1.  Coupling scheme 

 

III. PSEUDO ARTESIAN WELL CASE 

A. Configurations 

 
This case is inspired from the Artesian well case that can be 

found in [3], where the water is transferred form a saturated 
soil to a well until the hydrostatic equilibrium is reached. We 
decided to use a sloping boundary (originally vertical) between 
the surface water and the ground (see Fig. 2) in order to 
validate the transition of the boundary conditions (form 
Dirichlet to Neumann and reciprocally) with respect to the 
water height. 

An example of the mesh is presented in Fig. 2. The 
dimensions of the rectangular basis are 30*90 meters and the 
slope begins at 10 meters and finishes at 40 meters high. The 
simulation is initialized to a fully saturated ground up to 30 
meters and the surface water is at rest. All the boundary 
conditions (except those at the coupling interface) are set to no-
flux. In order to model a loamy sand [7], the parameters of the 

Van Genuchten model were set to α = 0.2, n = 1.56, θs = 0.37, 
θr = 0.17, L = 0.5, m = 0.359 and K the hydraulic conductivity 
was set equal to 10

-4
 m.s

-1
. 

 

Figure 2.  Artesian well case 

The goal of this test case is to quantify the error that can be 
obtained with our coupling strategy. To do so, the final volume 
of water (in TELEMAC2D and ESTEL) is compared to the 
initial one. We can use this simple strategy to quantify the error 
as there is no income or outcome of water in this case.  

B. Results 

In order to quantify the error related to the coupling 
strategy, we decided to study the loss of mass with respect to 
the initial difference between the groundwater table and the 
river height. In all simulations, the water table is initialized to a 
30 meters height, which corresponds to an initial volume of 
water of 24566 m

3
. The well height is initialized from 20 

meters height (i.e. 10 meters below the water table) up to 30 
meters height (same height as the water table), for an initial 
volume of water from 10535 to 20026 m

3
. The error (i.e. loss 

of mass) with respect to the difference between the water table 
and the well height are presented in Tab. 1. For every 
simulation, the error is decomposed in three parts: the loss of 
water due to TELEMAC2D, ESTEL and the coupling. 

TABLE I.  COMPARISON OF THE DIFFERENTS ERRORS AT THE END OF 

THE SIMULATION 

δh in   (water 

table level above 

the river level) 

TELEMAC2D 

error in m3 lost  

ESTEL 

error in m3 

lost 

Coupling error 

in m3 lost 

0.5 2.4×10-10 4.1×101 -2.4×10-10 

1 4.5×10-10 8.6×101 -4.5×10-10 

1.5 1.8×10-9 1.3×102 -1.8×10-9 

2 3.4×10-10 1.6×102 -3.4×10-10 

2.5 3.3×10-10 2×102 -3.3×10-10 

3 2.9×10-10 2.3×102 -2.9×10-10 

3.5 2.6×10-10 2.7×102 -2.6×10-10 

4 3.6×10-10 3.1×102 -3.6×10-10 

4.5 1.4×10-9 3.8×102 -1.4×10-9 
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δh in   (water 

table level above 

the river level) 

TELEMAC2D 

error in m3 lost  

ESTEL 

error in m3 

lost 

Coupling error 

in m3 lost 

5 1×10-14 4.5×102 1×10-14 

5.5 8.2×10-10 5.1×102 -8.2×10-10 

6 1.8×10-7 5.6×102 -1.8×10-7 

6.5 1.8×10-9 6.2×102 -1.8×10-9 

7.5 2.1×10-9 6.4×102 -1×10-2 

8 2.2×10-7 6.9×102 -2.2×10-7 

8.5 2.2×10-8 7.2×102 1×10-14 

9 2×10-9 8.2×102 1×10-14 

9.5 2.7×10-9 8.8×102 -2.7×10-9 

10 3.7×10-9 9.9×102 -3.7×10-9 

 

C. Results analysis 

From Tab. 1, it appears that the major loss of mass is due to 
the computation done by ESTEL itself. It can be explained by 
the non-conservative discretization of the Richards equation we 
chose to use, the inherent non-linearity of this equation and the 
size of the mesh (about 3 or 4 meters). It seems that the loss of 
mass due to ESTEL is almost linear with respect to the 
difference between the water table and the well.  

Concerning the loss of mass due to TELEMAC2D and the 
coupling, they appear to be almost equivalent and largely 
smaller (at least 10

10
 lower than ESTEL). The only exception 

can be found for δh = 7.5 m, where numerical instabilities 
appeared in the unsaturated part of the ground near the 
coupling surface, disturbing the accuracy of our coupling 
strategy. In fact, errors corresponding to TELEMAC2D and the 
coupling are always close to the machine error, contrary to 
ESTEL that gives an error about few percent of the initial 
volume of water. 

IV. SIMPLIFIED RIVER CASE 

A. Purpose and problem description 

The aim of this case is to quantify the exchange between 
the river and the groundwater flow with respect to the 
discharge of the river. To do so, two hydrographs are used as 
input, one from the Var river (see Fig. 3) and one from the 
Rhine (see red curve in Fig. 10). As the bathymetry of our 
simplified river is different from those of the Var and the Rhine 
rivers, downstream conditions were adapted to fit the 
bathymetry. 

 

Figure 3.  Hydrograph of the Var 

The downstream condition is computed thanks to the 
Manning law: 

        

 
 ⁄     

 
 ⁄  

Where: 

 Ks is the Strickler coefficient (-), 

 Rh is the hydraulic radius (m), 

 I is the slope of the hydraulic grade line (-), 

 S is the section of the river (m
2
). 

Assuming that the soil is covered with cobbles with a grain 
diameter about 0.2 meter [8], the Ramette law [9] gives a 
Strickler coefficient of 33 for the riverbed. As the maximum 
value of the computed downstream condition is lower that the 
floodplain, there is no need to compute its value at this area. 

The domain is 200 meters width, 50 meters length and 40 
meters high (see Fig. 4). The riverbed is in the middle and has 
a depth of 20 meters and a width of 30. The flood plain has a 
depth of 10 meters and a width of 80. The slope of the riverbed 
and the floodplain is equal to 9×10

-3
 meter. Once again, the 

parameters of the Van Genuchten model are set to represent a 
loamy sand soil. The values of the parameters are identical to 
the previous test case.  

The boundary conditions used in ESTEL is a Dirichlet 
conditions on the pressure head to model a fixed water table. 
More precisely, the water table is set at 18 meters high at the 
limit, whereas the river level evolves between 15 to 26 meters 
for the Var’s hydrograph. 
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Figure 4.  Mesh of the simplified river case 

B. Results 

 
It is important to mention that, as it can be seen in Figs. 5, 

6, 8 and 9, there are two numerical instabilities at the entrance, 
where the water table is higher than the rest of the domain. It 
seems that few elements of the mesh used in ESTEL are over-
constrained (no flux boundary conditions plus coupling term). 
However, neglecting these numerical errors, the water table 
level clearly follows the river level, showing that the results are 
relevant. It must be pointed out that the simulations presented 
in this section only correspond to the rising part of the 
hydrograph, as numerical instabilities previously mentioned 
lead to convergence issues at the discharge pick. 

 

 
Figure 5.  Level of the free surface of the river and the water table for the Var 

at t = 8.33 hours with a discharge of 408 m3.s-1. 

 
Figure 6.  Level of the free surface of the river and the water table for the Var 

at t = 28.33 hours with a discharge of 2672 m3.s-1. 

The results presented in Fig. 7 refer to the hydrograph of 
the Fig. 3. It appears that the discharge (curve in red) and the 
exchange between the river and the groundwater flow (curve in 
blue) have the same shape and are proportional. It is also 
important to mention that there is no delay in the exchange 
when the discharge abruptly increases around 23.6 hours. The 

amplitude of the exchange is rather large, with values from 
1.1×10

-2
 to 1.8×10

-1
 m

3
.s

-1
. 

 

Figure 7.  Comparison of the discharge and the exchanges between the water 

table and the river with the Var’s hydrograph 

The results presented in Fig. 10 correspond to the Rhine 
river. Similarly to the results of the Var, the discharge (curve in 
red) and the exchange between the river and the groundwater 
flow (curve in blue) have the same shape and are proportional. 
The amplitude of the exchange is smaller compared to the Var, 
with values from 4×10

-2
 to 6×10

-2
 m

3
.s

-1
. 

 
Figure 8.  Level of the free surface of the river and the water table for the 

Rhine at t = 2 hours with a discharge of 1205 m3.s-1. 

 
Figure 9.  Level of the free surface of the river and the water table for the 

Rhine at t = 14.4 hours with a discharge of 1610 m3.s-1. 
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Figure 10.  Comparison of the discharge and the exchanges between the water 

table and the river with the Rhine hydrograph. 

C. Results analysis 

The results of these simplified river simulations clearly 
show that the exchange between the ground water flow and the 
river depend on the discharge of the river. As the amplitude of 
the exchange could be large (with a factor from 1 to 16 with 
the Var), it suggests that a constant flux to model the exchange 
would not have been relevant. 

From our experience, the numerical stability of this type of 
simulation is a real issue. We observed that it is mandatory to 
compute a stable and continuous initial condition. To do so, we 
first compute a stationary solution of the river flow without the 
coupling. Then, we create a continuous pressure field in 
ESTEL, based on the boundary conditions on the water table 
and the height of the river. 

 

V. DISCUSSION 

In this paper we have presented our iterative coupling 
strategy based on the use of TELEMAC2D and ESTEL. Their 
respective governing equations, the considered assumptions as 
well as the details of the iterative coupling procedure were 
presented. A pseudo Artesian well was simulated to validate 
the coupling procedure and quantify the error in terms of mass 
loss. Results showed that the major loss of mass is due to the 
computation done by ESTEL (few percents of the mass) while 
errors related to TELEMAC2D and the coupling are negligible. 
Finally, the exchange between a simplified river and a 
groundwater flow was quantified with respect to the discharge 
of the river. The results showed that the exchange could not be 
model by a constant flux. It appeared that the exchange 
depends on the discharge and that its amplitude could be large. 
It clearly shows that this type of coupling strategy can be used 
to improve the accuracy of simulated surface flows, as the 
interaction between the river and the groundwater flow are 
modeled. 

In order to simulate more realistic cases, several 
developments are still required. Regarding the physical aspects, 
it would be important to model runoff phenomenon in order to 
improve the accuracy of the simulated exchange. It could also 
be interesting to study the impact of a clogging layer [10] that 
appears at the interface between the river and the groundwater 
table. As the numerical stability is still a real issue, it would be 
important to investigate the loss of mass due to ESTEL and to 

vanish instabilities that could appear near the entrance of the 
river. The computational cost could also be prohibitive for 
more realistic cases, with actual computation time about a day 
or a week, parallel computation would be relevant. Finally, our 
actual procedure to create the geometry is not generic enough. 

A new tool allowing the automatic generation of the 
ESTEL (3D) mesh from the TELEMAC2D (2D) is currently 
under development. This tool generates automatically the 3D 
mesh (tetrahedron) and the interface between the 2D and 3D 
meshes as well (see Fig. 11). This tool overcomes one of the 
biggest pre-processing tasks and procures exact nodal 
interpolation between these two meshes, and hence improves 
significantly the coupling algorithm. Moreover it would be a 
great benefit giving the user the possibility to model 
interactions at any place of the rivers without creating 
manually the mesh, indeed most of rivers are already in the 
TELEMAC2D databank. 

 

Figure 11.  Example of extrapolation of a 2D mesh used in Telamac2D. 
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Abstract — We present the method employed for reproducing 

wave energy dissipation over a vegetation field in the spectral 

model TOMAWAC. The method is based on the formulation 

proposed by Suzuki et al. (2011) that consists of implementation 

of the uni-directional random waves vegetation model proposed 

by Mendez and Losada (2004) for breaking and non-breaking 

waves in a full spectral model. This expression allows considering 

the geometric and physical characteristics of the vegetation field 

and is suitable for the transformation of monochromatic waves 

or irregular narrow banded waves. The present model, which is 

validated with the original equation and results from Mendez 

and Losada (2004), allows predicting the effects of vegetation 

fields on random waves. In field applications, it can then 

contribute to a better understanding of the impact of waves on 

eelgrass beds and thus, strengthen scientific knowledge necessary 

for the development of eelgrass bed restoration strategies. 

I. INTRODUCTION 

Seagrasses are the largest submerged aquatic vegetation 
ecosystem protected in Europe (included in the directive 
92/43/EEC). They play an important ecological role providing 
highly valuable ecosystem services, including coastal 
protection. For this reason, in recent years, numerous models 
have been developed to account for wave attenuation by 
vegetation. Some authors studied wave attenuation using the 
time-averaged conservation equation of wave energy, 
accounting for vegetation effects using an energy dissipation 
term (e.g. Dalrymple et al. 1984, Mendez and Losada 2004), 
while others use the conservation of momentum approach 
(Kobayashi et al. 1993, Lima et al. 2006). These models were 
expressed in terms of a wave shear stress friction coefficient 
(Teeter et al. 2001) or the drag force acting on the vegetation 
(Dalrymple et al. 1984, Kobayashi et al. 1993). 

A popular approach for predicting wave attenuation by 
vegetation is the solution of the time-averaged conservation 
equation of wave energy in which the local flow field is 
estimated using linear wave theory. The effects of the 
vegetation are included only in the dissipation term in the 
energy equation used to obtain the local wave height. 
Theoretically, the depth-integrated energy dissipation rate per 
unit bed area is defined as 

   
vh

zzyyxxv dzuFuFuF
0


 

where Fi and ui are the components of force F


 [N] and 

velocity u


 [m/s] (i = x, y and z), and hv [m] is the vegetation 

height. 

Dalrymple et al. (1984) examined wave diffraction due to 
localized areas of energy dissipation, such as dense stands of 
kelp, pile clusters, or submerged trees, and derived an energy 
dissipation factor based on the Morison equation (1950). As an 
approximation, a vegetation stem (such as a tree trunk) is 
conceptualized as a cylinder. The total force exerted on a 
vegetation element is the sum of a drag force and an inertia 
force, as expressed by the Morison equation (Morison et al. 
1950): 


dt

ud
VCuuACF vMvD




 
2

1  

where F


 [N] is the total force on the vegetation element, 
CD   [-] is the drag coefficient, CM [-] is the inertia coefficient, 

 [kg/m
3
] is the water density, Av [m] is the projected area 

defined as the frontal area of the vegetation element projected 
to the plane normal to the streamwise flow direction, Vv [m

3
] is 

the volume of a vegetation element, and u


 [m/s] is the vector 

of flow velocity acting on the vegetation element. 

Mendez and Losada (2004) present an extension of the 
Dalrymple formulation that includes the possibility for 
vegetation parameterization and can handle sloping bottom 
conditions and breaking waves as well. This approach more 
closely represents the physical processes within a vegetation 
field, since it takes into account the diameter, density and 
height of the vegetation in the calculation of the bulk drag 
coefficient. This model was further adapted by Suzuki et al. 
(2011), who extended Mendez and Losada’s formulation to 
multiple frequencies and directions.  

In the next sections, we present the implementation of the 
wave dissipation model of Suzuki et al. (2011) in TOMAWAC 
(sections II and III), the model validation (section IV) and, in 
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the conclusion, a discussion of the numerical results (section 
V). 

 

II. WAVE DISSIPATION MODEL 

The energy of waves propagating through vegetation (e.g. 
kelp bed, salt marshes, mangrove trees) is dissipated because of 
the work done by the vegetation. Assuming that linear wave 
theory is valid and considering regular waves normally 
incident on a coastline with straight and parallel contours, the 
conservation of energy equation is reduced to 


v

g

x

Ec




  

Where E [N/m] is the wave energy, cg [m/s] is the group 

velocity, x [m] is the onshore coordinate and v [N/m².s] is the 
time-averaged energy dissipation per unit horizontal area 
induced by the vegetation.  

For a given vegetation field, the conventional definition for 
the depth-integrated and time-averaged energy dissipation (Eq. 
1) per horizontal area unit can be expressed by: 









hh

h
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Where, h is the mean vegetation height, h [m] is the water 
depth, the over-bar stands for time average over a wave period, 
F=(Fx,0,Fz) [N] is the force acting on the vegetation per unit 
volume and U=(u,0,w) [m/s] is the velocity for the 2D case. 

According to Kobayashi et al. (1993), Dubi and Torum 
(1997) and Mendez and Losada (1999), in an anisotropic 
dissipative medium such as the vegetation field, the term Fzw is 
negligible in comparison with Fxu. Therefore, Eq. 4 can be 
simplified to: 









hh

h

xv udzF




 

Neglecting swaying motion and inertial forces (Dalrymple 
et al., 1984, Kobayashi et al., 1993), plant-induced forces 
acting on the fluid can be expressed in terms of a Morison-type 
equation. Therefore, Eq. 2 is reduced in terms of the horizontal 
force per unit volume to: 

 uuNbCF vvDx 
2

1


  

Where bv [m] is the stem diameter of cylinder (plant), Nv [-] 
is the number of plants per square meter and u [m/s] is the 
horizontal velocity due to wave motion. Based on Eq. 5 and 
Eq. 6, Dalrymple’s formula for energy dissipation as presented 
by Mendez and Losada (2004) reads 

 3
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In which H [m] is the wave height,  [s
-1

] is the wave 
frequency and k [m

-1
] is the wave number. 

This formula was modified by Mendez and Losada (2004) 
to enable the estimation of wave dissipation by vegetation for 
narrow-banded random waves. The wave height 
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With 
DC

~
being a bulk drag coefficient that may be 

dependent on the Keulegan – Carpenter (KC) number. 

 

III. IMPLEMENTATION IN TOMAWAC 

TOMAWAC (Benoit et al., 1996) is a scientific software 
which models the changes, both in time and in the spatial 
domain, of the power spectrum of wind-driven waves for 
applications in the oceanic domain, in intracontinental seas, as 
well as in the coastal zone. TOMAWAC models the sea state 
by solving the balance equation of the action density 
directional spectrum. Thus, the model reproduces the evolution 
of the action density directional spectrum at each node of a 
spatial computational grid.  

In TOMAWAC, the wave directional spectrum is split into 

a finite number of propagation frequencies fi and directions j

. The balance equation of wave action density is solved for 

each component (fi, j ). The model is said to be a third 

generation model (e.g. like the WAM model [WAMDI, 1988] 
[Komen et al., 1994]), since it does not require any 
parameterization of the spectral or directional distribution of 
power (or action density). 

The action density spectrum ),( N  is given by the 

formula 







),(
),(

F
N   

Where the relative frequency  [s
-1

], as observed from a 
frame of reference moving with the current velocity, and the 

wave direction   [rad] are the independent variables with F 

[m²/Hz] being the variance density spectrum. The evolution of 
the wave spectrum is described by the spectral action balance 
equation which, for Cartesian coordinates, is given by: 
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Where the first term represents the local rate of change of N 
in time, the second and the third terms represent propagation in 
the x and y directions, with velocities cx and cy. The fourth term 
represents the shifting of the relative frequency due to 
variations in water depth and currents, while the fifth term 
represents depth induced refraction. The right hand side is the 
energy source term, which accounts for the generation and 
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dissipation of waves, and non-linear interactions between 
waves. The model accounts for wave propagation in space 
including shoaling and refraction, dissipation by bottom 
friction Sds,b, white-capping Sds,wc and depth-induced breaking 
Sds,br, wave-growth due to wind input Sin, and energy transfer 
within the spectrum due to non-linear wave-wave interactions 
such as quadruplets Snl4 and triads Snl3. The latter six processes 
contribute to Stot: 



brdswcdsbds

nlnlintot

SSS

SSSS

,,,

43




 

According to Suzuki et al. (2011), to include wave damping 
due to vegetation, Eq. 11 will be extended with Sds,veg by 
expanding Eq. 8 to include frequencies and directions as 
follows 
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Where the mean frequency ~ , the mean wave number k
~

 

and the total wave energy Etot are defined as (WAMDI Group, 
1988): 
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With 
totrms EH 83  , the final expression reads: 
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IV. MODEL VALIDATION 

The present model is validated with the original equation 
and results from Mendez and Losada (2004) for non-breaking 
and breaking uni-directional random waves.  

A. Non-breaking uni-directional random waves 

The random wave transformation model for a flat bottom 
by Mendez and Losada (2004) is expressed as follows. 



x
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where Hrms,o is the value of root mean square wave height at 
the wave boundary x=0. 

Simulations were carried out with a water depth h = 2.0 m 
and a constant peak wave period Tp (1, 2, 4, 6, 8 and 10 
seconds) and root mean square wave height Hrms,o (0.4 m) at 
the incident wave boundary. The vegetation height was taken 

as equal to the water depth (h = 2.0 m), the plant area per unit 
height was bv = 0.04 m, the number of plants per unit area was 

N = 10 units/m², and the bulk drag coefficient was DC
~

1.0. 

The vegetation was present in the entire computational domain. 

The computational domain was composed of a flat (slope = 
0.0) 2D grid with an aspect ratio of 1 (cross-shore direction):10 
(along shore direction). The calculation grid size was set as 2.0 
m in the wave propagation direction. 

  

  

  
Figure 1.  Comparison of Hrms evolution for numerical wave model 

(TOMAWAC) and random wave transformation model (Mendez and Losada, 

2004) 

Fig. 1 shows very good agreement between the results 
obtained with the random wave transformation model by 
Mendez and Losada (2004) and the formulation implemented 
in TOMAWAC. Thus, TOMAWAC is able to reproduce the 
same wave attenuation as with the random wave 
transformation model for non-breaking uni-directional random 
waves. 
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B. Breaking uni-directional random waves 

In order to carry out an analysis of the influence of plant 
height, vegetation field width and breaking on the propagation, 
Mendez and Losada (2004) analysed the evolution of the wave 
height over a Dean’s shape profile (Dean, 1991) defined as 
follow: 

   3/2
30025.0 xh   

Where h [m] is the water depth, 0.25 the sediment scale 
parameter, and x=0 in the offshore boundary. According to the 
authors, the incident wave conditions imposed to TOMAWAC 
on the offshore boundary are given by Hrms,o = 2.5 m 
(equivalent to significant wave height Hs = 3.54 m) and Tp = 10 
s. Two vegetation heights, dv = 1 and 3 m and a single 100 m 
long vegetation field, from 50 to 150 m, are used. The number 
of plants per square meter is N = 20 units/m² and the plant area 
per unit height of vegetation is bv = 0.25 m. The bulk drag 

coefficient was DC
~

0.2. The incident waves are uni-

directional random waves as defined in the previous section 
and the breaking model used is that of Thornton and Guza 
(1983) with   = 0.6 (where the parameter   is the 

proportional control factor indicating the maximum water 

depth “Hm” compatible with water depth “d”: dHm  ). The 

computational domain is the same as for test 1. The results 
from Mendez and Losada (2004) and TOMAWAC model are 
compared in Fig. 2 below. 

 
Figure 2.  Comparison of Hrms evolution for numerical wave model 

(TOMAWAC) and random wave transformation model (Mendez and Losada, 
2004) over Dean’s shape profile. 

The results show very good agreement between the Mendez 
and Losada model and TOMAWAC. We notice that 
differences seem very small and we can thus conclude that 
TOMAWAC is able to reproduce the same wave attenuation as 
with the random wave transformation model for breaking uni-
directional random waves. 

 

V. DISCUSSION AND CONCLUSIONS 

We implemented in TOMAWAC a source term to take into 
account the spectral wave energy dissipation induced by 
bottom vegetation. This term comes from the extension of the 
theoretical model developed by Mendez and Losada (2004) for 
uni-directional random waves to full spectrum by Suzuki et al. 
(2011). The model was tested and validated for breaking and 
non-breaking waves by comparing the numerical results 
obtained with TOMAWAC with some results reported in 
Mendez and Losada (2004). 

The two tests also allowed gaining a better understanding 
of some possible effects of the bed vegetation on waves. In 
particular, Fig.1 shows that, for a given vegetation field, the 
damping effects related to the vegetation are more important at 
higher frequencies. This is showed by the variation in space of 
the root-mean-square wave height Hrms that is directly 
correlated to wave energy. The maximum reduction of Hrms 
obtained for a wave period Tp = 1 s (of about 0.35 m) is much 
greater than the reduction of Hrms obtained for larger periods 
(i.e. for Tp = 2 s, the maximum damping is about 0.25 m and 
for peak periods higher than 4 seconds the damping is about 
0.2 m). 

Fig. 2 shows that the influence of vegetation on wave 
propagation depends not only on the plant height, but also on 
the vegetation field width. Increasing the plant height results in 
larger wave energy dissipation since the drag force (or the 
energy dissipation term) increases. Moreover, wider vegetation 
fields result in greater wave height reduction. Besides, the 
damping caused by vegetation reduces root-mean-square wave 
height, causing wave breaking to occur farther onshore. The 
geometrical properties of the vegetation field thus play an 
important role in wave transformation. 

In conclusion, the implementation of the spectral vegetation 
model in TOMAWAC can be a useful tool for developing 
coastal restoration or/and protection strategies. In fact, the 
model has now the ability to calculate two-dimensional wave 
dissipation over a vegetation field including some important 
aspects such as breaking (as used in TOMAWAC). If good 
vegetation data are available (bv, dv, N), the bulk drag 
coefficient is the only parameter in the wave model that needs 
to be calibrate in order to quantify the effects of bed vegetation 
on random waves. This is “quite simple” if field measurements 
of random waves are available. 

However, if data for the model calibration are not available, 
it must be noted that the value of the bulk drag coefficient 
depends on the flow around the plants and on the plant motion, 
which depend on the hydrodynamic and biomechanical 
characteristics of the plants. For this reason, many authors 
propose empirical equations of the bulk drag coefficient as a 
function of the Reynolds number or Keulegan-Carpenter 
number (see a detailed review in Mendez et al., 1999 or 
Mendez and Losada, 2004). 
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Abstract—the numerical diffusion in advection schemes is at 

the moment one of the most critical points that need to be 

improved in the Telemac system. The aim of this paper is to 

present the state-of-the-art research in the field of finite 

volumes (FV) and of residual distribution schemes (RDS). A 

new predictor-corrector distributive scheme will be described 

and compared to a second order finite volume scheme for 

tracer advection in shallow water flows.  

I. INTRODUCTION 

The study of pollutants in rivers, the stability of 
stratifications and the numerical simulation of non linear 
waves point out the necessity of higher order advection 
schemes, in space and in time.  

This topic is a current research field which is investigated 
by several teams and which deals with different theoretical 
and numerical problems. First, we know from theory that 
simple linear schemes cannot be second order schemes. 
Second, the shallow water context adds some problems 
related to the non divergence free velocity field which can be 
critical for the conservation of the mass. Furthermore, the 
numerical scheme must be monotone and able to handle dry 
zones. The last property is a very difficult task because in 
most of the schemes a division by water depth has to be 
performed in order to get the final value of the tracer.  

Firstly, we present here the family of the residual 
distribution schemes [1], applied to solve the conservative 
tracer equation in its weak formulation. The method, already 
introduced in [2], is presented in the classical form for steady 
cases. The N first order scheme and the PSI scheme, second 
order in space, will be described.   

To improve the results quality  in the unsteady problems 
we show that the upwind of the derivative in time is a 
fundamental step. So, we introduce a new scheme: the 
predictor-corrector PSI which is inspired by recent Mario 
Ricchiuto's ideas [3]. It represents a remarkable improvement 
in terms of accuracy for the unsteady problems, even if we 
don’t retrieve, numerically, a second order convergence. The 
compact stencil of the scheme makes parallelism easier 
compared to FV schemes. The main drawback is that the 
explicit scheme cannot work on dry zones. For this reason we 
also work on a semi-implicit formulation able to treat the 
wetting and drying, which will not be addressed in this 
article. 

Secondly, we briefly present the well-known HLLC FV 
scheme in its first order form [4]. A linear reconstruction is 
tested to get second order in space and shows significant 

improvements. Furthermore a decoupled algorithm, that 
provides a looser CFL restriction for tracer advection, 
reduces numerical diffusion and increases the accuracy of the 
scheme. 

In unsteady problems, we remark that the linear 
reconstruction already represents a strong improvement in 
the quality results. Anyway, a second order scheme in time 
would be necessary to get a true second order scheme in 
space and time. Different time discretizations have been 
tested without notable improvements.  

II. RESIDUAL DISTRIBUTION SCHEMES 

A.  One step explicit schemes 

In this first section we recall the principle and some 
important characteristics of the N and PSI schemes. 

The variational formulation of the continuity equation 
and the conservative equation for tracers are considered: 





  

dSceduhd
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iii

)div(
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hC sce
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with ),,( tyxh the water depth, ),,( tyxu


the velocity field 

and ),,( tyxC the tracer. 
i

 is a linear test function defined 

for all points of the mesh with the property 11   i

n

i  . is 

the spatial domain of integration with boundary  . 

We perform on these equations an integration by parts 
and we get:  
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The continuity equation is then discretised with an Euler 
explicit scheme in time and takes the form:  
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 We call iS  the cell surface around the node i  equal to  

 d
i

  and 
ij

  the fluxes between point i and its 

neighbours j . Finally, 
i

b  is the boundary flux and 
i

Sce  is a 

possible source term. The fluxes
ij

 guarantee the 

conservation of the mass because they satisfy the relation  

jiij
   between two internal points, so when summing 

over all the nodes the variation of the mass depends only on 
the boundaries (and sources): 

ii

n

i

n

iii bthhS  



 )(|| 1



We consider that a flux is positive if it goes from node i  

to node j . Their computation starts from dEuh
iEi

 


, 

which is the flux leaving a point i at element level. This 

nodal flux is then transformed into a flux 
ij

  between two 

nodes at element level which is then assembled to give
ij

  

which is then stored in an edge-based structure. The
ij

 are 

given by the so-called “nearest projection method” [5], one 
of several equivalent formulas that give the N upwind 
scheme:  

)0),,max(min()0),,max(min(
ijjiij
 



In a similar way, the conservative tracer equation is put in 
the form:  
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To guarantee the mass conservation, we must have 

0 jijiijijj CC  . To completely define the scheme we 

choose to adopt the upwind technique: take 
i

C  if 
ij

  is 

positive or jC if
ij

 is negative. Plugging the continuity 

equation in the tracer equation is useful to find a time step 
condition necessary to guarantee monotonicity. We obtain 
the final form:  
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Where Csce and Cboundary are the tracer values at the 
sources and at the boundaries. The stability condition is:  
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 where 
n

i
h   or  

1n

i
h   are replaced with  

start

i
h   or  

end

i
h   if 

we are iterating within a time step.  

Up to now we have defined the fluxes 
ij

 in the continuity 

equation as the N fluxes. For the tracer equation we can 
choose between the N or PSI fluxes without spoiling mass 
conservation or monotonicity. This is possible with the 

quantity T which is defined on every triangle and called 

residual. The residual is the same quantity for the N and the 
PSI scheme.  
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The N scheme can be recast as:  
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The PSI scheme differs from the N scheme by the 
distribution coefficients; it reads:  
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with [6]:  

)0),)(,)((min(max)( TTTN

i

TTTPSI

i
signsignsign  

 

or [1]:  
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 Note that the last two formulas are equivalent if one of 

the 3 coefficients
T

i
 is 0 (this is true in the explicit 

formulation), otherwise, and it will be the case here below, 
only the second formula is valid. 

The PSI fluxes are reduced N fluxes. Moreover, the PSI 
fluxes allow to get a second order scheme in space because 

the distribution coefficients
i

 are bounded (see [7] for the 

proof). The time step which guarantees the monotonicity is:  

)0,max()0,min()0,min(

1

iiijj

i

n

i

Sceb

Sh
t









or, if we want to find a criterion depending on
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Note that in the last condition we have the N fluxes, 

derived from the continuity equation when passing from 
1n

i
h

to
n

i
h

. 

B. Predictor– Corrector Scheme 

To avoid non-linear terms or even solving linear systems, 
we now follow the ideas issued by Mario Ricchiuto, with a 
predictor-corrector scheme that approximates a semi-implicit 
scheme and moreover includes an important property: 
upwinding the derivative in time. 

The predictor step aims at finding an estimate of the final 

concentration
1nC , which is denoted

C . This step is just a 
classical explicit PSI scheme:  
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This form ensures monotonicity with the classical 
criterion, and mass conservation is correct.  

Now the right formulation of the corrector step, is done 
starting from upwinding the derivative in time. We define:  
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DCDT  is for most points
  tCC n

ii
 /*

, except on 
boundaries and when we have sources. It is the increment of 
concentration divided by time, if we "forget" the boundary 
and source terms.  

We eventually write on every triangle a corrected 
contribution of the form:  

  )()(
3

3

1

3

1

1

3

1

n

j

n

iij

ji

n

j

j

TT

cor
CCjDCDTh

S
 









 

or:  

  )()(
3

1

3

1

nTn

j

j

TT

cor
CjDCDTh

S
 




 

In Ricchiuto’s theory 2

)(C)(C *TnT  

 is used instead 

of
)( nT C

but it raised mass conservation in our depth-
integrated context, and our simplified form allowed a much 
better stability condition, as will be shown hereafter. In the 

corrector step the coefficients  will be different and are here 

denoted  . We choose to have:  
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and again:  
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The corrector step is eventually:  
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We find that the scheme is mass conservative since the 
sum of the predictor and the corrector step on all points gives 
exactly:  
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which is the classical PSI scheme.  

The stability of the scheme is studied in two different 
ways. The first is inspired by the classical proof given in [8]. 
The corrector step is rewritten in order to study the positivity 

of the coefficients of 
nC  and of

C :  
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The single coefficient which must be limited is the one of 
n

i
C

. We find that:  
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which, combined with the condition on the predictor step, 
gives a final condition:  
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In this condition Si and ST are two areas that may be very 
different if the mesh is distorted, it may thus be very 
restrictive.  

The second proof of stability is based on the assembled 
fluxes of the corrector step. The idea is to start with an N 
corrector step, where the time derivative is not upwinded:  
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; that is 

the predictor step without boundaries and sources. If we 
change nothing more (no further PSI limitation), we end up 
in the classical PSI scheme. In reality, in the corrector step 
we have an element by element PSI correction on the term:  
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which will give the correction denoted 
cor
i

 (that is an 
assembled correction). We can define a maximum and 
minimum part of the correction as:  
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 are the maximum and minimum 
values of C among all the neighbouring points j, including i. 
Then, considering the PSI correction on the first term of 

corr

i


we can say that:  
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 represents exactly the assembled correction due 

to the PSI limitation: TTiTiSi
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The idea is to prove the monotonicity for the two 
extremes.  

Summing the predictor and the corrector step and 
studying the coefficients for the two extreme cases, we obtain 
the final condition:  
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where: 
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It can be safely replaced by: 
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 This is the condition used in the test cases. It is much 
better than the previous one, we get about half of the value 
obtained with the classical N scheme. 

Finite volumes schemes 

C. First order scheme 

We consider again the shallow water system written in 
conservative form with the extra conservation law which 
describes the tracer transport:  
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where 0
S

is the gradient of the bottom and f
S

is the 
friction term. 

The system is discretised with a vertex - centred finite 
volume scheme, as described in [9]. After a spatial 

integration over a control volume iK
, the main steps consist 

in using the Gauss theorem and the rotational invariance 
property of the system to recover a local 1D Riemann 
problem (see [4] for further details). We use an Euler scheme 
in time and we get the final equation: 
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where U is the spatial average of the conservative 

variables in the cell i
K
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 is the 

interpolation of the normal component of the flux ijnUF )(
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, ij
l

 is the length of 

the edge between two cells i and j, im
is the number of edges 

in the cell and  e
U

is a fictive state used to weakly impose the 
boundary condition.  

The system is stable under the CFL condition issued from 
the stability analysis of the linearised scalar equation and 
then adapted to the SWEs:  
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 is the celerity, x  is the width of the 
cell crossed by the wave and    is a threshold value. The 
value of CFL must be in the range [0,1] and we choose 0.9.  

To compute the numerical flux we use an HLLC 
approximate Riemann solver [4]. It is easy to show that this 
solver is able to preserve the positivity of the water height 
under the classical CFL condition (a proof for the Euler 
equation is given in [10]). The HLLC flux is defined as:  
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with:  
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 For a complete review of the scheme we address the 
reader to [4] and [9].  

We focus here on the 1D tracer equation (F
4
 being the 

tracer fluxes on either side):  
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The flux for tracer can be written as:  
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This formulation shows clearly the upwind in the 
treatment of the tracer and the choice is equivalent to:  
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 The study of the flux function 
1

2/1iF
 demonstrates that a 

positive star wave speed implies a positive flux for water 
depth, so the two above expressions are equivalent.  

The positivity of the tracer is directly depending on the 
water depth. We find that the scheme is positively 
conservative even for the tracer transport.  
The set of the admissible states is:  
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are positive. The left and right states are positive by 
assumption and in the star region we will have a single value 

of  h   but two different values of C . We know that:  
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 Since  h   is positive under the CFL condition, LhC )(  , 

RhC )( are positive too. 

We take now the upwind formulation and we write:  

1

1

2/1

1

2/1

4

2/1 










iiiii
CFCFF

 

with
),0max(

2/1

1



 
i

FF
 and 

),0min(
2/1

1



 
i

FF
. 

The scheme for tracer reads as follows:  
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that is:  
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We deduce that:  
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This means that the positivity of the tracer will be 
ensured if:  
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This condition can be written in a 2D formalism as:  

0),,(1

1




 



 ijji

im

ji

i
UUF

K

t
h n

 

where the positive fluxes are the fluxes that leave the cell 
i. Physically it means that the maximum time step is the one 
that allows a cell to be emptied by exiting fluxes avoiding 
negative water depths. 

This condition is less restrictive than the one stated 
before. Inspired by the work of Audusse [11], we disconnect 
the hydrodynamic part from the transport and we use an 
algorithm that computes hydrodynamics and tracer transport 
in parallel but with different time steps. This is related to the 
fact that the transport phenomena are regulated by the 
velocity of the flow and not by the speed waves, as the 
hydrodynamic system. Indeed the eigenvalue corresponding 

to the transport is just u while for the hydrodynamic system 

are cu  . 

The case of steady flow ( consth  and 
constq 

) 
shows clearly that the new condition for the positivity of the 
tracer is less limiting than the classical one. Indeed it 

becomes
)min(

|| n
iu

xt 
. We adopt here the same algorithm 

used by Audusse [11] for the two time step kinetic scheme. 
The scheme respects also the maximum principle for the 
concentration of tracer (see [11]). 

D. Second order scheme 

To improve the precision of the finite volume scheme, the 
values at the interfaces between cells are reconstructed 
considering piecewise linear approximations. We use here a 
general method that guarantees to preserve the convex 

invariant domain U , as described in [12]. The reconstruction 
is second order in the sense that for some smooth function 

)(xU we have: 

)()( 2

2/12/1
hOxUU

ii


  

and: 

)()( 2

2/12/1
hOxUU

ii


  

 Given the first order flux and the reconstructed values  

ij
U

  the scheme is now:  
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 From theory ([12]) we know that if under a CFL 
condition the numerical flux preserves a convex invariant 

domain U  and if the reconstruction also preserves this 
invariant domain, then under the half original CFL condition, 
the second-order scheme also preserves this invariant 
domain. In practice, as in the first order case, this condition 
can be relaxed.  

To perform the reconstruction, we use here the MUSCL 
technique. The MUSCL (Monotonic Upwind Scheme for 
Conservation Law) technique is the first method known in 
literature to get second order accuracy with finite difference 
schemes and then extended to finite volumes schemes.  

The reconstruction technique is used to approximate the 

primitive variables
TCvuh ]ˆ,ˆ,ˆ,ˆ[W

. The approximation of 
W is initially done with a linear reconstruction and then is 
corrected in order to ensure the conservation of the mass 

(water depth is modified) [13]. The control volume iK
 is 

divided in smaller triangles, ijT
 each of which contains the 

interface ij
. The variables are reconstructed at the point M  

which is located in the middle of the interface ij


. The 
variables at the interface can be computed as:  

ijiiij
MP WWW ˆ1 



 

 The gradient ijW
 is evaluated as follows. Firstly we 

calculate the gradient over the triangle to which the point M 

belongs. This is called kTM |ŴW 
 and it is calculated 

using linear P1 functions ( i


):  

ii

kTi

kT
 



WW |
 

Where:  

||2
|

k

i

kTi
T

n




  

The second step consists in computing a nodal gradient, 
that can be approximated as a weighted sum of the gradients 
of the elements surrounding the point i:  

||

ˆ|| |
kikT

kTkikT

i
C

C








 W
W

 

Now we extrapolate the gradient at the point M:  

10with ˆˆ)1(  
Mimi

WWW
 

 The values of the coefficients


have been chosen 
according to the kinetic scheme. For the water depth and the 

concentration we take
1

and for velocities
333.0

.  
Finally a limiter is used to avoid oscillations:  

)ˆ,ˆlim(
miMij

WWW 
 

 We use the minmod limiter for water depth and 
concentration and the Van Albada limiter for velocities, as 
suggested by Audusse.  



 


otherwise|)|| ,min(|)(
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 Once obtained
T

ijijijijij
Cvuh ]ˆ,ˆ,ˆ,ˆ[ 11 W

, we modify the 
water depth and the concentration in order to guarantee the 
conservation of the mass. Indeed we need to have:  

iiiij

iKj

ijij

iKj

hChChC ||| )|(ˆ||  
  

with:  

][ ),ˆmax(),,ˆmin(ˆ 11

iijiijij
hhhhh 

 

This is achieved with the correction:  
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where the only possible choice for


is:  
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 Through this correction we are able to prove the 
conservation and the positivity of the second order scheme. 

III. TEST CASES 

To check the properties of the new predictor-corrector 
scheme we propose here three test cases where we compare 
the schemes belonging to the RDS family, presented in this 
article, with the two FV schemes.  

A. Pollutant plume 

This test has two goals: on one hand it is useful to show 
the spatial convergence of the schemes in steady cases, on 
the other hand it emphasizes the different behaviour of the 
schemes according to the type of mesh. We consider a 
steady-state flow in a channel where the pollutant is released 
on the left boundary. The inlet tracer profile is represented by 
the function:  
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otherwise0
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 The hydrodynamic steady quantities are h=1 m and  

3u


  m/s. The domain is a rectangular channel 500 m long 
and 100 m large. We create two meshes: one composed of a 
regular grid where the squares are split into triangles and one 
composed of an irregular grid. Both grids have the same 
average element size about h=10 m, so 563 nodes for the 
irregular grids and 510 for the regular one. Once the 
computation is started, the tracer reaches the right boundary 
after about 170 s and the scheme converges to the steady 
state. The exact solution is:  



 


otherwise0

6,663,33if1
),(

y
yxC

ex

 

 

 

Figure 1.  Regular and irregular mesh 

 
Figure 2.  Results on the irregular mesh: PSI scheme on the top; HLLC 2nd 

order on the bottom 

We show the results obtained on the two meshes with the 
N and the PSI RDS, then the HLLC 1st order and 2nd order. 
We don't show results obtained with the predictor-corrector 
scheme since for steady problems it corresponds to the PSI 
explicit scheme. When using a completely irregular mesh, 
differences between first and second order schemes are quite 
marked and the order of the schemes is numerically proven 
with a convergence study. In this case we take grids with 
mesh sizes 1/10, 1/20, 1/40, 1/60 and 1/80 and the tracer 
profile is changed into a more irregular function:  

2)2(

0
)sin()(),0( yeyCyxC y 

 

To measure the accuracy we take the 
2L  norm of the 

error in space:  





hTi

calcex

tot

L
tCtC

n
))1()1((

1
2

 

 As we can see, the N and the HLLC 1st order scheme 
converge to the theoretical order, the PSI gives accuracy 
between 1.52 and 1.84 and the HLLC 2

nd
 order between 1.33 

and 1.57.  

 
Figure 3.  Convergence study for the steady case 

When using a regular mesh, we find that the results are 
really impressive. Indeed, in this case the RDS (N or PSI) 
reproduce the exact solution. This is due to the fact that the 
mesh is perfectly oriented with the streamlines; thereby for 
the theory of the RDS we are always in the 1-target case 
which means that the scheme is second order in space.  

 
Figure 4.  Results on the regular mesh: PSI (or N) scheme on the top; 

HLLC 2nd order on the bottom 

B. Transport of a pollutant stain 

The transport of a pollutant stain is a critical test for the 
tracer, like the rotating cone. These problems can be 
classified as unsteady cases for the tracer because we have  

t
C



not constant. The test shows why the N and the PSI 
scheme are not suitable for unsteady problems while the 
predictor-corrector scheme seems to be the better choice. 

The tracer profile is centred in (0.5, 0.5) and is 
transported from left to right under steady hydrodynamic 

conditions: 1h  m and 1u


 m/s. From the theory of 
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characteristics we know that after 1 s we should find the 
same initial profile on the right of the channel at (1.5, 0.5). 
The channel is rectangular with dimensions [2m X 1m] and 
the initial tracer profile is:  



 


 otherwise0

25.0 if)2(cos
),(

2

0

rr
yxC



 

with: 
22 )5.0()5.0(  yxr

.  

 
Figure 5.  Mesh used for the transport of a pollutant stain (h=1/40)  

The simulation is run on an irregular triangulation with 
variable element size to perform a convergence study. Even 
in this case we take grids with mesh sizes 1/10, 1/20, 1/40, 

1/60 and 1/80. The error of the norm 2L is computed to 
quantify the accuracy.  

 

Figure 6.  Results for mesh size h=1/40 at y=0.5  

 

Figure 7.  Convergence study for the unsteady case 

C. Rotating cone 

This test has been presented in [14], [15] and is very 
common in the literature when evaluating advection 
schemes.  

It consists of the solid body rotation of a Gaussian cone 
where the velocity field is steady and divergence free. Unlike 
the previous case, the velocity varies in space and takes the 
form:  










)05.10(),(

)05.10(),(

xyxv

yyxu
u


 

 The initial tracer value is between 0 and 1 and is given 
by the Gaussian function:  

2

]2)05.10(2)15[(

0
),(





yx

eyxC
 

 The test is performed on a square domain of dimensions 
[20.1 m x 20.1 m] and formed by squares of side 0.3 m split 
into two triangles. After one rotation the cone should be 
placed at the initial position without variations of tracer 
values. The maximum values after one rotation, obtained 
with the various schemes are reported in the table.  

TABLE I.  ROTATING CONE TEST 

Advection scheme 
Height of cone after 

one rotation 

Explicit N 0.1791 

Explicit PSI 0.2136 

Predictor-Corrector 0.5331 

HLLC 1st order 0.1361 

HLLC 2nd order 0.4710 

 

The numerical diffusion is very large for first order 
schemes in space. We remark that the predictor-corrector 
scheme allows getting a maximum that is more than the 
double of the explicit PSI scheme. The difference is even 
greater between the first and the second order finite volume 
scheme. No negative value is obtained after one rotation; this 
can be considered as a numerical proof of monotonicity. 
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Figure 8.  Rotating cone: predictor-corrector scheme (top) and HLLC 2nd 

order scheme (bottom) 

IV. CONCLUSION 

The striking difference of performance of the same 
scheme on different meshes show the utmost importance of 
the meshing strategy, and the interest to have mesh lines 
following streamlines. The new Ricchiuto’s predictor-
corrector scheme with enhanced stability condition shows 
very good results in unsteady cases. Even the HLLC 2nd 
order scheme shows betters results in terms of accuracy. Both 
schemes are suitable for the transport of tracers, sediments 
and any other type of passive scalar in shallow water flows. 
However, the second order convergence is not retrieved for 
the predictor-corrector scheme, nor for the HLLC 2nd order. 
The compact character of the RDS makes it simple from a 
technical point of view, while the reconstruction in the FVS 
makes the scheme heavy and computationally expensive, the 
more so with parallelism. 

We now work on tidal flats, which could be dealt with by 
an implicit predictor-corrector distributive scheme, as shown 
by preliminary tests not treated here. Another promising 
issue is the possibility of iterating the corrector step, which 
would give even less numerical diffusion, which is also 
shown by preliminary tests. 
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Abstract—In this work, the streamwise secondary correction 

model for the hydrodynamics field by Bernard and Schneider [3] 

is introduced. Hydrodynamics and morphodynamics results are 

presented and discussed on the basis of a selected number of test 

cases. Discussions on how secondary flow processes affect the 

estimation of the rate and the direction of sediment transport are 

given. 

I. PRELIMINARIES 

Meandering rivers are ubiquitous in nature. In 
consequence, many human-related activities are closely related 
with their behaviour. At a river reach scale, the flow, the 
sediment transport and eventually the bank erosion in curved 
channels are of interest to the engineer who is in charge of 
maintaining navigation or to the designing of protection works. 
Following Schumm [11], channel pattern meandering can 
growth and shift creating major channel problems, as the flow 
reshapes the bend and bank erosion may become very serious.   

In a curved channel, the flow experiences a radial 
acceleration and the centrifugal forces acts in proportion to the 
mean velocity. In turn, the surface of the water is tilted radially 
on the outer bank to produce a ``super-elevation'' sufficient to 
create a pressure gradient to balance the average centrifugal 
force. At shallower depths, the centrifugal force exceeds the 
pressure force, whence the resultant force drives the fluid 
outwards. But deeper down the pressure force is the larger, 
causing the fluid to drift inwards [2]. In consequence, this 
imbalance produces a cross-stream component of the flow. 
Combined with downstream flow pattern, this induces the 
secondary (or helical, spiral) flow pattern characteristic of 
meandering bends. Experimental and in-situ observations 
showed that meander evolution strongly depends on the bed 
deformation, which in turn, drives the erosion process at the 
channel banks. It is therefore important to estimate the 
behaviour of flow and bed patterns at a channel bend. 

In the literature, the parameterization of secondary flows in 
depth-averaged models has been tackled from different 
approaches. One of the most well-known approach is based on 
theoretical considerations for predicting velocity redistribution 
in meandering rivers and consisted on simplifications of the 
equation of motion combined with a parameterization of the 
primary velocity distribution through the vertical axis (see e.g., 
Johannesson and Parker [7, 8], Rozovskii [10], etc.). These 
models give in general satisfactory results of flow distribution 

for small curvature and uniform width bends. Another 
approach is based on the solution of an empirical transport 
equation for streamwise vorticity that mimics the depth-
averaged influence of secondary flows. This approach has been 
proposed by Bernard and Schneider [3] and has been used to 
evaluate developing and decaying processes in secondary flows 
in irregular channels with nonuniform depth and curvature.  

In the context of river morphology of alluvial bends, a 
reliable description of the influence of secondary currents is 
indispensable for an accurate estimation of the rate and the 
direction of sediment transport. Since the 70's, several works 
has been proposed to describe the interaction between the bed 
topography with water flow and sediment transport, when 
accounting the influence of secondary flows. Most of these 
approaches are based on considering gravitational and drag 
forces acting in the transverse direction due to the secondary 
flow [5]. Struiksma et al. [12] studied the bed deformation in 
river bends by considering the results of experiments in curved 
laboratory flumes, using linear and non-linear models. 
Similarly, Struiksma and Crosato [13] considered the effect of 
the downslope gravity force acting on a grain moving along a 
sloping bed and accounted for the effect of the spiral motion on 
the estimation of the expression for the direction of the bed 
shear stress.  

However, the influence of secondary flows on momentum 
transfer in the streamwise direction can be important for the 
estimation of the bed shear stress, particularly for strongly 
curved bends. To the best of the authors' knowledge, few 
works have tackled the analysis of the influence of both 
secondary circulation effects in the streamwise and crosswise 
directions. Abad et al. [1] proposed a numerical tool to predict 
morphodynamics processes based on the existing 
hydrodynamics model STREMR. In their work, the correction 
for secondary flow effects in the hydrodynamics is done with 
the approach proposed by Bernard and Schneider [3] as well as 
corrections for secondary flows and bed transverse slope on 
sediment transport direction are funded respectively on the 
works of Engelund [5] and Koch and Flockstra [9].  

The rate of change of the alluvial bed is in general solved 
via the solution of a continuity equation for the sediment. The 
morphological model therefore described as a function of the 
local gradient of the sediment fluxes, which in turn are function 
of the magnitude and direction of sediment transport models. 
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In the case of flows in a bend, the depth-averaged velocity is 
not a good parameter to describe the forces acting on the bed, 
since the helical secondary flow can be increase the bed shear 
stress component normal to the flow direction whilst their 
depth-averaged value equals to zero. In the literature, the 
formulation of the transport direction models is generally 
expressed as: 

           

where    is the direction of the bed shear stress and    is 
the deviation of the bed shear stress relative to the streamlines, 
caused by the helical secondary flow. This angle can be 
determined as presented in Figure 1, where           is shear 

stress by the primary flow,        is streamwise shear stress by 

secondary flow calculated by model of Bernard and Schneider 
[3],        is transversal shear stress by secondary flow 

calculated by model of Engelund,       is shear stress with 
influence of secondary flow lift,   is gravity force from bed 
slope effect and       presents the resultant direction of shear 
stress. 

 
Figure 1.  Forces acting on a sediment particle. 

The objective of this work is therefore: (i) to introduce the 
streamwise secondary correction model for the hydrodynamics 
field proposed by Bernard and Schneider [3]; (ii) to describe 
and clarify some important aspects of the crosswise correction 
of secondary flows proposed by Engelund [5] and to analyse 
how both processes affect the estimation of the rate and the 
direction of sediment transport; and (iii) to verify and validate 
these models with a selected number of test cases. Finally, a 
summary of new keywords and printout variables adapted to 
the Telemac-Mascaret is given in the Appendix. 

 

II. CORRECTION FOR SECONDARY FLOW EFFECTS ON THE 

DEPTH-AVERAGED HYDRODYNAMICS FIELD 

Bernard and Schneider [3] proposed a secondary flow 
correction for two-dimensional depth-averaged hydrodynamics 

models. The model parameterizes the usually neglected 
dispersion terms that arise from the depth-average form of the 
Navier-Stokes momentum equations.  

The developing and decaying processes of secondary flows 
in curved channels can be accounted by solving the transport 
equation for streamwise vorticity, from which the shear stress 
associated with secondary flows is determined: 
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with   the streamwise vorticity,    is a friction coefficient, 

  the eddy viscosity,   the local radius of curvature, and   ,    
empirical coefficients that determine the rate of vorticity 
production and dissipation, respectively. The solution of 
Equation (2) allows the calculation the streamwise stresses that 
result from the deviation of velocity from the depth-averaged 
velocity: 

        | | √   

where   is the water mass density. 

In a Cartesian coordinate system, the accelerations induced 
by secondary currents are computed as follows: 

   (     )      

| |
[   (   )  

    

 
] 

with   the water depth and     unit vector normal to the 
depth-averaged velocity vector  , with components (   ) and 
module | |. In (4), the term    (   ) can be written as: 

   (   )  
 (   )   (   ) 

| |


and the local radius of curvature determined by the 
expression: 

     
| | 

  (     )          
  

In short, the solution steps needed to incorporate the 
secondary currents correction into the depth-averaged 
hydrodynamics field are summarized below: 

 Solve the shallow water equations for velocity and 
depth without the secondary flow correction 

 Solve transport equation for vorticity (2), with   
computed from expression (5)  

 With  , solve Eq. (4) to compute the accelerations 

  (     )  induced by secondary currents, with   

computed from expression (5) and    from (3) 
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 Plug the accelerations that result from the non-
uniformity of the velocity field in the vertical direction 

  (     )into the shallow water equations and solve 

the SWE with secondary flow correction 

 

III. CORRECTION FOR SECONDARY FLOW ON THE DIRECTION 

OF THE BED SHEAR STRESS 

In curved channels, the direction of the sediment transport 
will no longer coincides with the direction of the bed shear 
stress due to the effect of the secondary flows. Engelund 
proposed a semi-empirical expression to incorporate this effect 
into depth-averaged models [5]. We refer to this as crosswise 
vorticity correction. 

The bed shear stress in the main flow direction can be 
written as: 

    
  

 
 | |  

The bed shear stress for the transverse direction can be 
written as: 

                     

with 

       (
 

 
)       (

 

 
 )         

The term      (
 

 
 ) indicated in Equation (8) accounts 

for the effect of the spiral motion on the sediment flux. The 
angles    and    indicate respectively the direction of the bed 
shear stress (which coincides with the direction of the depth-
averaged velocity) and the direction due to the effect of 
secondary currents. The cos and sin of the angle    can be 
computed by: 

        
  |  |           

  |  | 

with   
  and   

  the components of the bed shear stress from 

the momentum equations related to the depth-averaged velocity 

field, with module |  |  √(  
 )  (  

 )
 
  

Several expressions have been proposed for the spiral 
coefficient  . Engelund proposed a constant coefficient     
and Struiksma et al. proposed: 

   
  

  (  √ 

  
) 

where   is a calibration coefficient,       is the von 
Karman constant and   is the Chézy friction coefficient. 

For bends, the slope of the water surface can be 
approximated by: 
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with    the water surface elevation and    a coefficient 
accounting for rough or smooth beds, with            . 
The curvature radius can be then expressed by: 
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The normal derivative of the water surface elevation can be 
calculated as: 
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By replacing Equation (13) into (12): 
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By using (7), the bed shear stress due to secondary 
currents is then given by: 
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with components 

   
              

          (  )  

Finally, the components of the bed shear stress including 
the influence of secondary currents are: 

   
      

    
       

      
    

      

with 

        
    |    |        

    |    |  

and|    |  √  
       

     the module of the bed shear 

stress, including the effect of secondary currents. 

 

IV. CORRECTION FOR SECONDARY FLOW AND TRANSVERSE 

BED SLOPES DUE TO GRAVITY ON THE MORPHODYNAMICS 

The total bedload can be decomposed into    and    
direction components as 

    (   
    

)  (             )  

with    the bedload transport rate per unit width, computed 
as a function of the equilibrium sediment load closure    

, see 

below and   the direction angle of bedload.  

A larger group of equilibrium sediment load closures can 
be usually written as a function of the excess Shields stress 
(    ) for a given particle Reynolds number    : 

    
  (       )  
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with bed shear stress   and the critical Shields parameter 
  . For example, the dimensionless form of the Meyer-Peter 
and Müeller expression is given by: 

    
  (     )

 

   

where   is the ripple coefficient. 

Next, the expressions for the correction of the direction and 
intensity of the sediment transport by combined effect of 
secondary flows and bed slope are given. 

A. Direction of the sediment transport 

The angle   is the angle between the sediment transport 
direction and the    axis direction will deviate from that of 
the shear stress by combined action of a transverse slope and 
secondary currents: 
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Above, the terms        and       represent respectively 
the transverse and longitudinal slopes. The sediment shape 
function  ( )  is a function weighting the influence of the 
transverse bed slope, expressed as a function of the 
dimensionless shear stress or Shields parameter  , computed 
as: 

   
| |

(    )    
 

Several expressions have been proposed in the literature for 
 ( ) , e.g. Koch and Flokstra  ( )      ; Talmon et al. 

 ( )    √ , with the coefficient            ; and 
Struiksma et al.: 

  ( )   (
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B. Intensity of the sediment transport 

The influence of bed slopes on the sediment transport rate 
(i.e. not on the direction) can be accounted by three different 
approaches: 

1) The Struiksma and Crosato's approach: The intensity 

of the sediment transport rate is modified by a corrective term 

that accounts for the bed slope through the gradients of the 

bottom: 

       
(   

   

  
) 

     
(   (

   

  
     

   

  
    )) 

where   is a coefficient accounting for the streamwise bed 
slope effect. Struiksma and Crosato proposed        , with 
  the Chezy's coefficient and   a calibration coefficient 
(   (    )). 

2) The Soulsby approach: This approach suggests that the 

effect of bed slopes on the sediment transport rates is caused 

entirely by a change of the critical Shields parameter in the 

equilibrium sediment transport formula. In this case: 

       
(    

    ) 

with   
  the modified critical Shields stress computed by the 

expression: 

   
  

         √                     

    
    

with   the angle of repose and  the angle to the horizontal. 

 

V. MODEL VERIFICATION 

To validate the present model, we simulated different cases 
well documented in the literature. For all simulations, a depth-
averaged     model was used to parameterize the turbulence 
effects. For all simulations, the streamwise secondary flow 
correction coefficients were set to      and       . 

A.  Hydrodynamics 

1) The Riprap Test Facility: The secondary flow 

correction proposed by Bernard and Schneider [3, 6] has been 

tested on experimental data from the Riprap Test Facility 

conducted at the Waterway Experiment Station of the U.S. 

Army Engineer Waterways Experimental Station [3]. The 

channel presented four bends and two reversals in curvature, 

with        long and         wide with a bed slope of 

      and 2H:1V bank side slopes, see Figure 2. Numerical 

simulations were performed with a constant discharge     
         at inlet and mean flow depth           at outlet. 

The channel bed has been treated as rigid, with the friction 

coefficient    specified with the Manning relation with a 

roughness coefficient                 . 

 
Figure 2.  Geometry and cross-sections for the Riprap Test Facility. 

The computational domain has been discretized with a non-
structured triangular finite element mesh with a total of 25577 
elements and 13340 nodes, with mean element size of     . 
The discretization of the banks was done with 5 elements on 
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each side of the channel. The numerical experience was run for 
  min until the equilibrium stage was reached, with a time 
step         . Numerical results of depth-averaged 
velocities were compared to measured velocities previously 
averaged throughout the water depth at cross-sections 1 to 11 
indicated in Figure 2. The secondary flow correction 
coefficients were set to      and       . 

 

 (a) section 1  (b) section 2 

 
 (c) section 3  (d) section 4 

 

 (e) section 5  (f) section 6 

 
 (g) section 7  (h) section 8 

 
 (i) section 9  (j) section 10 

 
 (k) section 11   

Figure 3.  Comparison of experimental (red dots) and numerical results 
computed with (solid blue lines) and without (dashed lines) the correction of 

secondary flows on the hydrodynamics for sections 1 to 11. 

The simulated and measured depth-averaged velocities at 
the 11 individual cross-sections are shown in Figure 3. For 
each section, comparisons between observed and computed 
depth-averaged velocities with and without the secondary flow 
correction are given. For the different sections, the zero-
distance on the transversal coordinate indicates the position of 
the left bank facing downstream. At section 1, the comparison 
of the flow distribution upstream of the first bend entrance is 
well reproduced by both the corrected and uncorrected models, 
showing a better match of the highest velocity prediction when 
the secondary flow correction is activated. For sections 2 to 5, 
the secondary flow correction improves dramatically the 
predicted results without secondary flow effects. In particular, 
for sections 3 to 5 the model reproduces very well the highest 
velocities located near the left boundary. For section 6, located 
upstream of the second bend, the corrected model captures well 
the shape of the flow distribution but underpredicts the values 
of the hightest velocities of about       . In contrast, the 
uncorrected model fails to capture both the velocity 
distribution and velocity magnitudes. From sections 7 to 10, 
the corrected model predicts very well the maximum velocities 
that are shifted to the left bank. For section 11, the prediction 
using the corrector agrees the observed velocity distribution 
but underestimates the maximum velocity. 

2) Channel Bend Facility test: Detailed velocity 

measurements conducted on a two-bends S-shaped flume at the 

Waterway Experiment Station have been used for further 

verification of the secondary flow corrector. The channel 

presented two      bends with a reversals in curvature, with 

          long and          wide with a bed slope of 

    and 2H:1V bank side slopes, see Figure 4. Numerical 

simulations were performed with a constant flow rate at inlet 

              at inlet and a mean water elevation      
       at outlet. As for the previous test, the channel bed has 

been treated as rigid, with the friction coefficient    specified 

with the Manning relation with a roughness coefficient 

               . 
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Figure 4.  Geometry and cross-sections for the Channel Bend Facility test. 

The flow is from left to right. 

 

 (a) section 1  (b) section 2 

 
 (c) section 3  (d) section 4 

 
 (e) section 5   

Figure 5.  Comparison of experimental and numerical results with and 
without secondary currents correction for sections 1 to 5. 

The computational domain has been discretized with a non-
structured triangular finite element mesh with a total of 78838 
elements and 40259 nodes, with mean element size of      . 
The discretization of the banks is with 5 elements. The 
numerical experience was run for   min until the equilibrium 
stage was reached, with a time step           . Numerical 
results of depth-averaged velocities were compared to 
measured velocities previously averaged throughout the water 
depth at cross-sections 1 to 5 indicated in Figure 4. The 
secondary flow correction coefficients were set to      and 
      . As before, comparisons between observed and 
computed depth-averaged velocities with and without the 
secondary flow correction are given for each section. The zero-
distance on the transversal coordinate indicates the position of 
the left bank facing downstream. 

 
 (a)  

 
 (b)  

Figure 6.  Comparison of numerical results with or without secondary 

currents correction, (a) simulation result without correction, (b) simulation 

result with correction. 

Numerical simulations of depth-averaged velocities are in 
generally satisfactory agreement with observations when 
secondary flow corrector is incorporated into the 
hydrodynamics model, see Figure 5. Conversely, the 
uncorrected model is not able to reproduce some of the features 
of the flow that are typically observed in curved channels, such 
as velocity projected towards the left bank in Figures 5(c) and 
5(d). At Section 5, some discrepancies between the measured 
and computed velocity distribution are observed, although the 
maximum velocity at the right bank is well captured by the 
corrected model.  

Figure 5 depicts also a sensitivity analysis for a gradual 
mesh refinement, with typical mesh sizes of      ,       
and      . Although similar results are obtained with the 
different meshes, the finer mesh captures more accurately the 
sharper flow zones. Figure 6 shows contour plots of velocity 
module and depth-averaged velocity vectors for simulations 
with and without the correction of secondary flows on the 
hydrodynamics. A noticeable observed feature is that the 
magnitude of the velocity is increased in the region located on 
the left bank upstream of the second bend and thereafter 
projected toward the right bank at the channel outlet. This 
phenomena is in agreement with the experimental 
observations.   

B. Morphodynamics 

In the following sections, morphodynamics computations 
were performed assuming bedload transport with the Meyer-
Peter & Müller sediment transport formula. Furthermore, 
lateral bed slope processes were incorporated with the Talmon 
expression, with        . Struiksma and Crosato's approach 
is used to correct the intensity of the sediment transport caused 
by bed slope effect. For each simulation case, different tests are 
made to test the influences of the streamwise (Bernard and 
Schneider [3] correction) and crosswise (Engelund [5] 
correction) secondary flow corrections. The streamwise 
secondary flow correction coefficients were set to      and 
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      . Three-dimensional numerical simulations were used 
as reference results. 

1) LFM Curved Flume: The experimental data from the 

Laboratory of Fluid Mechanics Curved Flume (LFM) were 

used to evaluate the capabilities of the model to reproduce the 

formation of a point bar and pool length in a     deg 

bendway. The geometry of the flume agree with natural 

meander planforms. The experiences were conducted at the 

Delft University of Technology, The Netherlands on a curved 

flume with fixed banks with bend radius         , bend 

length           and width       . The bed slope was 

     and Chézy coefficient             . The flow rate 

at inlet was              and water elevation at outlet was 

          . The sediment medium grain size was     
      , with a Shields parameter       . The planform of 

the channel is shown in the Figure 7(a). In Figure 7(b), the 

contours of the measured equilibrium bed topography are 

showed, characterized by the presence of a forced or point bar 

located upstream of the bend and a pool found at the outer 

concave bank (Figure reproduced from Koch and Flockstra 

[9]). 

 
 (a)   (b) 

Figure 7.  LFM Curved Flume: (a) geometry and cross-sections; (b) 

measured equilibrium bed topography (reproduced from Koch and Flockstra 
[9]). 

 
 (a)   (b) 

 
 (c)   (d) 

Figure 8.  Comparisons of simulation results with and without secondary 
currents corrections, (a) Simulation without any corrections, (b) simulation 

with correction of Engelund, (c) simulation with correction of Bernard and 

Schneider [3] and Engelund [5], (d) 3D simulation result. 

The bed topography depicted in Figure 8(a) has been 
obtained from a morphodynamics numerical simulation 
without any correction for accounting secondary flow effects. 
Clearly, the absence of a mechanism accounting for cross 
stream pressure gradients and centrifugal acceleration impedes 
the establishment of a velocity field and, in consequence, the 
development of a bed topography characteristic of curved 
channels. 

Figure 8(b) presents the bed topography obtained from a 
morphodynamics numerical simulation that includes the cross-
wise vorticity correction presented in §III. Although the results 
have been dramatically improved respect to the solution 
obtained with the model without correction, some differences 
arise from a visual comparison with observations. The position 
of the forced bar and pool is in accordance with the 
experimental observations but the bar dimensions do not seem 
to be similar to those observed in the experiments. 
Furthermore, the numerical simulation is not able to capture 
the first pool located approximately where the projection of the 
tangent to the inner bank intersects the outer bank. 
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Figure 8(c) shows the bed topography obtained from a 
morphodynamics numerical simulation that includes both the 
streamwise and the crosswise vorticity corrections presented in 
§II and §III, respectively. In accordance with observations, a 
pronounced point bar and pool configuration is developed 
upstream of the bend and well reproduced by the model. The 
numerical results are also in agreement with those obtained 
with a three-dimensional model. 

VI. MODEL VALIDATION 

The parameterization of the physical processes underlying 
in meandering rivers is addressed by reproducing the flow 
structures and bed deformation of the in-bank experiments 
carried out on the U.K. Flood Channel mobile bed testing 
Facility (FCF) at HR Wallingford. It consists of a     wide 
and     long tank within which a sine-generated meandering 
channel. The sinuosity       , cross over angle       and 
wavelength         . The valley slope is      . The 
channel has a 1H:1V side bank slope in the straight part of 
channel, and has a vertical bank at the outer bank of the 
meandering bend apex. The water mixed with sediment flows 
in from left inlet of the channel< with a discharge constant of 
             , and downstream outlet is with fixed water 
depth of             . Originally, the bed material had a 
          ,           , and           , these 
were adopted in the numerical experiences presented below. 

The computational domain has been discretized with a non-
structured triangular finite element mesh with a total of 62927 
elements and 32442 nodes, with mean element size of      . 
The lateral discretization of the banks is with 3 elements. The 
numerical experience was run for      until the equilibrium 
stage was reached, with a time step         . The secondary 
flow correction coefficients were set to      and       . 
The channel bed has been treated as rigid, with the friction 
coefficient    specified with the Nikuradse relation with a 

roughness coefficient          . 

 

Figure 9.  Geometry of test case FCF experiment. 

A. Flow structures 

Flow patterns computed with and without secondary flow 
corrections are presented in Figure 10. Clearly, the combined 
effect of Bernard and Schneider and Engelund correctors 
reproduce the secondary circulation around the channel bend 
that creates a pool around the outer bank, with sediment fluxes 
being transported from the outer to the inner bank, forming the 
point bar. This behaviour is typical of many natural channels, 
as identified by Dietrich [4]. 

 
 (a)   (b) 

 
 (c)   (d) 

Figure 10.  Comparisons of direction of solid discharge with and without 

secondary currents corrections, (a) Simulation without any corrections, (b) 

simulation with correction of Engelund, (c) simulation with correction of 
Bernard and Schneider [3] and Engelund [5], (d) 3D simulation result. 

B. Morphodynamics structures 

A comparison of morphological characteristics obtained 
from simulations activating/deactivating secondary currents 
processes parameterizations is presented in Figs 11 (a, b and c), 
and compared with a sketch summarizing the main 
morphodynamics structures presented in the meandering flume 
in Figure 11(d). The line connecting the lowest bathymetric 
points follows the outer bank until it moves across the point bar 
just upstream of the bend apex toward the outside of the 
following bend. 

 
 (a)   (b) 

 
 (c)   (d) 

Figure 11.  Comparisons of simulation results with and without secondary 

currents corrections, (a) Simulation without any corrections, (b) Simulation 

with correction of Engelund, (c) Simulation with correction of Bernard and 

Schneider [3] and Engelund [5], (d) Observations [14]. 

VII. CONCLUSIONS 

Secondary currents processes for the hydrodynamics field, 
based on Bernard and Schneider work [3], have been 
implemented for the release v7.0 of the Telemac-Mascaret 
Modelling system. Numerical examples showed the 
importance of incorporating this corrector to incorporate the 
non-uniformity of the velocity field in the vertical direction 
into depth-averaged models. We also described and clarified 
some important aspects of the crosswise correction of 
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secondary flows proposed by Engelund [5] and analysed how 
their combined effects could affect the estimation of the rate 
and the direction of sediment transport and therefore on 
morphodynamics computations. 
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APPENDIX 

A summary of Telemac-2d new keywords and printout 
variables is given below. 

A. New keywords 

SECONDARY CURRENTS HYDRO: by default: NO. 

COEFFICIENT OF PRODUCTION FOR SECONDARY 
CURRENTS: by default: 5.E0. 

COEFFICIENT OF DISSIPATION FOR SECONDARY 
CURRENTS: by default: 5.E-1. 

B. Printout variables 

1/R: The reverse of local radius:        

OMEGA: Vorticity of the flow:   

TAU_S: Streamwise stresses:    
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Abstract— A new vertical scheme has been developed to 

represent suspended sediment transport processes in the 

TELEMAC-3D model. In comparison to the existing diffusion 

scheme, the newly developed advection/diffusion scheme is 

proved to be more robust. Three large scale test cases have been 

provided to assess the model accuracy in the presence of tidal 

flats and its ability to cope with distorted mesh elements.  Finally, 

the 3D model has been applied to represent cohesive sediment 

transport processes and associated water quality issues in 

estuarine conditions. 

I. INTRODUCTION 

In complex situations, involving recirculating flows and 
stratification effects which are typically encountered in 
estuarine conditions, 3D turbulent flow models are required in 
order to capture the vertical mixing processes and turbulent 
flow structure which determine the suspended sediment 
transport rates.   

A fine vertical mesh resolution is generally required in 
order to represent accurately sediment concentration and 
velocity gradients near the bed. In TELEMAC-3D, the 
distortion between the vertical and horizontal scales leads to 
divergence of the existing diffusion scheme when dealing with 
large time steps and large scale domains. A new fully implicit 
vertical scheme has therefore been developed in order to solve 
simultaneously the vertical settling and diffusion terms which 
are, in most applications, the dominant terms in the 3D 
sediment transport diffusion equation. The efficiency and 
robustness of the new scheme has been assessed in comparison 
with the existing diffusion scheme. 

A number of theoretical and numerical difficulties arise 
when dealing with sediment transport, which are highlighted in 
Section 2. The newly developed sediment transport model is 
presented in Section 3.  Three validation test cases are 
presented in Section 4, to assess the accuracy and efficiency of 
the new scheme when dealing with distorted mesh elements. 

The final Section(Section 5) presents a recent application of 
the 3D model to represent sediment transport and related water 
quality issues in an estuary.  

II. 3D MODELLING OF SEDIMENT TRANSPORT    

A. Sediment Transport Processes 

Sediment transport models are generally based on semi-
empirical concepts which involve the classical decomposition 
of transport rates into bed-load and suspended load. For bed-
load, the TELEMAC-3D model can be internally coupled with 
SISYPHE which solves the Exner bed-evolution equation (see 
Villaret et al., 2011). For the suspended load, the TELEMAC-
3D sediment transport library can be applied to calculate the 
coupled flow velocity and sediment concentration profiles. It is 
mainly applicable to uniform sediment, cohesive or non-
cohesive, characterized by the mean grain size, density and 
settling velocity as well as sediment bed related properties such 
as bed porosity. 

B. Governing equations 

The vertical profile of the suspended sediment 
concentration (SSC), treated as a passive scalar, can be 
determined by solving a classical transport/diffusion equation, 
with an additional vertical advection term to represent the 
effect of the gravitational settling velocity. 
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with ),( txcc j the SSC, 0sw  the vertical-settling 

sediment velocity and c the turbulent Prandtl number. At the 

outlet, the normal gradients of the concentration are set equal 
to zero.  

At the free surface, the net vertical sediment flux is set to 
zero:  
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At the bottom, a Neumann type boundary condition is 
specified, in which the total vertical flux equals the net erosion 
(E) minus deposition rate (D): 
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In the case of non-cohesive sediments, the erosion flux can 
be expressed in terms of an ‘equilibrium’ reference 
concentration, and the deposition flux is calculated as the 
product of settling velocity ws and near bed concentration C0.  

In the case of cohesive sediments, the erosion and 
deposition fluxes are calculated based on the Partheniades 
(1965) and Krone (1962) empirical formulae: 
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Where 0 is the bed shear stress, ce and cd are respectively  
the critical  bed shear stress for erosion and deposition, and M 
is an empirical parameter defining the erosion rate. 

The bed evolution (  ) is obtained from the sediment mass 
conservation as follows: 

   
   

  
     

for a uniform bed of concentration   . 

 

C. Numerical difficulties 

Assuming the passive scalar hypothesis, the transport 
equation for the sediment concentration is similar to a tracer, 
except for an additional settling term. Equation (1) can be 
solved using the finite element library available in TELEMAC, 
but special treatment is required to account for the additional 
vertical settling term. 

The main difficulties encountered arise from : 

 Sediment concentrations are exponentially larger near 
the bed which leads to potentially very large vertical 
gradients. A refined grid may therefore be required to 
represent the concentration gradients accurately. 

 Boundary conditions need to be applied at the bed 
level, which numerically is located somewhere 
between the bottom plane the first mesh plane above 
the bed. 

 Possible inconsistency between the schemes used for 
hydrodynamics (turbulent and mean flow) and 
sediment transport. 

The distortion of the mesh, as measured by the ratio of the 
vertical mesh to the horizontal mesh, can lead to unrealistic 
restriction of the time step when dealing with large scale 
applications. A robust, mass conservative and efficient 
treatment of the settling and vertical diffusion term is therefore 
an important requirement.     

 

III. VERTICAL DIFFUSION/ SETTLING ALGORITHM 

 

Within the restrictions of the shallow water framework 

zyx 





),(
), the downward settling and upward vertical 

diffusion terms are the most important terms of the 3D 
suspended sediment transport equation. These two terms 
govern the sediment vertical distribution and transport rates. 

Both diffusion and settling terms preferably require 
simultaneous treatment since they should balance. This avoids 
the possibility of introducing numerical instabilities and thus 
allows for a longer computational time step. 

 

A. Existing Finite Element Diffusion Scheme 

The settling term was previously treated in the diffusion 
routine by adding the settling term (   ) to the vertical 
turbulent diffusion term          . The diffusion matrix was 
therefore transformed into a non-symmetric matrix, as 
explained in Le Normand (2002).  

 

B. New  Advection-DiffusionScheme  

The idea of the new advection-diffusion scheme is to 
modify the existing advection scheme in order to include the 
effect of both vertical settling and diffusion: 
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This is done after horizontal and vertical advection of the 
water and SSC, using the transformed sigma mesh. Only the 
horizontal diffusion term is now included in the SSC diffusion 
terms (i.e. the vertical diffusion is switched off). 

The vertical settling and diffusion terms are discretized 
using a finite volume implicit scheme, where the settling term 
is up-winded and the diffusion terms are space-centred and 
calculated at the mid-grid level. 
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Figure 1.  Vertical grid at the bed 
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 The resulting advection-diffusion formulation is written in 
the form of a tridiagonal matrix as:  

                                     

where C is the SSC and the matrix diagonals a, b and c are: 

               a

        (
     

     
          )    b

       (
       

     
     )    c

The coefficients  and  are weighted eddy diffusivity(εv) 
terms, calculated as: 

      
       

            
 a

      
     

            
 b

With the distance weightings dza , dzb and dz written as: 

                    a

                    b

       
       

 
 

Equation (7) is solved efficiently using a direct tridiagonal 
matrix solver using a classical double sweep method. 

C. Position of the numerical bed 

The “numerical bed level”            corresponds to 
the elevation where the boundary conditions are applied. In 
TELEMAC-3D,   is assumed to be proportional to the first 
grid point above the bed (j = 2),        . The position of 
the numerical bed level depends on the details of the numerical 
discretization.  
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Figure 2.  Vertical grid at the bed 

1) Hydrodynamic model 

The second plane elevation (j=2) is assumed to be in the 
logarithmic region: 
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Where u* is the friction velocity, = 0.4, the Karman 
constant and z0 = ks/30, with ks being the Nikuradse bed 
roughness. The friction velocity u* is fed into the boundary 
condition: 
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where A=u*
2
/U1, and B=0. 

Different turbulence models are available in TELEMAC-
3D. In the mixing length model (OPTION 1 in visclm.f) the 
eddy viscosity coefficients are calculated at the mid grid level.  

Near the bed, the eddy viscosity profile increases linearly 
with distance from the bed in order to retrieve classical 
turbulent boundary layer concepts:  

 zut *   

A linear discretization of (13) leads to : 
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Using Equation (12), the velocity at the first plane is then:   
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The ‘numerical’ bed level for the momentum equation is 

therefore located at 
2
1

e

z
 . 

2) Suspended sediment transport model 
In the new advection-diffusion scheme, the thickness of the 

near bed cell where the boundary conditions are applied is 

z1/2, such that the bottom concentrations are calculated at the 
center of the cell. The position of the numerical bed level is 
therefore: 

 4

1z
 

D. Finite Element or Finite Volume schemes 

Possible inconsistencies when using different schemes for 
the flow and sediment can lead to erroneous results. Ideally the 
same scheme should be used to discretise both the 
hydrodynamic and sediment flux divergence terms.  This 
alleviates the possibility of different fluxes being evaluated at 
inconsistent points and with different orders of truncation error.  
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IV. TEST CASES 

In order to test the ability of the new scheme to cope with 
meshes with distorted aspect ratios (h/L =  O(10

-3
), all the test 

cases presented here were performed on large, estuary scale 
computational domains. The geometry used for the tests was a 
50 km straight long flume with the origin at its centre. The 
horizontal element size for this mesh varies from 10 m to 100 
m. In the last application (tilting flume) the width of the flume 
was reduced from 5 km down to 1 km to reduce CPU time. The 
water depths were generally <10 m and varied depending on 
the particular test case. 

A. Rouse Profile 

This first test case represents a simple steady uniform flow 
with a constant water depth of 10 m. A fixed concentration is 
imposed at the channel entrance. The erosion and deposition 
fluxes are set to zero to prevent any bed evolution. The 
objective is to assess the model accuracy in comparison to the 
classical Rouse concentration profile: 
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where R =ws/(u*) is the Rouse number. The near bed 
reference concentration Cref is defined at a distance Zref from 
the bed. 

In order to reach uniform flow conditions, the flume is 
inclined to be parallel to the free surface slope. Under 
equilibrium conditions, the balance between friction and 

hydrodynamic pressure gradient leads to    √   , where I 

is the free surface slope, and g the gravity. For a Nikuradse 
friction law (ks = 1 cm), the friction velocity calculated by the 
3D model is u*=4.34 cm/s. The resulting  channel slope 
(approximately equal to the free surface slope) is  1/50000. 

Once the concentration profile is established, the model 
results are extracted at one point downstream of the flume. 
Concentration profiles are compared to the analytical Rouse 
concentration solution, where the reference concentration  is 
taken at the first plane above the bed (j = 2).  

The model is run with 21 horizontal planes, equally spaced 
with a time step of 10 to 100 s. The CPU time quoted in Table 
1 have been obtained on a PC using a single Intel i3 processor. 
The total duration of the simulation is 50000 s. 

To assess the model accuracy, we calculate the average 
geometric standard deviation (AGD)  (cf. Wu et al. 2009). The 
results are summarized on Table 1 below. 

TABLE I.  ROUSE CONCENTRATION PROFILE- COMPARISON BETWEEN 

THE DIFFUSION AND CONVECTION SCHEMES IN TERMS OF ACCURACY AND 

EFFICIENCY (DURATION = 80 000S). *FOR SCHEME (1), THE MODEL WAS RUN 

WITHOUT HORIZONTAL DIFFUSION FOR THE TRACER. THE EFFECT OF 

HORIZONTAL DIFFUSION WAS FOUND TO INDUCE A MASS ERROR. 

Numerical 

scheme 

Dt 

(s) 

CPUTime 

(mn) 

Mass loss 

(Kg) 

Accuracy 

(AGD) 

Diffusion (0)  10s 
100s  

47mn 
Divergence 

2659 
- 

1.20 
 - 

Advection-

diffusion (1)* 

10s 

100s 

21mn 

1mn 38 

0.48 

0.014 

1.20 

1.20 

The closest AGD is to 1, the more accurate the model 
results are. For a perfect fit, AGD = 1. Both the existing 
diffusion and new advection-diffusion schemes are able to 
reproduce accurately the concentration distribution (AGD = 
1.23). However, the new advection-diffusion scheme was 
found to be as accurate and more rapid, more robust, and able 
to cope with time steps (x10) greater than with the existing 
diffusion scheme.  

B. Mass conservation on tidal flats  

The objective of this second test case is to assess the new 
vertical settling algorithm and existing diffusion scheme with 
respect to mass conservation on tidal flats (wetting and drying 
of mesh elements).  

The bathymetry of the flume is -10m MSL across most of 
the domain, with a linear slope on the eastern end of the 
domain rising from -10 m MSL to +2 m MSL over a distance 
of 10 km.  

An open boundary was specified at the western end and 
forced using a sinusoidal tide (1 m amplitude, 0 m MSL mean 
level, 12 hour period). The initial boundary level was set to 1m 
in order to make the test harder for the model (i.e. a 1 m wave 
propagates into the domain at the start of the run).  

A uniform SSC of 300 mg/l was initialised throughout the 
domain in the area to the east of 15 km (i.e. in the bed slope 
region). This sediment is too far from the boundary to pass out 
of the domain in the modelled timeframe, therefore boundary 
fluxes can be ignored in the mass conservation checks.  

Here we used the TELEMAC method (OPTBAN=1) for 
the treatment of tidal flats, which allows to solve the 
momentum equation on dried or semi-dry elements. We 
introduce an additional limitation to reduce the erosion rates 
when the water depth is less than a minimum value of 0.1m. 

A settling velocity of 1 mm/s was prescribed. Erosion was 
parameterised using a critical shear stress for erosion of 0.05 
N/m

2
 and an erosion parameter of M=5.0 10

-4
 kg/m

2
/s. 

Deposition was assumed to be constant. The concentration of 
the uniform mud layer is set to 500 g/l. 

 

 
Figure 3.  Tidal flats test case – Concentration along the cross section (New 

Advection-Diffusion scheme  (1) – Dt = 2.5s) 

Model results are summarized in Table 2. The new vertical 
advection-diffusion scheme is found to be remarkably stable 
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and mass conservative even when using relatively large time 
steps, whereas the previous diffusion scheme necessitates a  
drastic reduction in the time step. 

TABLE II.  TIDAL FLATS  - MASS LOSS AFTER ONE DAY  

Numerical scheme Dt 

(s) 

CPU Time 

(mn) 

Mass loss 

(Kg) 

Diffusion (0) 5 
10 

50 

Divergence 
Divergence 

Divergence 

- 
- 

- 

Advection-diffusion (1) ** 5 
10 

50 

50 mn 
27 mn 

5mn30s 

-1.7 
0.54 

    -7.6 

**The horizontal diffusion terms have been included in scheme (1) 

C. Tilting flume 

The objective of this last test case is to assess the 
robustness of the new scheme under very drastic flow 
conditions using rapidly varying, high depth averaged flow 
velocity (up to 1.5 m/s) including tidal flats. 

In order to reduce CPU time, we use a narrower flume (1 
km wide), the same length as in previous test cases (50 km 
long). The flume is now tilted around its axis, with maximum 
amplitude at its extremity (+/-25000 m) of +/-3 m. The scale of 
the model and the period of the tilting motion was chosen in 
order to represent tidal motion. Also to reduce the CPU time, 
the  number of 3D horizontal planes was reduced to 10. 

As in previous test cases, the bed comprises mud, with 

similar characteristics : ce= 0.05 N/m
2
,  M=5.0 10

-4
 kg/m

2
/s. 

Cbed= 500 g/l. The settling velocity is still ws= 1 mm/s and the 

critical shear stress for deposition is cd =1000 N/m
2
 (i.e. 

constant deposition).  

This test case is hydrodynamically unstable due to the large 
vertical accelerations that are present. This necessitates a time 
step of less than 2.5 s in order to avoid non-physical, parasitic 
oscillations of the free surface during the descending phase 
when peak depth averaged flow speeds in shallow water reach 
1.5 m/s. 

Starting from a horizontal bed, with a water depth of 2 m, 
the bed is first tilted over a 3 hour period so that it is gradually 
lowered on the west side and raised on the east to the 
maximum offset from the horizontal start position of +/-3 m at 
each end. The bed then remains in this position for 12 hours 
allowing the water to flow to the west end. It is then tilted back 
in the opposite direction over a period of 6 hours until it is at 
the same slope angle in the opposite direction. A longitudinal 
cross section of both friction velocity and concentration fields 
during the first 12 hours is shown on Figure 4 below.  

 

 
Figure 4.  Tilting flume test case – Concentration in the cross section (New 

advection-diffusion scheme (1) – Dt = 2.5s) 

Even with a time step of 5s or more, the vertical advection-
diffusion scheme (1), remains stable but the mass loss 
increases. For a time step of 2.5s, the mass error is 250 kg, 
which is still only a small portion of the total mass in 
suspension (>100,000,000 kg). 

The previous diffusion scheme remains unstable for a time 
step of 2.5s. For 1 s, both CPU time and mass error are larger 
when using the existing diffusion scheme. Results are 
summarized in Table 3  below. 

TABLE III.  TILT FLUME EXPERIMENT - MASS LOSS AFTER ONE DAY (108 

000T, WITH T=5S).  

Numerical scheme 

P) 

Dt 

(s) 

CPU Time 

(min) 

Mass loss 

(Kg) 

 Diffusion (0) 5 
2.5 

1 

Divergence 
Divergence 

33mn 

 

- 
- 

-489 

 

Advection-diffusion (1)** 5 
2.5 

1  

4mn50s 
9mn 30s 

23 

-1816 
-240  

-297 

 

**The horizontal diffusion terms have been included in scheme (1) 

V. ESTUARINE APPLICATION 

The stability and mass conservation of the previously 
described new scheme for vertical settling and diffusion of 
sediment implies that it is applicable to a large scale model of a 
real estuary. This section describes a test case of the Mersey 
Estuary, UK. 

A. Presentation of test case 

The Mersey Estuary  (north-west England, UK) stretches 
for a distance of about 40 km and 5 km width (Figure 5). This 
narrow estuary is characterised by the presence of a 
meandering channel and extensive intertidal sand and mud 
flats.  
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Figure 5.  The geometry used for the Mersey model (Bed levels are 

referenced to Chart Datum at Liverpool) 

Past industrial activity means that the sediments in the 
Mersey are highly contaminated with heavy metals and 
Polycyclic Aromatic Hydrocarbons (PAHs). Dredging of this 
material is tightly regulated, requiring the material to be 
removed to designated landfill sites making it costly and time-
consuming. Water Injection Dredging (WID) is a more 
efficient method but introduces the contaminants back into the 
water column, thus raising environment concerns.  

As part of development works in the mouth of the estuary , 
a study was undertaken to assess the potential impact and 
viability of using WID. To this end, a fully coupled 3D 
hydrodynamic-mud-contaminant model was set up which is 
described here. The geometry used for the modelling is shown 
in Figure 5. 

 

B. Sediment processes and parameterisation 

1) Suspended sediments 
Settling of the suspended mud was parameterised in the 

model using a recently implemented flocculation formula 
(Soulsby et al, 2013). In this formula the median settling 
velocity is dependent upon the time varying diameter of the 
particle aggregates, which is in turn controlled by the degree of 
turbulence and the SSC. 

Suspended mud concentrations in the Mersey often exceed 
1 g/l above which the effect of the density of the mud in 
suspension starts to become comparable to the effect of the 
salinity. The suspended mud therefore contributes to the 
buoyancy effect and introduces additional damping of the 
vertical diffusivity. This mechanism is included in the model 
using the formulation of Munk & Anderson (1948). 

The SSC in the model was initialised to zero everywhere. 
The time taken for the concentrations to spin up was observed 
to be of the order of two or three tidal cycles. 

C. Bed deposits 

A two layer bed model was used for modelling the bed 
exchange processes in the model. In the bed model, the 
uppermost sediment layer represents the mobile sediment that 
is picked up, advected and deposited during each tide. 
Deposition is assumed to occur continuously into this top layer 

by setting the critical shear stress for deposition, cd =1000 
N/m

2
. Net erosion occurs in the model if the erosion flux from 

the bed is greater than the deposition flux. For the top bed 
layer, a critical shear stress for erosion of 0.2 N/m

2
 was set 

everywhere. When this threshold is exceeded by the flows, 
erosion is initiated and material erodes from the top bed layer 
at a rate predefined by the erosion rate constant (Partheniades, 
1965). 

The erosion rate constant is a key calibration parameter and 
determined iteratively to be 1.10

-4
 kg/m

2
/s (set equal for both 

bed layers). This value is within the range generally found in 
the literature (Whitehouse et al., 2000). 

The underlying bed layer represents the in-situ sediment 
that has experienced previous consolidation and bed 
armouring. The critical shear stress for erosion for this layer 
was parameterised spatially with values equal to the tidally 
averaged bed shear stress for a mean spring tide, then limited 
to at least 0.4 N/m

2
.  

The dry density for both of the bed layers was nominally 
assumed to be 500 kg/m

3
. More precise estimates of density for 

each layer is considered unfounded since in reality the lower 
layer is likely to be entrained with sand. 

At the start of the model run, mud deposits were initialised 
everywhere except in shallow areas higher than -1 m CD in the 
offshore area. These regions are predominantly sandy and 
therefore unlikely to be a source of much fine sediment. In the 
other areas, the upper and lower bed layer thicknesses were set 
to 0.01 m and 0.2 m respectively. 

 

1) Dredging of contaminated sediment 
Mud released by Water Injection Dredging (WID) was 

included in the model as a near bed point source with a release 
rate of 113 kg/s located approximately in the centre of the 
region to be dredged (Seaforth Triangle in Figure 6). For 
realism, the dredging was assumed to occur when the water 
level was above MSL so as to allow enough depth for the 
dredger to operate. 

Much of the modelled released mud was found to form a 
density current which flowed into the outer dredged area that 
had already been excavated. Flushing of the outer area was 
therefore also simulated for a period of 2 hours each ebb tide. 
In order to capture the detail of the plume a mesh resolution of 
5 m was used within Seaforth Triangle. Elsewhere within the 
estuary the mesh elements were approximately 100 m or 
smaller. Offshore the element size increased gradually up to a 
maximum element size of 3 km in Liverpool Bay. 

Contaminants released during dredging were modelled 
using partition coefficients derived from laboratory 
experiments. A partition coefficient (Kd) describes the 
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equilibrium ratio of contaminant concentration between their 
adsorbed (Cs) and dissolved (Cw) phases.  

    
  

  
  

The rate of transfer of contaminant between phases was 
modelled by assuming that the equilibrium represented by Kd 
would be reached within a period of approximately an hour 
(Teq=3600 s). Assuming exponential decay, at each 
computational time step (dt=2 s) the exchange (Qc) of 
contaminant from dissolved to adsdorbed phase (negative if in 
the other direction) was calculated as: 

    
      

            
   

Where Ceq is the long term equilibrium adsorbed 
concentration, determined from the total contaminant 
concentration (Ctot=Cs+Cw) as: 

         (  
 

    
) 

In order to determine the fate of the released contaminant, 
the background mud and contaminated mud were treated as 
separate tracers in the model, but the effect of the mud on the 
3D processes (e.g. buoyancy and flocculation) was modelled in 
terms of the total mud (background + released). This method 
allowed mixing of the released contaminant with background 
levels, but also allowed the fate of the released contaminant 
and mud to be determined.  

The described model was run for a period of 4 weeks. The 
bed sediments were then scaled to the full period of dredging 
(10 weeks) so as to represent the full dredged volume of 
375,000 m

²
. 

 
Figure 6.  Locations of the proposed Water Injection Dredging (Seaforth 

Triangle) and the sediment flux measurements (ADCP transect) in the Mersey 
Narrows. 

 

D. Main results 

1) Mud model calibration and validation 
The results from the mud transport model were calibrated 

against ADCP flux measurements, using the SEDIVIEW 
method (Wither et al, 1998) at a transect in the Narrows, the 
location of which is shown in Figure 6. Sediment fluxes were 
collected throughout a spring tide in November 1995 and the 
comparison with the modelled fluxes is shown in Figure 7. As 
can be seen the model reproduces the observed fluxes to a good 
degree of accuracy throughout the tidal cycle. 

As a validation exercise, the model was re-run for a neap 
tide in January 1996 for which similar measurements were also 
available, shown in Figure 8. This indicates that the same 
model calibration is valid for different periods and tidal ranges. 

 
Figure 7.  Modelled and observed sediment fluxes for a spring tide 

 
Figure 8.  Modelled and observed sediment fluxes for a neap tide 

 

2) Preliminary contaminant results 
As part of the study, numerous contaminants including 

heavy metals and PAHs were modelled which are described in 
detail elsewhere (HR Wallingford, 2014). Just one PAH will be 
described here which is Naphthalene. This contaminant was 
modelled with a partition coefficient,  Kd=2.2 and a source 
concentration of 119 µg/kg. 

The results show that there is a tendency for the released 
plume to be carried offshore, with 65% of the mud ending up 
spread thinly over a wide area outside the mouth. About 30% 
of the material is deposited within the Narrows and the 
remaining material was deposited further upstream in the 
estuary. 
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Figure 9.  Maximum released Naphthalene concentration in dissolved phase, 

near surface waters, over the 4 week simulation 

The maximum near surface concentrations of dissolved 
Naphthalene modelled over the 4 week simulation are shown 
in Figure 9. Comparing these concentrations against 
Environmental Quality Standards (EQS) for marine waters as 
defined under the EU Water Framework Directive, it is found 
that the maximum predicted dissolved concentration of 
Naphthalene which might occur during the dredging activity 
will not exceed the short term Maximum Allowable 
Concentration (MAC=130 µg/l) and the predicted mean 
concentrations are an order of magnitude below the long term 
Annual Average (AA=2.0 µg/l). 

Figure 10 shows the concentration of Naphthalene in the 
bed deposits, ignoring deposits less than 1 mm thick. Due to 
the strong flows in the estuary mouth, the released mud and 
associated contaminants are dispersed over a wide area. Hence 
the increases in bed contaminant concentration are relatively 
low, especially away from the point of release. 

 
Figure 10.  Increase in Naphthalene concentration in fine sediment deposits 

associated with proposed WID, scaled up to full period of dredging. 

For Naphthalene, the Threshold Effect Level (TEL) 
advocated by the UK Environment Agency, below which there 
is considered low risk to benthic organisms, is stated as being 
0.0346 mg/kg. The TEL is found to be exceeded in only a 
small number of localised areas, primarily in the bed deposits 
located within 100 m of the dredger. 

 

VI. CONCLUSIONS 

A new numerical scheme has been developed for 
TELEMAC3D for modelling the vertical sediment processes of 
settling, vertical diffusion and exchange with the bed. A range 
of difficult test cases show that the new scheme offers 
improvements in terms of the stability, mass conservation and 
model run-time. 

The new scheme has also been applied to a fully coupled 
hydrodynamic-mud-contaminant model of the Mersey Estuary 
to assess the likely impacts of Water Injection Dredging on the 
ambient concentrations of a range of contaminants. The mud 
model was calibrated and validated to a good degree of 
accuracy against available in-situ measurements of discharge 
and sediment flux obtained in 1995-6. Preliminary results 
suggest that the model is valuable for providing supportive 
information to Environmental Impact Assessments into the 
dispersion of dredged muds and their associated contaminants. 
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