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Foreword of the XXIXth TELEMAC Users Conference 

 
Dear TELEMAC Users, 
 
We are delighted to welcome all participants to the 29th TELEMAC Users Conference (TUC) at the Federal Water-
ways Engineering and Research Institute (BAW) in Karlsruhe. As Germany’s scientific competence centre for water-
ways engineering, numerical modelling is an indispensable method for the BAW to provide scientific and technolog-
ical services in the field of hydraulic engineering. BAW’s first contact with TELEMAC took place almost 30 years 
ago and was intensified by joining the TELEMAC-MASCARET consortium in 2010. We are very pleased to share a 
fruitful cooperation with a vibrant community of enthusiastic TELEMAC developers worldwide. 
 
Exactly a decade has passed since the last TUC in Karlsruhe and we are excited to be hosting it again. In these ten 
years, TELEMAC has made significant progress. The sediment transport module GAIA has replaced SISYPHE, new 
modules such as NESTOR for dredging or Khione for ice modelling have emerged, Python has been integrated and 
used for API and pre- and post-processing, to name just a few examples. The conference format has also changed: 
driven by the pandemic, online and now hybrid conferences have been adopted. This year, we will have participants 
from 12 countries and 4 continents due to the hybrid format. For the first time, we have decided to include a poster 
session and a meeting for young scientists. In collective intelligence sessions, research topics around TELEMAC will 
be discussed in order to find new ideas, motivation and a better network between the (young) researchers. With the 
Young Scientists Meeting we want to initiate, refresh and deepen the interaction and collaboration between senior and 
young scientists, thus fostering an even stronger network within the TELEMAC community. 
 
It is amazing to see the wide range of applications − from coast to estuaries to rivers – and further numerical develop-
ments covered by this year's contributions. The main topics are waves, sediments, floods, data assimilation, and water 
quality. All these topics are well aligned with the BAW’s mission and we are eager to learn from other researchers, 
discover exciting projects, and exchange knowledge. 
 
We look forward to engaging discussions around TELEMAC and all topics related to hydro- and morphodynamics. 
We are confident that the TUC will once again provide an invaluable platform for networking, collaboration, and 
knowledge sharing to the benefit of all participants. On behalf of the BAW and the TELEMAC-MASCARET consor-
tium, we extend our gratitude to all authors and participants and wish you a productive and enjoyable conference 
experience in Karlsruhe. 
 
 
Rebekka Kopmann and Frederik Folke 
 
Chairs of the local organizing committee 
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with TELEMAC-2D/WAQTEL 
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Abstract – Swimming in the Marne River has been forbidden since 
1970. This was motivated by the very poor water quality at that 
time and by safety conditions that were sometimes difficult to 
manage. Since 2015, the measurements of bacteriological quality 
along the river have shown a real improvement in the water 
quality, even if numerous contaminant sources persist and the 
quality remains heterogeneous. With the Paris Olympic Games 
starting next summer, the reopening of bathing sites in the Marne 
River is a major objective of the Syndicat Marne Vive (SMV). In 
addition to the measurements required by the Bathing Water 
Directive, numerical modelling can be considered as a powerful 
tool to evaluate the water quality and identify the main sources of 
contamination. Given the heterogeneity of the water quality along 
the river and the numerous potential sources of pollution, a two-
dimensional model has been developed by coupling the TELEMAC-
2D hydrodynamic model with its water quality module WAQTEL. 
The model was validated against in situ measurements of 
Escherichia Coli (E. coli) – the main faecal contamination 
indicator - in dry and wet weathers. Results show that the model 
can simulate not only the longitudinal evolution but also the 
transversal dispersion of bacteriological pollutants. The developed 
model was then used to classify the various sources of pollution in 
the study area and anticipate the impact of management measures 
on the future bacteriological state of the Marne River. 

Keywords: bathing waters directive; water quality; Escherichia 
Coli; numerical modelling. 

I. INTRODUCTION 
Bathing and aquatic sports are popular recreational 

activities, particularly during summer. In large metropolitan 
areas, having access to bathing sites can largely improve the life 
quality of inhabitants. However, due to the strong anthropic 
pressure, bathing in rivers and lakes located in large urban areas 
is often prohibited. When considering the establishment of a 
bathing site, it is paramount to ensure that the water quality 
allows swimming without any risk [1]. 

Nowadays, the demand for bathing sites in urban areas is 
ever increasing. Faced with this demand, bathing sites have 
opened in various European metropolises such as Amsterdam, 
Rotterdam, Dublin, or Berlin and Copenhagen [2]. However, the 
water quality of the bathing sites remains a central concern for 
the visitors. In most cases, the bathing sites are located in 
densely inhabited areas and therefore are particularly exposed to 
bacteriological contamination, which can arise from permanent 
or accidental wastewater overflows, and/or urban storm water 

discharges. The monitoring of the water quality is therefore 
crucial in such a context. The European Bathing Waters 
Directive 2006/7/EC identifies two microbiological parameters, 
Escherichia coli (E. coli) and intestinal enterococci (IE), as 
faecal indicator bacteria (FIBs) and suggests the use of their 
measurement for the management of bathing waters [3].  

In Paris, with the preparation of the Paris-2024 Olympic and 
Paralympic Games, multiple potential bathing sites along the 
Seine and Marne rivers have been identified and put forward 
within the framework of an expression of interest [4]. In this 
context, this study focuses on the accurate determination of the 
microbiological quality of the Marne River, which is of 
particular interest as the Marne is the main tributary of the Seine 
upstream of Paris. 

Recent measurements carried out in the Marne River in the 
Parisian Region show that the concentrations of E. coli et IE vary 
considerably not only along the longitudinal axis of the river, but 
also transversally to its flow, even in sections that are not 
influenced by external sources of contaminants [5]. Indeed, the 
transfer dynamics of micropollutants in a riverine environment 
are particularly complex as multiple factors are at interplay 
(bacterial mortality rate, sediment resuspension, water turbidity, 
local pollution inputs, turbulence, and mixing dynamics etc.). 
All these factors are site dependent and might vary over space 
and time.  

In such a complex environment as the Marne River, the 
simple monitoring of FIBs is not sufficient to fully understand 
the transfer dynamics of micropollutants and predict the water 
quality at a specific bathing site. A 2D model is therefore 
needed.  

In this study, the 2D hydrodynamic model TELEMAC-2D was 
coupled with the water quality model WAQTEL with the 
objective of reproducing (i) the average dry weather water 
quality profile over roughly 40 km of the Marne River as well 
as (ii) the impact of a rain event on the water quality of potential 
bathing sites. For this purpose, data from the local authorities of 
the sewage system were used to estimate the contamination 
sources under dry weather and 1D sewage system models were 
integrated in the modelling chain to simulate the contamination 
sources under wet conditions. 
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II. MATERIALS AND METHODS 

A. Study area 
1) The Marne River 

The Marne is a 514 km long navigable river located in 
France. It is one of the main tributaries of the Seine River. Their 
confluence is located 2 km upstream of Paris. The Marne River 
presents a complex geomorphology with pronounced 
meandering and islands of different shapes and sizes around 
which the turbulence plays an important role and influences the 
mixing dynamics. Its discharge is regulated by a series of 
navigation dams. At the Gournay-sur-Marne gauging station 
(about 30 km upstream of the confluence with the Seine), its 
daily average discharge during the bathing season (i.e., from 
June to September) between 2017 and 2022 is of 52.2 m³/s, with 
a maximum of 252 m³/s (July 2021).  

2) Bathing legislation and monitoring   
Bathing is prohibited in the most downstream portion of the 

Marne River since 1970 due to safety and sanitary reasons. In 
the European Union, bathing waters are regulated by the 
“Bathing Waters Directive” of 2006 (2006/7/EC). The directive 
exploits two main parameters to designate waters with sufficient 
or insufficient quality for bathing: Escherichia coli (E. coli) and 
intestinal enterococci. The thresholds defined in the directive for 
these two parameters are, 900 MPN/100mL and 
330 MPN/100mL respectively based upon a 90-percentile 
evaluation of the data from four consecutive monitoring seasons. 
More details on this matter can be found in the 2006/7/EC 
directive [3].  

The water quality of the Marne River in the last 30 km of its 
course has been monitoring during the bathing season by the 
Syndicat Marne Vive (SMV) since 2015 (except 2016). Water 
samples are taken at multiple sites and subsequently analysed. 
Numerous parameters are measured, among which E. coli and 
IE. Preliminary analysis of the available dataset in terms of 
E. coli and IE showed that, in the study area, the most critical 
parameter regarding the bathing legislation thresholds is the 
E. coli. Indeed, it is observed that the median of IE 
concentrations is in general lower than the threshold fixed by the 
Bathing Waters Directive. Moreover, the two parameters show 
a strong correlation (linear regression coefficient (R²) of 0.65 
over the ensemble of available data). For these reasons, the 
modelling effort was focused on the E. coli. In this paper, only 
the results of E. coli will be presented and analysed. The map in 
Figure 1 shows all measuring sites in the SMV monitoring 
protocol. Dark green dots represent sites characterised by three 
samplings a week; light green dots represent sites with one 
sampling a week. The site “SMV0” is located 32 km upstream 
of the confluence with the Seine River; the site “SMV15” is 
located around 100 m upstream of the confluence. Since the 
objective of these measurements is for monitoring the bathing 
waters at the future bathing sites, all samples are taken close to 
the riverbank (left or right depending on the site). 

Previous studies conducted by SMV showed that five 
measuring sites present characteristics particularly favourable to 
the opening of a bathing site (due to sanitary and/or 
morphological reasons) [6,7]. The five potential bathing sites 
(red dots in Figure 1) are located, from upstream to downstream, 
in the municipalities of Chelles, Nogent-sur-Marne, 

Champigny-sur-Marne, Saint-Maur-des-Fossés and Saint-
Maurice. 

 

 
Figure 1. SMV measuring sites on the Marne River (source: SMV). 

3) Definition of the model domain  
The model domain extends from the inlet of Ru du Bouillon 

(a small tributary of the Marne River) until the confluence with 
the Seine River over 40 km approximately. The upstream 
boundary is located 9 km upstream of the first potential bathing 
site (Chelles – SMV1), corresponds to a transfer time of around 
10 hours. The extent of the 2D model is shown in Figure 2, along 
with a detail of the triangular mesh. The final mesh has 131 876 
nodes and 244 007 elements with an average density of 5 m.  

 
Figure 2. Model domain and a zoom of the unstructured mesh. 

B. Model development 
For the present study, a 2D model has been proposed by the 

direct coupling of TELEMAC-2D [8] and WAQTEL [9] modules. 
For each step of calculation time, the coupling is done in the 
following way: 

• TELEMAC-2D calculates the difference in level of the 
free-surface level, and the velocity field. 

• WAQTEL calculates the transport of suspended 
sediments, and the transport of bacteria. 

In the water quality module WAQTEL [9], the sub-module 
MICROPOL was selected. This module is dedicated to model the 
evolution of micropollutants in rivers. It introduces 5 tracers: 

• Suspended sediment (SS) 

Confluence 

Marne river 

     Potential bathing sites  
  

Chelles 

Paris 

Downstream boundary 

Upstream boundary 
(Ru du Bouillon) 

    Potential bathing sites 

@OpenStreetMap contributors 
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• Bed sediments (SF) 

• Dissolved micro-pollutants (C)  

• Micro-pollutants absorbed by SS (CSS) 

• Micro-pollutants absorbed by BS (CSF) 

The evolution of suspended (SS) and bed sediments (SF) 
involved in this module is represented by the classical deposition 
and resuspension laws for cohesive sediments of Krones and 
Partheniades. The sediment parameters include the settling 
velocity, the erosion rate (or Partheniades coefficient), the 
critical shear stress for erosion and for re-suspension. In this 
study, the main calibrated parameter is the settling velocity. 
According to tests carried out on different mud [10], the settling 
velocity generally ranges from 0.1 to 1.0 mm/s with increasing 
sediment concentration. A value of 0.1 mm/s was selected after 
the calibration step. The other parameters were selected from the 
literature ([11], [12]). 

The model assumes that the transfer of micropollutants 
between the dissolved and particulate phases correspond to 
either adsorption or ionic exchanges modelled by a reversible 
reaction of 1st kinetic order. For the sake of simplicity, we 
considered that these two fractions evolved independently, 
without any interaction between them. The ratio of free bacteria 
to total bacteria was estimated equal to 50% according to the 
observations made in [13]. 

The model also includes an exponential decay law of 
micropollutant concentrations in each compartment of the 
modelled ecosystem, through a constant L. 

 Χτ = Χ0 ε−Λτ (1) 

where: 

C0: concentration of micropollutant at time 0  

Ct: concentration of micropollutant at time t, 

L: decay rate.   

In this study, the decay rate was considered as the mortality 
rate of the modelled bacteria (E. coli). It was calibrated using the 
data collected on the Marne River by Mouchel et al. in [5]. A 
value of 0.072 h-1 was assigned to both the dissolved and 
particulate phases of the bacteria pool.  

The internal sources of each of these tracers correspond to 
the phenomena of deposition/re-suspension and exponential 
decay, represented in Figure 3.  

Figure 3. Sketch of the different processes included in the coupled model for 
the tracers (adapted from [13]). 

C. Estimation of the pollution sources 
Along the study zone, the land use in the watershed of the 

Marne River changes drastically from mostly agricultural 
(department 77, upstream of the measuring site SMV2 in Figure 
1) to extremely urbanised as its course passes through the Paris 
region (departments 93 and 94). In such a context, the 
wastewater and rainwater drainage systems represent an 
important source of pollution. Indeed, the study area includes a 
high number of outlets from the rainwater drainage system. 
Under dry conditions, poor connections can constitute a direct 
and chronic source of contamination. Under wet conditions, 
rainfall runoff and overflows constitute short-term sources of 
contamination.  

Furthermore, within the study area, two wastewater 
treatment plants (WWTP) for a total of more than 500 000 in 
population equivalent (PE) discharge their waters in the Marne 
River. Their outlets are located in Saint-Thibault-des-Vignes 
(STV, left bank, 7.5 km upstream of the potential bathing site 
Chelles) and in Champigny-sur-Marne (MAV, left bank, 1.9 km 
upstream of the potential bathing site Saint-Maur-des-Fossés).  

The data analysis collected within this study allowed to 
identify, in the model’s perimeter, a total of 75 pollution sources 
under wet conditions and 44 under dry conditions (34 well-
documented and 10 additional pollution sources estimated based 
on the PE method).  

In this study, all dry weather pollution sources were 
modelled by constant discharge and E. coli concentration. The 
discharges were estimated based on the collected data. The 
associated E. coli concentrations were obtained either from 
measurements, when available, or from characteristic values 
based on the nature of the source (Table 1).  

 
Table 1 Characteristic E. coli concentrations based on the nature of the outlet 

(according to [14]). 

 
Nature of the contribution  

Wastewater Rainwater Mixed waters 

E. coli 
concentration 
(MPN/100mL) 

107 104 106 
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Figure 4: Modelled dry (blue dots) and wet weather pollution sources (yellow 
dots) in the study area. 

Under wet weather, the discharge of the pollution sources 
varies over time depending on the rainfall intensity. When 
available, 1D drainage network models were used to estimate 
the variable discharge over time. This is the case for 50 of the 
75 modelled contributions. E. coli concentration was calculated 
from the values given in Table 1. For the remaining sources, 
whose contribution under wet weather remains unknown, their 
dry weather discharge and concentration were then used. 

For the two wastewater treatment plants, data were available 
to define a daily discharge and E. coli concentration.  

D. Data analysis 
The complete dataset in terms of E. coli (collected by SMV 

over six bathing seasons from 2017 to 2022) is shown in Figure 
5. In the boxplot, all E. coli data available from all measuring 
sites on the Marne River are gathered and presented per year.  

The data in Figure 5 show a strong variability of E. coli 
concentration within a single bathing season, as well as an 
intense interannual variability. The former can be associated 
with local rainfall and discharge conditions which impact the 
microbiological condition of the river leading to strong 
occasional peaks in the FIB concentration. The latter can be 
explained by specific external conditions that characterise a 
whole bathing season. Data from 2017, 2019, 2020 and 2022 are 
comparable in terms of overall microbiological pollution, with 
the average E. coli concentrations under 2 000 MPN/100mL. 
The bathing seasons of 2018 and 2021 show remarkably higher 
E. coli concentrations. The 2018 season was characterised by the 
prolonged (several weeks) bursting of a wastewater pipe in 
Chelles (upstream of the first bathing site) discharging its 
wastewaters directly in the Marne River. In 2021, the Marne 
River was characterised by particularly high discharges that 
might influence the resuspension and/or the mortality rate of the 
bacteria. For these reasons, data of 2018 and 2021 were 
discarded from all further analysis.  

 
Figure 5. Boxplot of measured E. coli concentrations in the Marne River 

during summers from 2017 to 2022. 

E. Model calibration 
1) Hydrodynamics 

The hydrodynamic model was first calibrated using the data 
of water velocity measured by an Acoustic Doppler Current 
Profile (ADCP) at three potential bathing sites along the river 
during the summer of 2022 (Chelles, Saint-Maur-des-Fossés and 
Saint-Maurice). At each site, different ADCP profiles were 
measured. Since the model is in two dimensions, the simulated 
values are the average velocities over the water column. The 
available measurements were therefore aggregated to calculate 
the average measured velocities over the water column. The 
results show good agreement between the measurement and the 
model, as seen in the Figure 6. A Strickler of 40 m1/3/s was 
selected. 

 

Zone of estimated  
pollution sources 

@OpenStreetMap contributors 
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Figure 6: Measured ADCP velocity data at profile 1 of Saint-Maur (upper) and 
comparison between the measured and calculated average velocity (lowers) at 
different profiles. 

2) Water quality under dry weather 
The water quality model was calibrated in terms of E. coli 

under dry weather conditions, by comparing the longitudinal 
profile of E. coli between the model results and the “average” 
dry weather data in the Marne River. To do so, the E. coli data 
collected under dry weather during bathing season were first 
filtered to keep only data corresponding to a representative 
discharge of the bathing season in the Marne (from 30 to 40 

m3/s). Then, the median of the filtered data was calculated at 
each measuring site. The data of 2018 and 2021 were excluded 
from the dataset because of exceptional environmental 
conditions and non-representative of the average dry weather 
profile (see section II.D).   

A simulation with a constant discharge of 37 m³/s was 
carried out. Model results were then extracted (under stationary 
condition) at each measuring station and were compared to the 
calculated medians.  

The main model parameters involved in the calibration were 
the mortality rate, the settling velocity, the critical shear stress 
for re-suspension (see in II.B). Contamination sources were also 
included in the calibration process. Indeed, preliminary tests 
showed that the 34 documented dry weather sources were not 
sufficient to correctly reproduce the longitudinal profile of 
E. coli concentration observed in the river under dry weather. In 
particular, the average E. coli concentration observed under dry 
weather between the measuring sites SMV5 and SMV9 was 
underestimated by the model. Therefore, additional sources 
were estimated from the non-conformity rate of the local 
watershed and the population data. This allowed to estimate a 
population equivalent of around 18 000 discharging 
wastewaters in the Marne River. Such contribution was 
therefore distributed to 10 contamination inputs located between 
the measuring sites SMV5 and SMV9. 

F. Model validation under wet weather 
The model was then validated under wet weather conditions 

by simulating two consecutive rain events on the 14th and 16th of 
August 2022. The two events started respectively at 15:25 on the 
14th and at 18:49 on the 16th. They were characterised by a total 
rainfall depth of 9.6 mm and 14.8 mm respectively over a span 
of roughly five hours for the first event and 30 minutes for the 
second one.  These events were selected because of (i) the 
amount of E. coli measurements in the days following the 
events, which allowed a comparison with the model results and 
(ii) the difference in their intensity. 

A six-day simulation was run from the 14th until the 19th. The 
contributions of the 75 modelled sources (discharge and E. coli 
concentration) were estimated as described in section II.C. A 15-
minute time interval hydrograph measured at the Gournay-sur-
Marne station was applied at the upstream boundary of the 
model. Model results in terms of simulated E. coli concentration 
were compared to the measurements at the five potential bathing 
sites.  

III. RESULTS AND DISCUSSION 

A. Dry weather model results 
Results of the calibrated model at each measuring site from 

upstream to downstream the Marne River are shown in Figure 7. 
They are compared to the median of the SMV data collected 
under dry weather conditions over the bathing seasons 2017, 
2019, 2020 and 2022.  

Regarding the measurements, the graph shows the typical 
microbiological profile of the Marne River under dry weather 
conditions: a decrease in the E. coli concentration between 
SMV0 and SMV16 followed by a strong increase in the 
concentration at SMV3B. Between SMV17 and SMV9 is a 
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sector in which the E. coli concentration remains at high values. 
Downstream of SMV10, absence of major pollution sources 
leads to the decrease in E. coli concentrations. The dry weather 
medians of the different bathing seasons show a similar pattern, 
comparable in terms of order of magnitude. 

The coupled TELEMAC-2D/ WAQTEL model reproduces very 
well the dry weather microbiological profile of the Marne River, 
as represented by the green line in Figure 7. The interplay between 
the mortality rate derived from [5] and the contamination 
sources is well balanced and allows the model to reproduce all 
macroscopic variations in E. coli concentration. Nevertheless, 
the model tends to approach the maximum values within the 
measured years, i.e., 2022. As discussed previously, strong 
annual variability can be observed from the measurements. For 
instance, the concentration values in 2020 are particularly low 
and, for some sites, considerably lower than the other years. In 
order to avoid any underestimation of the pollution in the study 
area, it was then decided to calibrate the model with the higher 
range of concentrations of E. coli. 

 
Figure 7: Model results under dry weather: longitudinal evolution of the 

measured (SMV) and simulated E. coli concentrations. 

 

B. Wet weather model results 
Model results at the five potential bathing sites are shown in 

terms of E. coli concentration in Figure 8, together with the 
results of three consecutive SMV measuring campaigns carried 
out on the 16th, 18th and 19th of August 2022. At the Saint-Maur-
des-Fossés bathing site, data from an additional transversal 
profile are also available on the 17th of August.  

The coupled TELEMAC-2D/WAQTEL model results are very 
satisfactory at five potential bathing sites. At each site, three 
observations are available to evaluate the model performance 
(four at the Saint-Maur-des-Fossés site).  

The first SMV campaign is conducted on the 16th of August, 
about 40 hours after the first rain event but before the start of the 
second one. The observations are well reproduced at the sites 
Chelles and Champigny-sur-Marne. Differences between model 
results and observations can be seen at the sites of Nogent-sur-
Marne. It must be noted that a measurement problem was 
identified in 2022 at this site. Downstream of the study area, a 
possible time lag is observed at Saint-Maur-des-Fossés and 
Saint-Maurice. 

 
Figure 8: Model results and measurements of E. coli concentration during the 
validation simulation at the five potential bathing sites. 

Measurements taken on the 18th of August are very well 
reproduced by the model, except at the Nogent-sur-Marne site. 
These measurements were taken 40 hours after the second rain 
event. 
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The latter campaign (19th of August) was taken when the 
impact of the second rain event was over, i.e., under dry weather 
conditions. The E. coli concentrations are correctly reproduced 
by the model at all sites. This confirms that the average dry 
weather conditions are correctly simulated by the model. 
Eventually, data from the transversal profile taken on the 17th of 
August at Saint-Maur-des-Fossés (around 15 hours after the 
second rain) are also extremely well reproduced by the model. 

In general, the good agreement between simulated and 
observed concentrations shows that the model is capable to 
correctly reproduce the impact of a rain event on the 
bacteriological dynamic in the Marne River. This is of particular 
importance in the management of a bathing site. 

An extract of the 2D model results in terms of E. coli 
concentration under wet weather conditions is show as an 
example in Figure 9. The figure represents the simulated E. coli 
concentration at 21:30 of the 16th of August, around two hours 
and a half after the second rain event. The main pollution sources 
are marked with black arrows. The figure stresses out the 
importance of the development of a 2D model by showing how, 
at multiple locations, the presence of morphological features 
such as islands or bends which influence the transversal mixing 
dynamics, resulting in local differences in the E. coli 
concentration on the two banks of the river. As seen from Figure 
9:, the Nogent-sur-Marne bathing site is mainly impacted by the 
pollution source located upstream of the three following islands: 
Île d’Amour, Île du Moulin and Île des Loups. Due to the 
presence of these islands, the E. coli concentrations are less 
diffused but concentrated on the left channel. Hence, the impact 
of this source to the site Nogent-sur-Marne, which is located on 
the right bank is less. On the other hand, without the presence of 
any morphological features, the diffusion of the pollution 
sources located upstream of Champigny-sur-Marne and Saint-
Maurice looks quite homogeneous over the river cross section 
after a certain distance. 

 

 
Figure 9: Extract of the 2D model in terms of E. coli concentration under wet 
weather conditions. 

 
 

C. Discussion 
The results presented in the previous sections show that the 

coupled TELEMAC-2D and WAQTEL model can be used for the 
modelling of the microbiological dynamics in a complex 
riverine system such as the Marne River. It can model not only 
the “average” dry weather stationary conditions, but also the 
time-dependent and event-dependent wet weather conditions. In 
fact, modelling the microbiological dynamics in a riverine 
environment under wet conditions entails a higher grade of 
complexity compared to the stationary dry weather simulation. 
Under wet weather, the multiple factors are complicated by the 
addition of a time-varying component. Indeed, the estimation of 
pollution inputs after a rain event is not an easy task.   

The developed modelling chain involves different stages: 
from rainfall-runoff modelling at the scale of the watershed to 
1D hydrodynamic transfer via sewage system simulation to 2D 
coupled hydrodynamic and microbiological modelling. It is 
necessary to note that in the development of such modelling 
chain, multiple hypothesis have been taken. Overall, the 
developed modelling tool can be considered reliable and robust, 
and the methodology used for its development can be extended 
and applied to different study sites.  

However, it has to be highlighted that a high level of detailed 
information (multiple data sources, extensive knowledge of the 
watershed and of the sewage system, availability of drainage 
system models and so on) is needed for the development of the 
present modelling chain. Moreover, the availability of an 
extensive dataset of E. coli concentration, covering six bathing 
seasons and at 18 measuring sites over around 30 km of river 
was paramount for the development (calibration and validation) 
of the model. 

 
Figure 10: Example of model results: classification of pollution sources in dry 
weather (upper) and simulation of the impact of a rain event (lower) at the 
bathing site of Saint-Maur-des-Fossés. 

@OpenStreetMap contributors 
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The resulting model is a powerful tool that can be exploited 
for the management of water quality at bathing sites. The model 
can be used to classify the pollution sources and to carry out 
future scenarios, both under dry and wet weather. This allows to 
identify the main sources and to plan adequate actions for the 
improvement of water quality on the study area (Figure 10). 

The results of this work show that the coupled TELEMAC-2D  
and WAQTEL model can be successfully used to reproduce a 
complex dynamic such as that of the E. coli in a riverine 
ecosystem. However, through the different tests performed, it 
was observed that the coupled model struggles when the river 
discharge increases strongly. This work was carried out in the 
framework of a recreational use of future bathing sites. For this 
reason, the model was set up under quite low river discharge 
conditions (less than 50 m3/s). Preliminary data analysis showed 
that with higher discharges (e.g., greater than 100 m3/s), 
measurements of E. coli also increased consistently. The reason 
behind this behaviour is still uncertain and could be related to an 
ensemble of factors: (i) higher discharge causing an increase in 
turbidity and a decrease in the overall mortality rate of the 
bacteria, (ii) higher velocity causing bacteria to impact a greater 
area during their survival time, or (iii) re-suspension processes 
introducing in the river an additional stock of pollutants trapped 
in the sediments. The model is not able to capture these 
phenomena and tends to underestimate microbial concentrations 
under higher discharge conditions. Such limitations should be 
further addressed in order to achieve a more robust and 
adaptable model configuration. 

Finally, the execution of a long-term simulation covering a 
whole bathing season (four months) within the framework of 
this study could also have provided additional information. For 
instance, it would allow to directly calculate the 90th percentile 
value from the simulated E. coli concentrations, an important 
indicator for the classification of bathing water quality [3]. 

IV. CONCLUSIONS AND PERSPECTIVES 
In this paper, a coupled TELEMAC-2D and WAQTEL model 

has been developed to model the transfer of E. coli bacteria from 
different point sources to five bathing sites on the Marne River. 
The results show that developed model is a robust and powerful 
tool for the management of water quality of bathing sites. 

The approach used in this work is close to that of digital twin: 
it entails the use of multiple models in a chain capable of taking 
into account the physical processes of rainfall, runoff 
production, transport through the watershed (potentially, 
through a drainage system) and impact on the receiving 
environment.  

The development of such an approach can lead to an 
integrated and quasi real-time management of the drainage 
system and of the bathing sites located in the receiving 
environment. 
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Abstract –A three-dimensional water quality model coupled to a 
sediment transport model is constructed to simulate the spatial 
and temporal variations of dissolved oxygen concentrations in the 
Loire estuary. It includes the major biogeochemical processes 
influencing oxygen consumption and production in the water 
column: algal growth and mortality, organic matter degradation, 
exchange with the atmosphere, and the influence of nitrogen load. 
Biogeochemical fluxes are based on the submodule EUTRO from 
the module WAQTEL, with new developments to includes the 
specific features of the interactions between the organic fraction 
of SPM and the water quality variables for applications in turbid 
estuaries. The organic matter is represented as a fraction of the 
total suspended matter concentration. The model is calibrated 
using an extensive set of observations collected in Summer 2019 
within the estuary: high-frequency observations of dissolved 
oxygen concentrations at 5 monitoring stations, and biweekly 
measurements of chlorophyll a and ammonium concentrations at 
6 locations. The error between modelled and observed dissolved 
oxygen concentration is estimated by means of the Willmott Skill 
Score (WSS). A WSS above 0.7 on a scale of 0 to 1 is obtained for 
all stations, demonstrating the ability of the model to represent the 
variability of oxygen concentration within the estuary under the 
influence of tides, river inputs and SPM distribution. 

Keywords: dissolved oxygen, Loire estuary, estuarine turbidity 
maximum 

I. INTRODUCTION 
The Loire estuary is a highly turbid and macrotidal estuary 

located in France in the Bay of Biscay. It is the outlet of the Loire 
River drainage basin, covering a surface of about 117 000 km2. 
The Loire River has a mean annual flow of 842 m3/s over the 
period 1971-2021 at Montjean-sur-Loire [1], the most 
downstream hydrometric station not influenced by the tides.   

Dissolved oxygen in estuaries is of primary importance for 
benthic and pelagic fauna. More specifically, fish responses to a 
depleted oxygen level include altered capacity for migration and 
reduced growth of salmonids at level below 5 mg/l (threshold for 
hypoxia), increased juvenile mortality, reduced growth and 
productivity, increased mortality of salmonids at level below 3 mg/l 
(critical threshold), mortality for most species at level below 2 mg/l, 
and for all species below 1 mg/l ( lethal threshold) [2].  

In the Loire estuary, the main process of oxygen depletion is the 
degradation of organic matter associated with sediment aggregates. 
Depleted levels of oxygen are caused by [2]: 

• High water temperature in Summer which accelerates 
organic matter degradation and the associated oxygen 
consumption 

• Low river inflow conditions which limit the water renewal 
and increase the residence time of particulate organic matter 

• High tidal range which tends to resuspend estuarine mud 
deposited on the bed 

As a result, observations show recurrent events of oxygen 
depletion in Summer during low river flow and increased water 
temperature. The most intense are observed during spring tides in 
the Estuarine Turbidity Maximum Zone (ETMZ).  

  The objective of this work is to develop a three-dimensional 
model of dissolved oxygen (DO), coupled to the hydrosedimentary 
model of the Loire estuary. At first, datasets available for the 
calibration are presented in II, then a brief overview of the 
hydrosedimentary model is given in III. The procedure for the 
inclusion of water temperature and light attenuation are described 
in section IV and section V. The processes of the oxygen model and 
its coupling with the hydrosedimentary model is described in 
section VI . Comparison of modelled results against observations is 
presented and discussed in section VII.  

II. DATASETS AVAILABLE 

A.  High frequency monitoring 
DO concentrations measurements at 10 to 60 minutes 

interval are made available at 6 stations (Donges, Paimboeuf, 
Cordemais, Le Pellerin, Trentemoult, Bellevue) along the Loire 
estuary for the years 2007-2019. It is part of the measurements 
recorded by the network of hight frequency monitoring stations 
called SYVEL, installed and maintained by the Groupement 
d’Intérêt Public Loire Estuaire (GIP Loire Estuaire), a 
public/private sector partnership organisation dedicated to the 
Loire estuary, with contributions from other stakeholders [3]. 
This network also records water temperature and turbidity 
measurements. In addition to SYVEL, a sensor at Montjean-sur-
Loire provides high-frequency measurements of water 
temperature. 

B. Monthly and bi-monthly survey 
Regular measurements of water quality parameters are made 

as part of the monitoring programs for the Loire estuary 
organised by the French Water Agency, the departmental 
directorate of territories (direction départementale des territoires 
et de la mer - DDTM), and the French Research Institute for 
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Exploitation of the Sea (Institut français de recherche pour 
l’exploitation de la mer - IFREMER). It is based on the 
collection of in situ water samples near the surface at fixed 
monitoring stations. All data are available through the 
NAIADES portal [4], starting from year 2005. The frequency is 
monthly or bimonthly. For this work, the water quality 
parameters dissolved oxygen (O2), the biochemical oxygen 
demand (BOD), ammonium (NH4

+), and Chlorophyll a  (Chl a)  
as a proxy of phytoplankton biomass are extracted from 2010 
onwards.  Chl a measurements are generally available only 
during the productive period, from March to October. Figure 1 
shows the locations of the stations used for calibration. 

 
Figure 1. Locations of the stations used for calibration with specification on 

the type of data : high-frequency sensors (SYVEL) or in situ sampling survey 
(NAIADES ) 

III. THREE-DIMENSIONAL MODELLING OF ESTUARINE 
CIRCULATION AND SUSPENDED SEDIMENT TRANSPORT 

A. Model domain 
The model domain encompasses the whole estuary, from the 

mouth of the estuary up to the kilometre point 99, identified as 
the limit for the influence of the tides (Figure 2). It extends 100 
km offshore in the Bay of Biscay. The model grid is composed 
of approximately 55000 nodes for each horizontal plane and 
there are 12 layers from top to bottom. 

 
Figure 2. Model grid 

B. Modelling hydrodynamic and sediment transport 
An overview of the development of the three-dimensional 

numerical model is given in the companion paper, published in 
the TELEMAC User Conference 2022 [5]. It gives an extensive 
description of the configuration, calibration and results of the 
hydrodynamic model coupled to a sediment transport model. 
Most importantly, the numerical model represents the specific 
features of the ETMZ and the estuarine circulation under the 

influence of tides, inputs of freshwater from upstream and 
density gradients. 

IV. WATER TEMPERATURE 

A. Methods 
For this application, it is assumed that vertical variations of 

temperature are negligible in the internal estuary and do not 
significatively influence the density gradient, controlled by 
salinity and Suspended Particulate Matter (SPM). The variations 
of mean daily water temperature as a function of the time t and 
the longitudinal distance x T(x,t)  are calculated using the 
following sinusoidal equation established in a report of the port 
of Le Havre and Saint-Nazaire, and documented in [6]and [7]: 

 T(x,t)=Ta(x)+Tb(x) sin(2 p (t-T_phase)/365.25)  (1) 

With t the time, x the distance, and the following parameters 
Ta and Tb : 

 Ta (x) = (Tmax(x)+Tmin(x))/2 (2) 

 Tb (x) = (Tmax(x)-Tmin(x))/2 (3) 

Tmin is the annual water temperature and Tmax is the annual 
maximal water temperature. T_phase is the phase of the annual 
curve which determines the position of the maximum over the 
course of the year.  

B. Fitting procedure 
High frequency datasets of the water temperature are used to 

calculate the best parameters Tmin and Tmax and represent the 
seasonal variation. At each date, the longitudinal profile of the 
temperature is obtained by linearly interpolating the temperature 
between stations. The fitting procedure is based on the 
calculation of the least-square residual. Daily means were 
already available for the station of Mauves-sur-Loire. High-
frequency datasets are processed by the following method for 
each station: 

• Datasets starting from 1st January 2007 are used 

• A daily mean of the water temperature is calculated. If the 
number of recorded values for the day is below 48 for a 
record at 15-minute intervals, or below 12 for hourly 
measurements, the daily mean is considered as not 
representative and discarded. 

• At the final stage, the interannual daily temperature is 
calculated for the years to obtain a representative seasonal 
cycle of the daily temperature. 

Tmin ranges from 5.90 to 7.35 degrees, while Tmax ranges from 
23.00 to 21.23 degree Celsius depending on the stations 
(Table I). The number of years represent the average number of 
years available for the calculation of the interannual daily mean. 
It is in the order of 10 years, apart from stations Cordemais and 
Donges, where the time-series is only 6 or 7 years. 

From upstream to downstream, Tmin is increased while Tmax 
is reduced (Table I and Figure 3). It illustrates the reduced 
amplitude of the annual temperature near the mouth of the 
estuary, as representative of ocean water. The degree of 
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correlation between the fitted curve and the interannual seasonal 
cycle of the temperature is above 0.99 for all stations, indicating 
that the fitted curve is representative of the observations. 

Table I Results of the fitting procedure 

Station Tmin Tmax Tphase Number 
of years 

Correlation 
coefficient 

- °C °C days - - 

Montjean-
sur-Loire 5.90 23.29 110.69 9.71 0.9944 

Mauves-sur-
Loire 5.79 23.68 111.27 10.60 0.9960 

Bellevue 5.44 23.26 111.11 11.24 0.9961 

Trentemoult 6.19 23.00 111.12 11.59 0.9951 

Le Pellerin 6.22 23.06 111.69 11.20 0.9950 

Cordemais 6.19 22.58 114.67 6.13 0.9946 

Paimboeuf 6.90 21.65 115.88 9.45 0.9950 

Donges 7.35 21.23 119.49 7.33 0.9943 

 

  
Figure 3. Interannual daily surface temperature, fitted curve and number of 

value used to calculate the interannual value at the downstrean station 
(Donges). 

V. LIGHT ATTENUATION 

A. Solar radiation 
The numerical model reads the solar radiation variable in 

time and space. The datasets used are the hourly mean surface 
downward short-wave radiation flux provided by ERA5. The 
grid horizontal resolution is 0.25 degrees. A correction factor of 
0.45 is applied to extract only the visible fraction of the 
radiation, used by aquatic phytoplankton during photosynthesis. 
The diurnal variation for available solar radiation is taken into 
account. 

B. Light attenuation in the water column 
Light attenuation in the water column varies according to the 

Beer-Lambert law : 

 Iz2=Iz1 exp(-Kd (z2-z1)) (4) 

With Iz2 the light at depth z2, Iz1 the light at depth z1, Kd 
the light attenuation coefficient in m-1 between z1 and z2, z1 and 
z2 the water depth. The attenuation coefficient is variable in time 
and space, and calculated as a function of SPM concentration, 
using the formulation defined specifically for the Loire estuary 
using observations [8]: 

 Kd=4.59 Log (SPM-3.57) (5) 

With SPM in mg/l. This function is valid for SPM 
concentration ranging from 10 to 500 mg/l. Il is considered for 
the calculation a minimal SPM concentration of 7 mg/l, which 
gives a minimal Kd of 0.31 m-1. 

VI. THREE-DIMENSIONAL MODELLING OF DISSOLVED 
OXYGEN CONCENTRATION 

A. General description 
The choice of the state variables takes advantages of the 

existing literature on water quality models of the Loire estuary 
[6][7] and Gironde estuary [10]. The following phenomena are 
identified as the key processes: 

• Oxygen consumption by particulate organic matter of 
terrestrial, urban and detrital origin. 

• The oxygen consumption by nitrification of the detritus in 
ammonium NH4

+ 

• The exchanges of oxygen with the atmosphere. 

The state variables of the water quality model are dissolved 
oxygen (O2), ammonium (NH4

+), the particulate organic 
detritus (NOR), the phytoplankton PHY expressed as 
chlorophyll a, and the biochemical demand (BOD5). 
Temperature is a diagnostic variable, which influences 
biogeochemical fluxes. The state variables are tracers in the 
model, subject to advection, and dispersion. In addition, source 
and sink terms representing the biogeochemical fluxes between 
the state variables are considered (Figure 4). For this purpose, 
the WAQTEL module is activated and coupled with 
TELEMAC-3D, GAIA and TOMAWAC. 

 
Figure 4. State variables (O2, PHY, NH4, BOD5, NOR) and biogeochemical 

fluxes 
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The source and sink terms or biogeochemical fluxes 
activated for the state variables of the oxygen model are 
summarized below: 

 F(PHY)=algal net production (6) 

 F(NH4) = -algal net prod. + NOR decay – nitrification(7) 

 F(O2) = algal net prod. -nitrification – BOD decay - 
reaeration/degassing (8) 

The state variables PHY, NH4 and NOR are advected. The 
variables NOR and BOD5 are expressed as forcing variables, 
proportional to the other prognostic variables SPM and PHY. 
The formulations of the biogeochemical fluxes are detailed in 
the following sections. 

B. Organic Matter 
1) NOR 

The particulate organic matter NOR is assumed as a fraction 
of SPM. In this way, particulate organic matter is represented as 
a particle subject to deposition, resuspension, without explicitly 
resolving organic matter as a cohesive sediment. 

 NOR=δN x MSO x SPM (9) 

With NOR the particulate organic matter (mg/l), the SPM 
concentration simulated by the hydrosedimentary module, MSO 
the ratio of organic matter in SPM, δN the stoichiometric ratio. 

MSO is established using existing survey and publications. 
Measurements of organic matter in SPM in the estuary done in 
1986 and 1990 during winter and summer indicates [6]: A quasi-
constant ratio of 0.7% for SPM concentration above 100mg/l, 
and a variable percentage of 2 to 6% upstream and 12 to 22% 
downstream for SPM below 100 mg/l. Measurements from a 
benthic survey done in June and October 2008 in the mudflat of 
the Loire estuary gives a value of 6% for MSO [9]. More recent 
measurements. at the station Montjean-sur-Loire provides a 
ratio of 18%, stable throughout the year and the season. This 
ratio agrees with measurements presented by [6]. 

Consequently, the ratio of organic matter MSO is then 
established as a function of SPM concentration. It is a 
calibration parameter of the model. The formulae used provides 
a variation of MSO of 2% in the ETMZ and 5% in areas of low 
turbidity (external estuary): 

 
• If SPM<10mg/l, MSO=5% 

• If 10mg/l<SPM<100mg/l: MSO=-0.33333 x MES+0.05333 

• If SPM> 100mg/l: MSO=2% 

2) BOD 
Measurements of the biochemical oxygen demand (BOD5) 

show a strong correlation with Chl a (Table II). The ratio 
between both parameters is almost constant throughout the 
estuary. This relationship is established using datasets at Sainte-
Luce, Paimboeuf, Cordemais, Couëron, Trentemoult, Saint-
Géréon for several years. 

Table II Correlation between BOD5 and chlorophyll a 

Parameter 

Ratio of 
BOD5 to Chl 
a 

Coefficient of 
determination Years 

Saint-Géréon 0.0560 0.7806 2007-2018 

Sainte-Luce 0.0689 0.799 2007-2018 

Trentemoult 0.0553 0.8152 2013-2020 

Couëron 0.0554 0.7943 2013-2020 

Cordemais 0.0677 0.8098 2007-2018 

Paimboeuf 0.0648 0.6233 2013-2020 

All stations 0.0611 0.7789 2007-2020 

 
BOD5 is representative for the fresh organic matter of 

phytoplanktonic origin. The following ratio is used in the 
model: 

 BOD5=f_BOD x PHY (10) 

With f_BOD equal to 0.06. As a remark, there is no 
correlation between BOD5 and SPM concentration. 

C. Definitions of the biogeochemical processes 
1) Algal net production. 

The algal growth Cp varies with light, nutrient availability, 
and temperature using the formulae: 

 CP=Cmax g1 EFF LNUT (11) 

 Eff=I/Is exp (1-I/Is) (12) 

 LNUT=NH4/(KN+NH4) (13) 

With the maximum algal growth rate Cmax, the factor of 
temperature influence g1. EFF is the light limitation factor, 
varying from 0 to 1 and calculated as the Steele function which 
includes photoinhibition [11]. LNUT is the nutrient limiting 
factor expressed by a Michaelis-Menten formulation. 

Phytoplankton mortality rate (DP) is calculated as: 

 DP=(RP+MP) g2 (14) 

 MP=M1+M2 PHY (15) 

With the algal biomass respiration rate RP, the effect of 
temperature g2, the cellular mortality coefficient M1, and the 
population mortality due to predation or overpopulation M2. 

2) Mineralisation of the nitrogen fraction of the particulate 
organic material. 

The mineralisation of detritus into nitrogen nutrient is the 
following: 

 ΜΙΝΕ=K620 g2 NOR (O2-O2_crit)/(O2_opt-O2_crit)
 (16) 

 g2 = (1.050) (temp-20) (17) 

12



29th TELEMAC User Conference Karlsruhe, Germany, 12-13 October 2023 
 
 

with K620 the transformation rate of non-degradable nitrogen 
NOR modulated by temperature through the influence factor g2 
and the level of oxygenation. More specifically, mineralisation 
is inhibited for oxygen level below O2_crit, fixed at 0.5 mg/l, 
and is augmented at oxygen concentration above the optimal 
oxygen concentration O2_opt of 5.5 mg/l. 

3) Nitrification 
Nitrification is a sink term of oxygen and ammonium. It is 

implemented as : 

 ΝΙΤR=-K520 g2 NH4/(k_NH4+NH4) (18) 

With the kinetics of nitrification K520 and g2 the 
temperature factor. This zero-order kinetics is modulated by the 
concentration of ammonium and the half-saturation constant 
k_NH4 set at 0.3 mg/l through a Michaelis-Menten law. At high 
ammonium concentration, nitrification is increased which 
compensated the high production of ammonium by 
decomposition of organic matter in the ETMZ. It represents the 
self-cleaning character of the ETMZ for nutrients. 

4) Oxygen concentration related to degradation of BOD5 
The degradation law of the biogenic organic matter is 

expressed as : 

 DEG_BOD=-K120 g3 BOD5 (19) 

 g3 = (1.047) (temp-20) (20) 

With the kinetics of degradation K120 and g2 the 
temperature factor. This zero-order kinetics is modulated by the 
concentration of ammonium and the half 

5) Exchange of oxygen with the atmosphere. 
 

The exchange of oxygen from air to water is described by: 

 EXCH= k2 g4 (Cs-[O2]) (21) 

 g4 = (1.025) (temp-20) (22) 

with Cs the oxygen saturation constant, calculated as a function 
of temperature and salinity. The gas transfer k2 is a constant.  

6) Synthesis and biogeochemical parameters 
The source and sink terms for the state variables of the 

oxygen model are described below: 

 F(PHY)=(Cp-Dp) PHY (23) 

 F(NH4) = fn (dtn DP -CP) PHY + k620 g2 NOR x (O2-
O2_crit)/(O2_opt-O2_crit) – k520 x NH4 / (k_NH4 + NH4) 

g2 NH4 (24) 

 F(O2) = f(Cp-Rp) g1 PHY -n k520 x NH4 / (k_NH4+NH4) 
g2 (NH4) – k120 g3 BOD5 +k2 g4 (Cs-O2) (25) 

The variables NOR and BOD5 are expressed as forcing 
variables, proportional to other prognostic variables SPM and 
PHY (equation 9 and 10). 

The calibration and the set-up of the dissolved oxygen model 
has led to a set of specific values for the parameters (Table III). 

Table III Parameters of the biogeochemical fluxes 

Parameter Symbol Unit Value 
Kinetic degradation constant for 
the organic load at 20°C K120 d-1 0.18 

Convertion coefficient of BOD5 f_BOD - 0.06 
Stoichiometric equivalent 
between organic matter and 
phosphorus 

δN - 0.08 

Percentage of organic matter MSO % Variable 5% 
to 2% 

Transformation rate of NOR 
into NO3 through heterotrophic 
and autotrophic bacterial 
mineralisation 

K620 d-1 0.008 

Reaeration coefficient K2 d-1 0.45 

Kinetics of nitrification at 20°C K520 d-1 2.9 
Half-saturation constant for 
nitrification K_NH4 mg/l 0.3 

Quantity of oxygen consumed 
by nitrification n mg O2 / 

mg NH4 
5.2 

Oxygen produced by 
photosynthesis f mg O2 / 

mg Chl a 0.15 

Algal biomass respiration rate at 
20°C RP d-1 0.05 

Algal mortality coefficient at 
20°C M1 d-1 0.1 

Algal mortality coefficient at 
20°C M2 d-1 0.03 

Average proportion of directly 
assimilable nitrogen in living 
phytoplankton 

fn mg N / 
mg Chl a 0.0035 

Proportion of directly 
assimilable nitrogen in dead 
phytoplankton 

dtn % 0.5 

Algal growth maximum rate at 
20°C Cmax d-1 1.7 

Nitrate  half-saturation constant KN mg N / l 0.03 
Optimal irradiance for 
photosynthesis  Is W.m-2 86 

O2 optimal concentration for 
mineralisation O2_opt mg/l 5.5 

O2 critical concentration for 
mineralisaton O2_crit mg/l 0.5 

 

D. Initial conditions 
At the starting date of the simulation, the water quality 

variables are constant, except for NOR and SPM concentrations. 
SPM concentration is initialised with a previous computation 
file extracted from a simulation with the hydrosedimentary 
model run over a whole year. This ensures that the SPM spatial 
distribution at the initial time is representative, with the accurate 
position of the ETMZ. Dissolved oxygen concentration is 8 
mg/l, Chl a concentration is 10µg/l, and ammonium 
concentration is 0.05mg/l. NOR and BOD are calculated as a 
fraction of SPM concentration and Chl a, as specified by 
equation (9) and (10), respectively. 

E. Boundary conditions 
The offshore boundary conditions are established using 

results from a regional model covering the Bay of Biscay called 

13



29th TELEMAC User Conference Karlsruhe, Germany, 12-13 October 2023 
 
 

IBI and available through the Copernicus marine data store [12]. 
IBI provides daily mean concentration of Chl a, ammonium, and 
dissolved oxygen. A comparison of IBI modelled results against 
observations at the buoy MOLIT located offshore near the 
boundary has demonstrated that IBI represents accurately the 
seasonal trend in the observations, but not their detailed daily 
fluctuations. Therefore, only a mean value for summer 2019 has 
been extracted and prescribed. The results are in Table IV. 

Table IV : Value of the state variables at the offshore boundary 

State 
variables 

units Offshore 
boundary source 

PHY µg/l 10 Regional model IBI, mean value 
in summer 2019 

NH4 mg/l 0.05 Regional model IBI, mean value 
in summer 2019 

O2 mg/l 8 Regional model IBI, mean value 
in summer 2019 

NOR mg/l equation (9)  NOR is a fraction of SPM 

BOD5 mg/l equation (10) BOD5 is a fraction of PHY 

 

At the upstream boundary, measurements from NAIADES 
are used to prescribe the concentration of the state variables 
PHY and NH4 (Table V). For dissolved oxygen, the saturation 
constant is calculated using high frequency temperature 
measurements and then the final dissolved oxygen concentration 
is derived from the saturation constant using a percentage 
saturation of 93%, representative of the degree of saturation 
during summer 2019 and calculated using datasets from 
NAIADES.  

Table V : Value of the state variables at the upstream boundary 

State 
variables 

units Upstream 
boundary source 

PHY µg/l 5 Measurements at Montjean-sur-Loire 
in Summer 2019 

NH4 mg/l 0.05 Measurements at Montjean-sur-Loire 
in Summer 2019 

O2 mg/l Cs*0.93 

Cs is calculated using temperature 
measurements at Montjean-sur-Loire. 
Percentage of saturation set at 93% 

using bimonthly measurements 

NOR mg/l equation 
(9)  NOR is a fraction of SPM 

BOD5 mg/l equation 
(10) BOD5 is a fraction of PHY 

 

F. WWTP outfalls in the estuary 
The outfalls from the five major Wastewater Treatment Plant 

(WWTP) are included in the model domain. The discharge rate 
and the concentration of the effluent in SPM, NH4 and O2 are 
available through the environmental monitoring conducted to 
meet the national regulations (Table VI). Dissolved oxygen, 
which is not measured, is estimated using the water quality class 
defined by the concentration in BOD5, using the French water 
quality standards. It is assumed that the Chl a concentration is 
zero in treated wastewater effluent. 

 

 

Table VI : WWTP discharge rate and effluent concentration 

Name of the 
WWTP 

Discharge 
rate SPM NH4

+ O2
* Chl a * 

m3/s mg /l mg 
(NH4)/l 

mg 
(O2)/l µg/l 

Saint-Nazaire 
Ouest 0.139 5.5 2.6 7 0 

Saint-Nazaire 
Est 0.123 2.8 0.9 7 0 

Nantes 1 Tougas 1.211 8.3 6.5 7 0 
Nantes 2 Petite 
Californie 0.353 10.4 6.4 4 0 

Ancenis la 
Bigoterrie 0.073 3.5 1.6 7 0 

*. Estimation 

VII. COMPARISON OF MODEL RESULTS AGAINST 
OBSERVATIONS 

A. Dissolved oxygen : comparison with high frequency 
measurements 
Figure 5 demonstrates that the model realistically 

reproduces the seasonal variation under the influence of the 
upstream river discharge, the spring-neap tidal cycle and the 
semi-diurnal cycle (variations between high tide and low tides) 
of the observed dissolved oxygen concentration at all stations 
(see locations on Figure 1). The range of modelled oxygen levels 
is 4 to 9 mg/l at Bellevue, and 2 to 8 mg/l at Trentemoult, in 
agreement with observations. Cordemais and Le Pellerin are 
representative of depleted oxygen conditions coinciding with 
the ETMZ during the low flow conditions, with a range of 2 to 
6 mg/l. Observations indicates depleted level up to 1 mg/l during 
high tide in the ETMZ. At Donges, representative of the 
estuarine mouth, modelled and observed dissolved oxygen vary 
from 4 to 7 mg/l. 

   Bellevue 

 
Trentemoult 
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Le Pellerin 

 
   Cordemais 

 
Donges 

 
Figure 5. Surface DO : Comparison of model results (red lines) against 

observations (blue dots) at 5 stations in 2019. River flow is the black line 

The error between observations and model for dissolved 
oxygen is estimated using the Willmott Skill Score (WSS) [13], 
for each station SYVEL from 11/06/2016 to 05/10/2019. The 
time step is 1 hour, which corresponds to the lowest temporal 
frequency of dataset. WSS is defined by: 

WSS = 1 −  ∑(Ymod−Yobs)2

∑��Ymod−Yobs��������+|Yobs−Yobs��������)2
(26) 

With the modelled concentration Ymod, the observed 
concentration Yobs and Yobs������ the mean observed concentration. 
It is considered that a model accurately reproduces dissolved 
oxygen when WSS is above 0.7 [10]. A WWS ranging from 
0.731 to 0.886 is obtained (Table VII). This result indicates that 
the model accurately reproduces dissolved oxygen fluctuations 
in Summer 2019. 

Table VII : Estimation of WSS for dissolved oxygen 

Station: 
Number of measurements WSS 

Donges 928 0.731 

Paimboeuf 0 - 

Cordemais 2805 0.761 

Le Pellerin 2787 0.859 

Trentemoult 2082 0.886 

Bellevue 2713 0.874 

 

B. Ammonium : Comparison with in situ measurements 
Observed ammonia concentrations available are bimonthly 

or monthly surface measurements. They are representative of 
seasonal variations. Results are plotted over the whole year to 
show the seasonal trend in the observations. The comparison of 
modelled concentration against observations shows that 
modelled concentrations are in the range of value at Saint-
Géréon, Donges and Cordemais (Figure 6). At Sainte-Luce, 
Trentemoult, and Couëron, the model tends to overestimate 
concentration, with values ranging from 0.1 to 0.4 mg/l instead 
of 0.1mg/l in the observations. which means that the filtering 
effect of the ETMZ is slightly underestimated by the oxygen 
model. 

   Saint-Géréon 

 
Sainte-Luce 

 
   Trentemoult 

 
   Couëron 

 
   Cordemais 

 
Paimboeuf 

 
Figure 6. Surface ammonium : Comparison of model results (grey line) 

against observations (grey dot: in situ measurements, blue dots with error bar: 
percentile 10%, median, percentile 90% for the past 10 years and per month)  
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C. Chl a : Comparison with in situ measurements 
Modelled Chl a concentration is approximately 5 mg/l at all 

stations during the whole simulation period in Summer 2019 
(Figure 7). Observations in 2019 are scarce, however some 
samples are up to 20 mg/l in August, which suggest that 
ephemeral peaks and/or heterogeneities occurs in phytoplankton 
distribution which are not represented by the model. The 
interannual monthly median value, the 10% percentile and the 
90% percentile over the past ten years is also plotted to assess 
the seasonal variability of Chl a measurements. It shows that 
samples collected in year 2019 are representative of a low 
productive year. 

   Saint-Géréon 

 
Sainte-Luce 

 
Trentemoult 

 
Couëron 

 
Cordemais 

 
 

 

Paimboeuf 

 
Figure 7. Surface Chl a : Comparison of model results (green line) against 

observations (green triangle: in situ measurements, blue dots with error bar: 
percentile 10%, median, percentile 90% for the past 10 years and per month) 

VIII. CONCLUSION 
The model developed in this work is based on a simple 

biogeochemical model coupled to a hydrosedimentary model. 
Comparison with observations demonstrates its ability to 
reproduce the seasonal trends and the variation in DO 
concentration under the influence of the tidal cycles and the 
subsequent SPM distribution, more specifically intensity and 
location of the ETMZ. It provides a useful tool for investigating 
the response of the system to anthropogenic activities and 
variations in hydrologic and meteorological conditions.  
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Abstract – To help with the assessment of oil spills in the Thames 
Estuary, a new validated TELEMAC2D model was created, 
extending an existing shelf model 58.5 km up the full tidal extent 
of the estuary. Using a harmonic decomposition, the results of the 
model were converted into their individual harmonic components 
to force an operational emergency response oil spill model. 
Testing of a hypothetical oil spill near Tilbury Port showed a 
distinctly different spatial extent of an oil spill, with the plume 
travelling further upstream of the release site, compared to with 
the old hydrodynamic forcing, whilst the downstream plume 
extent remained similar. The new improved model forcing will 
allow an improved ability to assess the risk of oil spills within the 
Thames Estuary that could not be achieved using the previous 
model.  

Keywords TELEMAC2D, weirs, oil spills. 

I. INTRODUCTION 
Cefas (Centre for Environment, Fisheries & Aquaculture 

Science) has a dedicated Emergency Response team providing 
advice about the environmental impact significance of oil and 
chemical spill incidents in UK waters. Advice and assessments 
are provided to the UK’s Marine Management Organisation 
(MMO) and the Department for Environment, Food and Rural 
Affairs (DEFRA) for each pollution report received, over 200 a 
year. The vast majority are very minor fuel spills that require 
no substantial action. However, some incidents require more 
in-depth advice which involves providing information on the 
likely marine and coastal resources at risk, using modelling to 
understand the fate of the spill or advising the MMO on the 
need for oil dispersant, containment booms or 
fisheries/shellfisheries closures. Examples include the clean-up 
of a diesel spill in 2021, after a train derailment, into the 
Loughor Estuary, Wales, and an oil slick 12 nautical miles off 
the coast near Deal, England in 2022, that raised concerns 
about the potential harm to local seal populations. 

To support the assessment of oil spills, Cefas provide an 
operational emergency response oil spill model, using the Oil 
Spill Contingency and Response component of the Marine 
Environmental Modelling Workbench (MEMW-OSCAR) [1]. 
OSCAR is a deterministic model that uses hydrodynamic and 
wind forcing to drive oil dispersion and accounts for 
weathering, physical, biological and chemical processes 
affecting oil at sea. The primary source of tidal current forcing 
is the Copernicus data portal which provides output with a 
resolution of approximately 1.5 km [2]. Where high-resolution 

in the nearshore region is required, or inclusion of riverine flow 
necessary, a secondary option can be used based on a stored 
database of tidal and residual currents derived from a 
TELEMAC2D hydrodynamic model of the UK shelf 
(developed at Cefas) with resolution down to 500 m in some 
estuarine locations [3]. However, it is desirable to further 
improve the resolution of tidal currents at locations prone to 
spill incidents, associated with large ports and/or high densities 
of shipping traffic. The Thames Estuary was identified as one 
such location. 

II. MODEL DESCRIPTION 

A.  Model Domain 
The existing TELEMAC2D model output provides tidal 

currents up to 3.5 km upstream of the Queen Elizabeth II 
Bridge at Dartford, with a resolution of approximately 50 m. 
To improve the representation of the Thames estuary, a new 
high-resolution TELEMAC2D model (v8p2r1) of the entire 
Thames estuary was created, representing the whole length of 
the Thames River up to the extent of the tidal reach. This added 
a further 58.5 km up the River Thames to the Teddington Weir.  

The new model domain was created using an unstructured 
finite element grid comprising 187,250 nodes (353,431 
elements). The model resolution is approximately 5 m at its 
finest, along the narrowest parts of the River Thames, 
extending to 50 m along the open coastal boundary. Figure 1 
provides an overview of the model domain extent and the 
bathymetric depths. The model domain extends as far east as 
Herne Bay on the Kentish coast and extends west all the way to 
the end of the tidal extent up the River Thames to the 
Teddington Lock and Weir. Initially, the coastal open 
boundary was set at the mouth of the River Thames near 
Canvey Island. However, initial tests showed that the tidal 
elevations were underestimated. As such, the domain was 
extended to its current size to encompass a larger coastal 
region, providing more boundary points to force the boundary 
conditions. This greatly improved the tidal elevations along the 
River Thames. The larger domain also includes the Medway 
Estuary. The domain extends to the end of the tidal reach up 
the River Medway to the Allington Lock and Weir.  

Bathymetry for the model was provided from two sources: 
the DEFRA Marine Digital Elevation Model (DEM) – 1 arc 
second [4] and the Environment Agency’s SurfZone Digital 
Elevation Model 2019 [5]. The SurfZone DEM combines lidar 
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and bathymetric surveys and provides good details on the large 
intertidal regions, such as in the Medway Estuary, but was 

limited to shallow regions near the coastline. As such, the 
remaining areas were filled in with the DEFRA Marine DEM. 

 
Figure 1. Extent of the new TELEMAC2D model domain and notable locations. 

 

The SurfZone DEM has a vertical reference of Ordnance 
Datum Newlyn (ODN) which is referenced to Mean Sea Level, 
whereas the Marine DEM is referenced to Chart Datum. 
Therefore, the Marine DEM was converted from Chart Datum 
to Mean Sea Level using the Vertical Offshore Reference 
Frames (VORF) dataset [6], so that the whole model domain 
used a common vertical datum of ODN. 

Water depths vary along the River Thames, with typical 
depths of approximately 20 m at the mouth near Canvey Island 
to approximately 4 m at upper reaches just before the 
Teddington Weir.  

B. Boundary forcing 
The hydrodynamics are forced along the open maritime 

boundary using 11 tidal constituents (M2, S2, N2, K2, K1, O1, 
P1, Q1, M4, MS4 and MN4) from the OSU TPXO European 
Shelf 1/12° regional model [7]. The TPXO harmonics are used 
to drive the prescribed elevations and velocities at the open 
boundaries. However, a limit was set whereby conditions are 
driven only on parts of the open boundary that are deeper than 
5 m to avoid unrealistic and excessive tidal velocities on the 
intertidal flats near the edges of the open boundary. 

C. River discharges 
The model domain includes three weir structures: the 

Richmond Weir and Teddington Weir on the River Thames 
and the Allington Weir on the River Medway. For 
simplification, Richmond Weir is set in the model with a fixed 
height. However, in reality the weir is open for two hours 
either side of high tide. In addition to the maritime open 
boundary, the model is forced with the two main riverine 
sources at the end of the River Thames, just upstream at the 
Teddington Weir, and the end of the River Medway, just 
upstream at the Allington Weir. Within the TELEMAC model, 
a flow rate coefficient of 0.4 is used for the formulation of river 
flow over the weirs.  

Daily mean river flows were provided by the National 
River Flow Archive [8]. The Thames at Kingston has an 

annual mean flow of 65.5 m3/s. The Medway at Teston has an 
annual mean flow of 11.2 m3/s.  

III. MODEL VALIDATION 

A. Tidal elevations 
To validate the model, tidal elevations were sourced from 

the UK tide gauge network. One tide gauge from the network 
is within the model domain, at Sheerness. To supplement the 
tide gauge record, water levels were also taken from the 
Environment Agency’s flood warning service. However, data 
availability is limited to observations over the last 5 days. As 
such, at the time of this project, 14 days’ worth of observations 
at nine locations along the River Thames in addition to 
Sheerness, between the 31st December 2022 and 14th January 
2023, were taken from the flood warning portal. The only 
exception to this is at Tilbury, where tidal observations were 
missing from the data portal after 10:45 am 8th January 2023.  

The model was run for a ‘spin up’ period of 30 days 
starting on the 1st November 2022, before running for another 
30-day-period over December 2022 to provide sufficient time 
for tidal elevations along the River Thames to reach 
equilibrium and ensure there is no lag from the initial flat 
starting position. Locations of the validation points are shown 
in Figure 3. 

Figure 2 shows the comparison of the modelled tidal 
elevations compared to the observations for three of the nine 
EA tidal records at the upper reaches of the Thames Estuary 
between the 31st December 2022 and 14th January 2023. 
Whilst the results show a deviation in the tidal ranges, these are 
to be expected. The observations include both the 
meteorological effects (such as pressure and storm surges) as 
well as the astronomical effects. Whereas the TELEMAC 
model is purely tidal and does not include the meteorology. 
Pressure records indicate a period of strong low pressure over 
the observation period and the National Tidal and Sea Level 
Facility indicate large positive storm surges occurred 
(however, data are not yet available to include in the boundary 
conditions to force the model), explaining the model under 
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predicting the low and high water levels compared to 
observations. Despite this, the model is shown to perform well 
in replicating the timing on high and low water along the entire 
length of the Thames.  

 
Figure 2. Time series comparison of the modelled (blue) and 
observed (orange) tidal elevations at Richmond, Chelsea and 

Westminster. 

To validate tidal ranges in the model, observed tidal ranges 
at port locations along the Thames and within the Medway 
published on UK Admiralty charts were compared against the 
model results. Table 1 summarises the port locations, their tidal 
ranges and the model results. Results show that, at most 
locations, the predicted tidal ranges are within ±5% which is 
very good. The two locations that have the largest deviation are 
at Kew Bridge and Allington Lock, which are at the upper 
reaches of both the River Thames and the River Medway, 

respectively, and represent areas where the bathymetry is at its 
poorest quality, due to the resolution of the bathymetry 
whereby the width of the river of the river is represented by a 
couple of cells. Whilst this means some of the finer scale 
features may not be captured, results show that the high water 
values are well replicated and the over prediction occurs at the 
low water, which is heavily influenced by the model 
bathymetry. The over prediction in tidal range is likely to over 
predict the downstream dispersion of a plume if released near 
the river boundary. However, this is likely to be restricted to 
the last few kilometres of the estuary where the risk of large-
scale oil spills is minimal due to the lack of ports. Despite these 
two locations near the edge of the model domain, the tidal 
elevations are shown to be well represented across the whole 
domain and are considered to be well validated for their 
intended purposes. 

B. Tidal currents 
Unlike tidal elevations, the availability of tidal current 

observations for validation is much more limited. The only 
available data found was tidal diamond data from Admiralty 
charts. Whilst it not the most reliable data source, it can 
provide a useful insight into the tidal characteristics. As such, it 
will be used as a guide rather than rigid data points. A total of 
twelve tidal diamonds across the model domain were used, 
three of which (A-C) were within the eastern half of the 
Thames. Table 2 shows the results of comparison between the 
model and the tidal diamond data. 

For most of the tidal diamond locations (Figure 3), tidal 
currents are within ±0.2 m/s and all replicate the ebb flow bias, 
with tidal currents being faster on the ebb flow (after high 
water) than the flood tide (before high water). The largest 
discrepancy is at tidal diamond G and H (see Table 2) which 
are located at the mouth of the Medway Estuary, where tidal 
currents are underestimated between 0.5 and 0.8 m/s, despite 
tidal elevations being well replicated in the Medway. There are 
a number of possible reasons to explain this. One reason may 
be a difference in the bathymetric levels on the date of the 
observations compared to those used in the model grid or that a 
local 3D effect is not well replicated in 2D flows. Another 
reason may be that tidal diamonds are typically surface 
samples of tidal currents and may well be heavily influenced 
by the freshwater river flow out of the Medway on the ebb tide 
(not modelled here), water running off the intertidal mudflats 
and potentially meteorological effects (not modelled here). 
Given this, the peak spring currents on the flood tide may 
represent a better reflection of the performance of the tidal 
currents in this location, as the effect of the freshwater 
influence will be negated by the incoming tide and the tidal 
currents will be flooding onto the mudflats instead of off. The 
difference in the modelled tidal currents and the tidal diamonds 
reduces to -0.1 and 0.3 m/s. Given this underprediction is 
spatially limited to inshore of the mouth of the Medway and 
the rest of the model domain performs well, the modelled tidal 
currents are considered to be suitably validated for their 
intended purposes. 
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Figure 3. Location of validation points: tide gauges (black squares), admiralty tidal ranges (red circles) and admiralty tidal diamonds (orange 

triangles). The black box denotes the extent of the OSCAR domain. 

Table 1. Comparison of observed and model tidal ranges at port 
locations. 

 

Table 2. Comparison of modelled peak spring tidal currents and 
Admiralty tidal diamonds. 

Tidal 
Diamond 

Peak Spring 
Current 
(m/s) 

Modelled Peak 
Spring Current 
(m/s) 

Percentage 
Difference (%) 

A 1.39 1.50 7.9 
B 1.44 1.23 -14.6 
C 1.54 1.27 -17.5 
D 0.93 1.08 16.1 
E 1.23 1.07 -13.0 
F 0.77 0.90 16.9 
G 1.80 1.01 -43.9 
H 1.49 0.94 -36.9 
I 0.87 0.76 -12.6 
J 0.87 0.76 -12.6 
K 0.72 0.78 8.3 
L 0.57 0.75 31.6 

IV. OIL SPILL MODELLING WITH OSCAR 

A. Transformation of Telemac outputs into tidal constituents 
The TELEMAC2D model provides instantaneous tidal 

currents and elevations over the unstructured domain. 
However, for the oil spill model, tidal currents are generated 
for a specific time and date based on tidal harmonic 
constituents. Therefore, using a harmonic decomposition 
written in Python, the results of the validated TELEMAC2D 
model over the entire domain (Figure 1) can be converted into 
their individual harmonic components: Z0, M2, S2, N2, K1, 
O1, M4 and M6 tidal constituents together with bathymetry 
information at the mesh nodes.  

Furthermore, OSCAR requires two separate files of the 
residual currents of both the tides and the rivers as the rivers 
are handled separately from the tidal constituents. Therefore, 
the model was rerun twice, one with only the tides and again 
with only the rivers. This then gives OSCAR the ability to 
conducting sensitivity testing for different riverine flows, such 
as summer or winter mean flows.  

B. Conversion into regular grid readable for OSCAR 
Unlike TELEMAC, which uses an unstructured triangular 

grid, OSCAR can only deal with gridded data. Therefore, the 
output of the validated tidal constituents from the Thames 
model was interpolated onto a regular grid. Due to 
computational memory limits, a regular grid, with a spatial 
resolution of 0.0005 by 0.0004 degrees longitude and latitude 
(approximately 35 x 50 m) was defined covering the River 
Thames (see Figure 3), rather than the full domain. Whilst this 
downscaling reduces the very upper reaches of the Thames 
estuary to a single grid point, flow still reaches the entire length 
of the estuary and the larger intertidal areas found in the lower 
reaches of the estuary and are still well covered.  

 
 
 
 
 
 
 
 
 
 

Location Tidal 
Range 
(m) 

Model 
Predicted 
Range (m) 

Percentage 
Difference 
(%) 

Sheerness 5.20 5.35 2.9 
Tilbury 5.90 6.28 6.4 
Erith 6.00 6.16 2.7 
London Bridge 6.60 6.52 -1.2 
Chelsea Bridge 6.40 6.03 -5.8 
Hammersmith Bridge 5.70 6.02 5.6 
Kew Bridge 5.30 6.04 14.0 
Grovehurst Jetty 5.30 5.41 2.1 
Bee Ness 5.40 5.48 1.5 
Darnet Ness 5.50 5.53 0.5 
Chatham 5.70 5.65 -0.9 
Strood Pier 5.70 5.76 1.1 
Wouldham 5.30 5.13 -3.2 
New Hythe 3.90 3.87 -0.8 
Allington Lock 3.50 3.90 11.4 
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Figure 4. Comparison of OSCAR velocity field over the Thames estuary from the upstream tidal limit down to the estuary mouth in the 

original shelf model (a) and the new high resolution model (b). 

The high resolution regular grid was set such that it 
overlaps the extent of the original shelf model by 
approximately 15 km. Therefore, when a spill is located within 
the overlap of the original shelf model domain and the new 
high resolution domain, the user is given the choice of utilising 
results from either the high-resolution model or the shelf 
model. Figure 4 shows a comparison of OSCAR velocity field 
over the Thames estuary from the upstream tidal limit down to 
the estuary mouth with the high resolution TELEMAC2D 
model and the standard Copernicus forcing. In addition to the 
tidal constituents, the high-resolution bathymetry was also 
converted into a regular mesh to be uploaded into OSCAR 
bathymetry dataset. 

C. Running OSCAR 
A hypothetical scenario was simulated whereby an oil 

tanker leaving the Tilbury harbour collides with another ship 
near the entrance of the harbour (location: 51.45, 0.41), leading 
to a spillage of 500 m3 of IF-380 Heavy Fuel Oil. To 
demonstrate the improvement in the OSCAR spill model 
capability with the new hydrodynamic forcing, two OSCAR 
simulations were run for three days to predict where the spill is 
likely to hit the estuary banks. The first simulation used the 
standard bathymetry database from OSCAR and its currents 
field from the Copernicus database; with the second simulation 
using the improved bathymetry and the current field from the 
TELEMAC2D high resolution model.  

Figure 5 shows the output plots from OSCAR showing the 
instantaneous surface oil plume and concentration of the 
beached oil released from Tilbury Port on the flood tide, using 
the standard Copernicus forcing (upper panel) and the new 
high resolution TELEMAC2D forcing (lower panel). The 
background of both plots shows the standard OSCAR low 
resolution bathymetry and land mask, whilst the black line 
represents the high resolution extent of the Thames Estuary, 
provided by DEFRA, that was used to generate the boundary 
of the TELEMAC2D model domain. 

The largest difference between the new and old model 
occurred on the flood tide (see Figure 5), whereby the plume 
extent reached a further 8 km upstream of the release site when 
using the TELEMAC2D forcing leading to shoreline impacts 
not accounted for by the previous modelling. This is due to the 
improved resolution and extent of the new model domain. 
Under both scenarios the plume travelled approximately 13 km 
downstream, although, the density of the oil was higher when 
OSCAR was forced with the high resolution TELEMAC2D 
model. The extent of shore hits (where oil has beached on the 
shoreline) downstream of Tilbury harbour was similar when 
using either the old Copernicus forcing or the new high 
resolution model. 
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Figure 5. Outputs from OSCAR showing the instantaneous surface oil plume and concentration of the beached oil released from Tilbury Port 

on the flood tide, using (a) the standard Copernicus forcing and (b) the new high resolution TELEMAC2D forcing. The background shows the 
land mask used by the Copernicus model with the black line representing the new high resolution coastline. 

 

The upper panel of Figure 5 shows the release of oil 
travelling downstream using the Copernicus forcing, but 
upstream in the lower panel with the TELEMAC2D forcing. 
Due to the lack of the tidal prism, by not including the full 
Thames Estuary, in the Copernicus model, the tidal velocities 
are near zero and close to the boundary, the flow is dominated 
by the riverine flow. Whereas, due to the full reach of the 
Thames estuary, and subsequent larger tidal prism, being 
available in the TELEMAC2D model, the currents on the flood 
tide last much longer, allowing the plume to travel its full 
potential upstream of the release site on the flood cycle.  

As such, the improved hydrodynamic forcing provided by 
the TELEMAC2D model, will allow for more accurate 
assessments within the Thames Estuary that could not be 
achieved using the previous model that used Copernicus 
hydrodynamics. The improved resolution will also enhance the 
modelling of dispersion of oil travelling downstream and into 
the southern North Sea due to the improvements in the tidal 
currents and the timing of the full tidal cycle.   

V. SUMMARY 
The tidal database available for the oil spill model used by 

Cefas extends over the UK shelf and has good resolution in the 
coastal zone. Nevertheless, there is scope to improve the 
representation of the tidal currents in the smaller coastal 
estuaries. Therefore, a validated high resolution TELEMAC2D 

hydrodynamic model was developed for the Thames estuary to 
improve the predictions of oil spills. Instantaneous velocity 
fields were analysed and converted into tidal harmonic 
constituents for use with the MEMW-OSCAR oil spill model. 
The new high resolution model of the Thames supplements the 
results from the existing UK shelf model, extending tidal 
predictions a further 58.5 km upstream to the extent of the tidal 
reach at Teddington Weir. Testing of a hypothetical oil spill 
near Tilbury showed the new improved model forcing will 
allow an improved ability to assess the risk of oil spills within 
the Thames Estuary compared to the previous model. 
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Abstract – Ensemble Kalman Filtering is a powerful technique for 
performing data assimilation. However, the disadvantage of this 
technique is that it is computationally expensive, thus making the 
application in TELEMAC-2D and especially TELEMAC-3D 
difficult. Therefore, in the present paper, an alternative 
methodology was applied, namely Optimal Interpolation. In this 
technique, the Kalman Gain, used for data assimilation using a 
Kalman filter is parametrized and precomputed, rather than 
computed during an Ensemble Kalman Filtering simulation. 
Therefore, only a single computation needs to be performed, 
meaning that the computational cost of a simulation with data 
assimilation is comparable to the computational cost of a 
simulation without data assimilation. This method was 
implemented in TELEMAC and applied in the test cases in 
TELEMAC-2D. Here, measured water level data are assimilated 
into IMDC’s continental shelf model of the North Sea (iCSM), 
where it is shown that in a reanalysis, the root mean square error 
(RMSE) in the water levels decreases by a factor of two with data 
assimilation. 

Keywords: TELEMAC-2D, TELEMAC-3D, Data-assimilation, 
Kalman Filter, optimal interpolation, reanalysis, continental shelf 
model. 

I. INTRODUCTION 
In order to increase the predictive power of operational 

models, data assimilation is often used. Further, data 
assimilation is often applied to perform a reanalysis, in which a 
combination of observed data and model simulation is adopted 
to generate an accurate high resolution dataset, which can be for 
example used to obtain boundary condition data for nesting 
smaller scale models. 

Ensemble Kalman Filtering [1] [2] is a powerful technique 
for performing data assimilation. However, this technique is 
computationally expensive, thus making the application in 
models like TELEMAC-2D and especially TELEMAC-3D 
difficult. Therefore, in the present paper, an alternative 
methodology was applied, namely Optimal Interpolation [3] [4]. 
In this technique, the Kalman Gain, used for data assimilation 
with Kalman filter is parametrized and precomputed. Therefore, 
only a single computation needs to be performed, meaning that 
the computational cost of a simulation with data assimilation is 
comparable to the computational cost of a simulation without 
data assimilation.  

The objective of this paper is to implement data assimilation 
using Optimal Interpolation in TELEMAC by means of a 
generic module, which can then be used in any of the 
TELEMAC modules. Further it is the objective to test the data 

assimilation for hindcast simulations in TELEMAC-2D using 
IMDC’s Continental Shelf Model of the North Sea (iCSM), in 
which measured water level data are assimilated into the model. 

The structure of the paper is as follows. First the data 
assimilation methodology is explained, including details on the 
implementation in TELEMAC. The iCSM model is presented 
next, and it is described how data assimilation is applied in this 
model. The results of the validation calculation are shown in a 
subsequent section. An outlook on future activities with respect 
to data assimilation is given thereafter. The paper is ended with 
some conclusions. 

II. DATA ASSIMILATION 

A. Optimal interpolation methodology 
 

Data assimilation using optimal interpolation is performed 
using the following equation to update a model variable xmod, 
using measurement data xmeas: 

 
𝑥⃗𝑥𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑥⃗𝑥𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐾𝐾(𝑥⃗𝑥𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐻𝐻𝑇𝑇𝑥⃗𝑥𝑚𝑚𝑚𝑚𝑚𝑚) 

 
Here, xmod, xmeas and xupdate are vectors. The xmod and xupdate  

have the same size, which in TELEMAC-2D equal to the 
number of nodes in the mesh (NPOIN × 1). Xmeas has a different 
size, namely the number of observation points that are used for 
data assimilation (NOBS × 1). H is an operator that maps the 
modelled data to the location of the observations. In case linear 
interpolation is used, H can be written as a matrix of size NOBS 
× NPOIN. Finally K is the Kalman Gain (a matrix of size 
NPOIN × NOBS), which determines how the difference 
between model and observations (at the location of the 
observations) is used to update the model prediction.  

The Kalman Gain K is determined from: 

𝐾𝐾 = 𝑃𝑃𝑓𝑓𝐻𝐻𝑇𝑇�𝐻𝐻𝑃𝑃𝑓𝑓𝐻𝐻𝑇𝑇 − 𝑅𝑅�−1 
 

Here PfHT is the covariance between the model data (size 
NPOIN × NOBS) at the location of the observation and the 
model data anywhere in the model. R is the correlation matrix 
(size NOBS × NOBS), which prescribes the uncertainty of the 
measurements. When using Ensemble Kalman Filtering, 
multiple simulations are performed using perturbed model data 
and/or observations as a kind of Monte-Carlo simulations, to 
determine 𝑃𝑃𝑓𝑓𝐻𝐻𝑇𝑇  using statistical calculations. 

24



29th TELEMAC User Conference Karlsruhe, Germany, 12-13 October 2023 
 
 

In Optimal Interpolation, K is not determined during the 
simulation, but precomputed. There are often two approaches to 
do so: 

• Perform a prior calculation using Ensemble Kalman 
filtering, and store the calculated values of K, for using 
in later simulations. Typically, in such calculations, K 
is averaged in time [5]. 
 

• Parametrize 𝑃𝑃𝑓𝑓𝐻𝐻𝑇𝑇. 
 

In the present study, experiments were initially performed 
with the first method, in which ADAO (Data Assimilation and 
Optimization) [6] was used to determine K. However, these 
experiments were unsatisfactory. The main reason was that in 
ADAO it is needed to prescribe the full matrix Pf (size NPOIN 
× NPOIN) to have perturbations to the model data that vary 
smoothly in space, which is too large to be practically possible. 
Therefore, method two was used. The following parametrization 
was used, which used the correlation function with the distance 
between the location of the observations 𝑥⃗𝑥𝑜𝑜𝑜𝑜𝑜𝑜 and the model 
location of each node in the model 𝑥⃗𝑥 [7]: 

𝑃𝑃𝑓𝑓𝐻𝐻𝑇𝑇 = 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚
2 𝑒𝑒(−|𝑥⃗𝑥−𝑥⃗𝑥𝑜𝑜𝑜𝑜𝑜𝑜|

𝐿𝐿  ) 
 

Here 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 is the standard deviation of the model data (i.e a 
measure of the uncertainty in the model), and 𝐿𝐿 is the correlation 
length scale over which the model data is correlated.  

The matrix R is parametrized as: 

 
 
 
 

Here 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the standard deviation in the observations (i.e. 
a measure of the uncertainty in the observations, assumed to be 
0.1 m throughout the study). 

B. Implementation in TELEMAC 
 

In order to assimilate the optimal interpolation in 
TELEMAC, a new module named OPTIMAC was 
programmed. This module was written in FORTRAN to be 
easily integrated in the rest of the codes in TELEMAC, such that 
it can be used in any kind of calculations (with or without 
TelApy, serial and in parallel). In this module, a precomputed 
Kalman Gain (which is stored in a SELAFIN file) is used in 
combination with an ASCII input file containing the data to be 
assimilated. This file contains x, and y coordinates of the 
location of the observations (and the z coordinate in case of data 
assimilation in TELEMAC-3D), as well as time series of the 
observed data. The module consists of three functional parts: 

• Initialization. Here, data is allocated for the necessary 
arrays. The precomputed Kalman Gain, is read from a 
SELAFIN file. Then, the location of the measurements 
are read from the ASCII file. The coefficients of the 
matrix H (interpolation matrix) are determined using 

linear interpolation, for use in all future interpolation 
steps. 

 
• Application. For every time step during the 

simulation, it is checked whether observation data is 
available. In case new data are available, a model 
variable is updated. A no data value (-999) is used to 
handle gaps in the time series. A threshold for the 
water depth is used, to prevent the use of data 
assimilation in areas with very shallow water depths, 
in order to prevent instabilities due to the combination 
of wetting and drying and data assimilation. Note that 
no validation of the observation data is performed 
inside the calculation. It is assumed that data 
validation has been performed previously (before the 
start of the TELEMAC simulation). This validation is 
very important, because the algorithm readily 
assimilates wrong data in the model, leading to an 
incorrect result of the simulation. 
 

• Finalization: The allocated arrays are cleaned and 
internal variables are reset for the use in a new 
calculation. 
 

It should be noted that this methodology was developed 
particularly for the case, where the number of observations is 
rather low, which occurs for example when a couple of point 
measurements are used in the data assimilation. It is not very 
suited for cases where large fields of data need to be assimilated, 
such as happens for example when using data assimilation on 
satellite data. 

C. Determination of the distance 
 

The parametrized equation for the Kalman gain depends on 
the distance between the location of the observations and the 
nodes in the mesh. However, this distance should take into 
account the presence of the coastlines in the model. Therefore, 
the distance was defined as the shortest distance between two 
nodes following the edges of the model. This distance was 
calculated in MATLAB using Dijkstra’s algorithm [8], by 
converting the mesh to a graph. For the location of the 
observation, the closest node in the mesh is used (Figure 1). Note 
that using this method, the distance is expected to be somewhat 
larger than in reality. However, because the parameter L is used 
as a tuning parameter in this study, this assumption shall not lead 
to any problems. 

 

𝑅𝑅 =  �𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 0
0 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 � 
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Figure 1. Determination of distance between the observation point and all 

nodes in the mesh using Dijkstra’s algorithm. 

III. MODEL SETUP OF THE CONTINENTAL SHEL MODEL OF 
THE NORTH SEA 

A. Model setup for iCSM 
 

The IMDC Continental Shelf Model (iCSM) is a 2D 
barotropic tidal surge model developed in-house in TELEMAC-
2D [9] [10], focusing on the continental shelf of the North Sea 
(Figure 2). The model is built in a spherical Mercator projection 
with Coriolis effect included. The computational mesh consists 
of approximately 150,000 nodes and 292,000 elements. The 
unstructured mesh is refined near the coastal zones, e.g. with a 
minimal resolution of 500 m at Belgian coast. Mesh refinement 
is also applied along the coastlines of the UK, France and The 
Netherlands as well as in the Wadden Sea and the English 
Channel. 

The bathymetry in iCSM is derived from the European 
Marine Observation and Data Network (EMODnet) which is 
referenced to Mean Sea Level (version 2020). The model 
includes the most dominant physical processes in the North Sea, 
such as inverse barometer correction, which accounts for an 
isostatic response of the oceans to atmospheric pressure. The 
self-attraction and loading [11] due to three effects is also taken 
into account: the deformation of the seafloor under the weight 
of the water column; the redistribution of Earth mass and its 
corresponding changes in the gravitational field; the 
gravitational attraction induced by the water body on itself. It 
has a well-acknowledged impact on the tidal phases and 
therefore is included in the iCSM using a beta (β) approximation 
approach. The internal tidal dissipation considers the dissipation 
of tidal energy through generation of internal tides which is the 
dominant mechanism when tides propagate over steep 
topography in deep stratified waters. This is important in the Bay 
of Biscay and is also included in iCSM.  

To account for the effect of bottom friction, a spatially-
varying roughness field of Nikuradse value was automatically 
calibrated [12] on bottom friction using ADAO with three-
dimensional variational assimilation (3D-Var). This automated 
optimization tool allows to find the best possible parameter set 
for the model. 

In its present form, the model reproduces the hydrodynamics 
in the European Continental Shelf accurately. For instance, the 

Root-Mean-Squared-Error (RMSE) of water levels along the 
Belgian coast is in the order of 10 cm. The RMSE of stationary 
velocity magnitude in the Belgian Coastal Zone is of the order 
0.1 m/s, which is considered as top-of-range numerical model 
accuracy.  

The details of the model setup and its performance are 
referred to [12], thus will not be elaborated here. 

 
Figure 2. iCSM model mesh and bathymetry (horizontal system: Spherical 

Mercator projection. Vertical datum: MSL). 

B. Model setup for assimilation of measured water levels 
 

Measurement of water level data at 29 stations in the North 
Sea are used in this study (Figure 3). Table 1 presents the model 
simulations carried out in this study.  

Run01 is the base run without data assimilation, which is 
used to compare to all the experiments using data assimilation. 
Run02 assimilates measured water level at all the 29 stations as 
shown in Figure 3, the purpose of this run is to test the module 
developed for this study (§II). Run03 is a validation run which 
investigates whether data assimilation could improve water level 
predictions at stations where no data assimilation is applied 
directly. The validation stations are selected in a way to have at 
least one station per coastal zone/country (Figure 5). More 
sensitivity runs using different validation stations will be 
considered in future studies. Run04 to Run07 are sensitivity runs 
with different values of standard deviation of the model data 
(𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚) and the length scale over which the model data is 
correlated (L). Note that an attempt was made to determine L 
directly from the results of a separate model simulation without 
data assimilation by determining the autocorrelation of the 
modelled water levels around the different measurement 
stations. These data suggested that the shape of 𝑃𝑃𝑓𝑓𝐻𝐻𝑇𝑇  might look 
more like a Gaussian function than an exponential function, but 
give correlation length in the order of 100 km, used in this study. 
This is something that will be studied further in future. 
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Table 1: Summary of model simulations carried out in this study. 

Run ID 𝝈𝝈𝒎𝒎𝒎𝒎𝒎𝒎 L Description 
Run01 - - Base run without data assimilation, same 

as [12]. 
Run02 0.1m 100 km Full data assimilation using measured 

water level at all 29 stations. 
Run03 0.1 m 100 km Idem Run02, but with 7 validation stations 

and 22 assimilation stations. 
Run04 0.25 m 100 km Idem Run03 
Run05 0.05 m 100 km Idem Run03 
Run06 0.1 m 50 km Idem Run03 
Run07 0.25 m 150 km Idem Run03 

 

 

 
Figure 3: Top: Observation stations of water level used for data assimilation 

in the North Sea. Bottom: Close up of the  Belgian and Dutch coast.  

The Kalman Gain is firstly computed for Run02 using 
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 0.1 m; 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 = 0.1 m; L = 100 km. Note that the 

Kalman gain has a size of NPOIN × NOBS (hence 29 maps). 
The 29 maps of the Kalman Gains are assembled into one graph 
(Figure 4) for readability, by presenting the maximum value of 
Kalman Gain at each computational node. 

The Kalman Gain is recomputed for Run03 using 22 
measurement stations, see the map in Figure 5. 

Figure 6 shows the comparison of computed Kalman Gain 
with different values of 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 of 0.1 m (Run03), 0.25 m (Run04) 
and 0.05 m (Run05). It clearly shows the trend that higher 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 
leads to higher values of the Kalman Gain. It essentially means 
that the updated water level will be based more on measurement 
data than on the model. 

Figure 7 shows the comparison of the computed Kalman 
Gain with different values of L of 100 km (Run03), 50 km 
(Run06) and 150 km (Run07). It clearly shows the trend that 
larger L leads to higher values of Kalman Gain. It essentially 
means that the updated water level will be based more on the 
measurement data than on the model results since the Kalman 
Gain has a larger area of influence. 

 

 
Figure 4: Kalman Gain with 29 measurement stations (Run02). 

 
Figure 5: Kalman Gain with 22 measurement stations and 7 stations (marked 

in red) for validation (Run03). 
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Figure 6: Comparison of Kalman Gain with 22 measurement stations and 7 
stations (marked in red) for validation  with different values of 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 

(Top:Run03; Middle: Run04; Bottom: Run05).  

 

 

 
Figure 7: Comparison of Kalman Gain with 22 measurement stations and 7 

stations (marked in red) for validation  with different values of L (Top:Run03; 
Middle: Run06; Bottom: Run07). 

IV. MODEL RESULTS 
Figure 8 shows the comparison of the RMSE of the water 

levels at the coastal stations from Run01, 02 and 03. The RMSE 
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is lowered by 50% on average using data assimilation. The 
RMSE at the validation stations (Run03) is slightly higher than 
the RMSE with direct data assimilation at those stations 
(Run02), but it is still lower than the RMSE without data 
assimilation (Run01). It should be noted that if data assimilation 
is not applied at Cuxhaven in the German Bight, the RMSE 
becomes substantially larger than when data assimilation is 
applied locally. This is reasonable since the data assimilation at 
the remaining stations are too far away to have a substantial 
impact on the water level at Cuxhaven. 

Figure 9 compares the RMSE of water level from Runs 01, 
03, 04, and 05. In general, different values of 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 lead to 
comparable RMSE values, which are always lower than those 
obtained without using data assimilation. Lower value of 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 
(0.05 m) result in slightly higher values of the RMSE, implying 
that the updated water level is dependent more on model 
predictions than the measurements when assuming the model 
error is lower (0.05 m). However, this is less justified along the 
British coast where the original model (Run01, no data 
assimilation) already produces higher RMSE values.        

Figure 10 compares the RMSE of the water level from Runs 01, 
03, 06, and 07. In general, different values of L lead to 
comparable RMSE values, which are always lower than those 
obtained without using data assimilation. It is noted that the 
lower value of L = 50 km results in slightly higher values of the 
RMSE at Leith, North Shields and Whitby in UK, implying that 
the updated water level is dependent more on the model 
predictions than on the measurement data with smaller Kalman 
Gain (Figure 7). Again, this is less justified along the British 
coast, where the original model (Run01, no data assimilation) 
already produces higher RMSE values. Interestingly, the RMSE 
at Immingham and Sheerness are less sensitive to L even when 
the original model (Run01, no data assimilation) produces a 
RMSE up to 25 cm. This probably suggests that a station 
dependent L could be investigated for future studies.  

 
Figure 8: RMSE of water levels from Run01, Run02 and Run03. The stations 

with red outbox are the seven validation stations. 

 
Figure 9: RMSE of water levels using different values of 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 from Run03, 

Run04 and Run05. 

 
Figure 10: RMSE of water levels using different values of L from Run03, 

Run06 and Run07. 

V. OUTLOOK  
The application of data assimilation in iCSM shows a 

decrease of the RMSE of a factor two, meaning that more 
accurate boundary conditions for the IMDC’s Scheldt model are 
obtained. Tests of using these updated boundary conditions for 
the nested Scheldt model will be investigated in the future.  

The data assimilation module was implemented in a generic 
way, meaning that it can easily be applied within other 
TELEMAC modules. Tests, in which the methodology is 
applied to assimilate salinity data in IMDC’s TELEMAC-3D 
Scheldt model has already been started and show promising 
results. Note hereby that in this case, the data assimilation is 
applied to a three dimensional field rather than a two 
dimensional one. Due to the generic way the module is setup, 
this was possible without any changes to the data assimilation 
code. 

It is the intention to apply the presented data assimilation 
module OPTIMAC to IMDC’s North Sea wave model in 
TOMAWAC [13], in order to improve the predicted wave 
conditions in the Belgian Coastal Zone. The challenge for this is 
that in TOMAWAC, wave energy density spectra are the 
principle variable, which at each location in time depend on the 
direction and frequency of the wave components. This means 
that the data assimilation needs to be performed on a four-
dimensional variable. The preferred data assimilation 
methodology depends on the availability of the data. In case 
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measured wave spectra are available, it is preferred to assimilate 
these directly. However, often only integrated parameters 
(significant wave height, peak period) or simplified (1D) spectra 
are available. In this case, it is needed to develop some extra 
code that parametrizes the effect of these simplified variables on 
the full two-dimensional wave spectrum. To perform well, it is 
likely that the Kalman Gain needs to be different for each 
frequency and especially for each direction in the spectrum. 

VI. SUMMARY AND CONCLUSIONS  
In this paper, OPTIMAC, a generic module that performs 

data assimilation in TELEMAC using Optimal Interpolation, 
was presented. The module was tested by performing data 
assimilation in IMDC’s continental shelf model of the North 
Sea. In this model, observed water level data were assimilated 
in a one year hindcast simulation. The RMSE of water level in 
the North Sea is significantly reduced by 50% with data 
assimilation. Sensitivity analysis on standard deviation of the 
model data (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚) and the correlation length scale (L) used in 
Optimal Interpolation have been carried out. In general, 
different values of 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 and L lead to relatively comparable 
RMSE values, which are always lower than those obtained 
without using data assimilation. 

The computational time with and without data assimilation 
is rather similar, meaning that the Optimal Interpolation 
algorithm developed for TELEMAC in this study is 
computational efficient.  
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Abstract – Flood forecasting with 2D hydrodynamic model is a 
powerful tool for risk assessment and decision makers as they 
provide water elevation maps over a computational domain. 
However, those models have uncertainties inherent to them due to 
the data used to construct them. Data assimilation (DA) is an 
efficient way to reduce these uncertainties. The assimilation of 
flood extent maps, derived from synthetic aperture radar (SAR) 
observations or, in the near future, 2D water surface elevation 
(WSE) observed from the Surface Water and Ocean Topography 
(SWOT) satellite is a hot topic as these data provide information 
in the floodplain. In this work, we propose an innovative 
framework to directly assimilate the location and the shape of the 
flood extent, by treating these data as interfaces (front-type) 
information. This approach allows to overcome the limitations of 
classical amplitude error correction, therefore allowing for the 
correction of flood edge position and/or deformation errors. To 
deal with complex front topology, an object-oriented approach 
based on the Chan-Vese (CV) contour fitting functional typically 
used in image processing was proposed. This study demonstrates 
the capability of the CV measure in a context of 2D flood 
forecasting to formulate the discrepancy between observed and 
simulated flood extents, used for DA analysis based on an ETKF 
algorithm for sequential parameter estimation. An OSSE 
experiment on a small toy model is presented to show the merit of 
the CV distance implemented in an ETKF algorithm. 

Keywords: Chan-Vese, Front Data, Data Assimilation, 
Remote Sensing, TELEMAC-2D, OSSE 

I. INTRODUCTION 
Between 1995 and 2015, floods accounted for 43% of the 

global natural hazards making it one of the most devastating 
and frequent weather-related disasters worldwide. Estimating 
and reducing the risk of flooding has become essential and 
attracted significant attention in the hydrometeorological and 
remote sensing (RS) communities, as well as the public and 
private sectors [1]. Flood studies aim at mitigating the impacts 
of flooding on population, as they allow flood management 
services to better identify flood-prone areas and reduce socio-
economic losses with timely and reliable alerts. Moreover, the 
world population reached 8 billion in 2022 and is still in 
constant growth. Associated urbanisation growing is often 
located in floodplains and inundation-prone areas. Thus, 
increasing vulnerability to flood events and putting pressure on 

operational flood forecasting services [2]. Several international 
initiatives have joined efforts in forecasting and monitoring 
river hydrodynamics, in order to provide Decision Support 
Systems with accurate flood forecasting capability. Risk 
assessment relies on Earth Observations (EO) and river 
hydrodynamic software. The latter solves Shallow Water (SW) 
equations that are used to predict water surface elevations 
(WSE) and discharge in the riverbed or floodplains, further 
used to assess flood risks. 

Hydrodynamic models are powerful tools for flood 
forecasting systems as they provided a fine resolution 
description of the flow in time and space. However, various 
sources of uncertainties in the model and in the inputs, for 
instance, hydrological forcing, initial conditions, model 
parameters and structures, translate into uncertainties in the 
model outputs. Data assimilation (DA) reduces these 
uncertainties by combining the model forecasts with various 
types of observations, such as in-situ gauge and satellite EO 
data. In the present work, we use the TELEMAC-2D (T2D) 
software (www.opentelemac.org), implemented for a 
simplified test channel case characterized by a narrow 
parabolic-shaped bathymetry, a slightly inclined topography, 
and an artificial hill located at mid-length of the channel. An 
ensemble-based DA filtering algorithm, namely the Ensemble 
Transformed Kalman Filter (ETKF) is used to sequentially 
combine observed flood extents, as wet/dry interface position, 
with T2D WSE simulated maps to improve flood forecasts. The 
ETKF is here favoured with respect to the Ensemble Kalman 
Filter (EnKF). Indeed, the computation of the covariance 
matrices is formulated in the ensemble subspace instead of in 
the state or observation subspace. A localisation feature is 
added to the ETKF using a geolocalized polygon that includes 
the ensemble of front lines. This DA algorithm is carried out 
within the context of an Observing System Simulation 
Experiment (OSSE). Synthetical flood extents, which mimic 
the flood extent maps derived from synthetic aperture radar 
(SAR) images, are assimilated to account for the error in the 
upstream inflow. The a priori water inflows differ from the true 
inflow, and the ETKF analysis aims at bringing the a priori 
value closer to the true and consequently bring the simulated 
fronts closer to the synthetical fronts.  
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Over the past decades, the literature on DA for 
hydrodynamic models mainly focused on the assimilation of in-
situ or RS-derived WSE observation (e.g. [3], [4]). This stems 
from the fact that WSE is a state variable in any hydraulic 
model, thereby rendering the DA more straightforward. WSE 
maps can be derived from SAR images, by combining RS-
derived flood extent maps and topography data, yet such 
methods still require further research (e.g. [5]). Alternatively, 
fully automated methods for mapping flood extents from 
satellite images are described in the literature (e.g. [6], [7]). 
Machine learning algorithms, for instance integrated in 
FloodML, allow to retrieve flood extents from SAR images 
([12]). Recent research works have developed methods to 
directly assimilate RS-derived flood extents, water masks or 
probabilistic flood maps, in hydraulic models and flood 
forecasting chains (e.g. [8], [9] & [10]), thereby paving the way 
for operational applications. Cooper et al. [11] proposed an 
observation operator that directly considers the SAR 
backscatter values as observations in order to bypass the flood 
edge identification or flood probability estimation processes. 
Another approach stands in the computation and the 
assimilation of wet surface ratio (WSR) in floodplain areas 
from SAR-derived flood extents [13]. Satellite SAR imagery 
data provides flood extent information with a large coverage 
from the observed backscatter (BS) values. Satellite SAR 
systems are capable of monitoring flood events with day-and-
night imaging ability, regardless of weather conditions. In 
addition, the recently launched wide-swath radar interferometry 
SWOT satellite is able to compute water surface elevation 
(WSE) maps from its interferometric observations. In this 
paper, we propose a framework for the direct assimilation of 
flood extent location and shape (derived from Sentinel-1 SAR 
images), considering the wet-dry interface as an innovative 
information. Such front-type information aims to overcome the 
limitations of classical amplitude error correction and allows 
for the correction of flood edge position and/or deformation 
errors.  

In several research fields, such as wildfire modelling ([15], 
[16] & [17]), tumour growth monitoring ([18], [19]) and oil 
spill detection and surveillance ([20]), DA algorithms have 
been developed to treat images as front-type information. Such 
approach was developed by Rochoux et al. ([16]) for data-
driven surface wildfire propagation at a regional scale, based on 
a fire front mapping and shape recognition. In this work, the 
position of markers, i.e. the finite set of points positioned along 
the observed and the simulated fire front, are matched and 
compared. The resulting discrepancies were used in an ETKF 
algorithm to reduce the errors in the propagation model 
parameters and state. This prototype was evaluated with a 
synthetic and controlled grassland fire experiment. However, it 
was shown that this marker-based method was suboptimal for 
complex front geometry due to the computation of Euclidean 
distances between markers. Indeed, to deal with complex front 
topology, an object-oriented approach derived from the Chan-
Vese (CV) contour fitting function used in image processing 
([14]) was proposed in [15]. This front shape similarity measure 
was implemented and evaluated for a field-scale experiment in 
[17]. A similar idea is here applied for the assimilation of SAR-
derived flood extent in the context of flood modelling. 
However, it should be noted that the comparison of non-

hydrometric observations, e.g. flood edge locations, or flood 
probability measures, with the model outputs is not 
straightforward and requires the development of appropriate 
observation operators. In the present study, the ETKF algorithm 
is implemented for an OSSE experiment using a 2D 
hydrodynamic model as forward model. RS-derived front-type 
data are assessed with respect to simulated flood extent using 
the CV metrics. 

II. MATERIALS AND METHODS 

A. TELEMAC-2D solver 
Free-surface hydraulic modelling is principally governed by the 
Shallow Water equations (SWE, also known as Saint-Venant 
equations derived from Navier-Stokes Equations), which 
express mass and momentum conservation averaged in the 
vertical dimension. In this work, the hydrodynamic numerical 
model TELEMAC-2D is used to simulate and predict the water 
level (denoted by 𝐻𝐻 [m]) and velocity (with horizontal 
components denoted by 𝑢𝑢 and 𝑣𝑣 [m/s]) from which flood risks 
can be assessed. It solves the SWE with an explicit first-order 
time integration scheme, a finite-element scheme and an 
iterative conjugate gradient method. A complete description of 
the underlying theoretical approach is provided in [21]. At each 
point within the mesh representing the model topography and 
bathymetry (for mesh nodes in the river channel), the results of 
the simulation are water height and velocity averaged over the 
vertical axis. 

 

Figure 1. Topography and bathymetry of the mesh (a and b), Friction 
coefficients (c) and boundary condition (d). For illustration purposes, the x-

axis and y-axis are not proportionally scaled. 

B. TELEMAC-2D test case  
A 15km-long parabolic-shape channel with a uniform slope 

and simplified floodplain test case was set for our work 
(Figure 1). The riverbed is characterized by a parabolic 
geometry (10m maximum depth). The catchment has a constant 
slope of 0.8% from upstream to downstream (x-axis). The 
floodplain has a uniform slope of 8% in the perpendicular 
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direction to the river centerline (y-axis). Two topographic 
extrusions at around y = 7000 m are added in the floodplains. 
The extrusion is generated with the following equations: 

T = 10 − [(x − 500)2 + (y − 7000)2] ∗ 1.105 

with x ∈ [0; 450] ∪ [550; 1000] and y ∈ [6000; 8000] 

Z = T + min (|T|) 

The topography and bathymetry of the model are displayed 
in Figure 1 (a) and (b).  

The upstream and downstream boundary condition, 
respectively represented in orange and green in Figure 1 (d) are 
prescribed with a constant inflow and a rating curve. The 
Strickler coefficient is prescribed to 15 m⅓/s in the left 
floodplain, to 60 m⅓/s in the right floodplain and to 35 m⅓/s in 
the channel (Figure 1 - (c)). The triangular mesh contains 
around 115,000 nodes, and the global mean mesh edge length 
is 12.5 m. Within the riverbed, the triangles are oriented with a 
mean edge horizontal length of 6.25 m and a mean edge vertical 
length of 12.5m. Floodplains are described on an unstructured 
mesh with a mean edge length of 12.5 m.  

Preliminary analyses on the impact of the mesh density, the 
computational time steps and the friction coefficients were 
carried out. It was shown that an efficient computation with 
reasonable CPU resource cost (around 2 min per run on 6 nodes 
of Intel Xeon Gold 6140 core) was achieved with a time step of 
10 s for this 115,000-node mesh. In addition, such analyses 
showed that the dynamics of the flow is mostly driven by the 
inflow, and that the impact of a variation in friction coefficients 
is of lesser importance. This motivates the choice of the DA 
control vector as a corrective term to the inflow in this 
preliminary work.  

A spin-up simulation with a constant inflow of 5,000 m3/s 
is integrated over 48 h to provide the initial condition for all 
ensemble members of the DA strategy. These members are 
characterized by an inflow value prescribed between 4000 m3/s 
and 6000 m3/s.  

OSSE Framework 

For the DA ensemble test case, two OSSE experiments are 
set. The OSSE framework is based on a deterministic reference 
simulation (denoted as the truth) with a chosen set of 
parameters, in our case, a prescribed corrective term to the 
inflow named 𝛽𝛽. 𝛽𝛽 is supposed to be a random variable with a 
gaussian distribution characterised by a zero-mean and a 
standard deviation (std) here chosen to 700 m3/s. This factor is 
added to a constant a priori water flow rate prescribed as the 
inflow boundary condition for each ensemble member. Two 
different ensembles of 60 members with a priori settings are 
generated for our following tests: (i) 4,500 and (ii) 5,500 m3/s, 
respectively experiment A and B (noted exp.A and exp.B).  

 Synthetical observations are generated from the truth 
simulation water level (WL) maps, thresholded to express a 
water mask and to mimic SAR derived flood extent maps. 

C.  Wet-dry pixels interface and level set variable  
Level-set (LS) map and LS functions are closely related to 

shape optimization and topology analysis. It is used in several 
research domains to compare and analyse the evolution of an 
object in images as it allows a straightforward treatment of 
topology changes (see [22]). In hydrodynamic study, it can be 
used to take into account the changes and deformations of the 
wet/dry interfaces of a flood map. The wet/dry interfaces are 
extracted from the WL map, thus defining the LS function 
noted Φ. It is here defined as follows: 

Φ(𝑥𝑥,𝑦𝑦) = 𝑊𝑊𝐿𝐿(𝑥𝑥,𝑦𝑦) −𝑊𝑊𝐿𝐿𝑓𝑓𝑓𝑓 

where (x, y) denotes the (lon,lat) coordinates of a grid cell 
and WLfr is the threshold between wet and dry areas 
(WLfr = 5 cm in our case). The LS value is null at the interface 
between wet and dry areas. An example of a level-set map for 
exp.B is shown in Figure 2 (a). 

In the framework of OSSE, this simulated interface position 
is compared to synthetical water mask derived from the truth 
simulation, also thresholded to WLfr and represented as a water 
mask as shown in Figure 2 (b). 

(a) (b) 

Figure 2. (a) Simulated level-set function computed from T2D water level 
(from exp.B) (b) Observed binary flood extent map from a synthetical SAR 

image (from the truth WL map) 

D. The Chan-Vese contour fitting functional 
CV distances derived from the CV functional are based on 

two scalars, noted as C0 and C1, which rely on the formulation 
of the contingency map (Figure 3) between the observed and 
the simulated images. In the contingency map, each pixel is 
identified as one of the four following outcomes: 

● False Negative (FN - in yellow in Figure 3) if the pixel 
is flooded in the observation but dry in the simulation, 

● True Negative (TN - in blue in Figure 3) if the pixel is 
non flooded in the observation and dry in the 
simulation, 

● False Positive (FP - in green in Figure 3) if the pixel is 
non flooded in the observation and wet in the 
simulation, 

● True Positive (TP - in orange in Figure 3) if the pixel 
is flooded in the observation and wet in the simulation. 
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C0 quantifies the mismatch between the observed and the 
simulated flooded area. It is the ratio between the number of 
flooded pixels that the simulation misses (FN) and the total of 
the non-flooded pixels in the simulation (TN + FN).  

C1 quantifies the match between the observed and the 
simulated flooded area. It is the ratio between the number of 
flooded pixels that the simulation hits (TP) and the total of 
flooded pixels in the simulation (TP + FP).  

C1 and C0 are then defined as follow: 

𝐶𝐶0 ≈
𝐹𝐹𝐹𝐹

𝑇𝑇𝑇𝑇 + 𝐹𝐹𝐹𝐹
 𝑎𝑎𝑎𝑎𝑚𝑚 𝐶𝐶1 ≈

𝑇𝑇𝑃𝑃
𝑇𝑇𝑃𝑃 + 𝐹𝐹𝐹𝐹

 

In the following, a buffer around the fronts is determined to 
reduce the computational cost of the CV metric and the 
subsequent algebra in the DA algorithm. The contingency map 
(Figure 3) is only computed in this buffer zone near the fronts 
(i.e. white pixels outside the buffer are not taken into account). 
The buffer localisation is described in subsection II-F. The 
observed image is considered as the reference binary map and 
the LS simulation as the experiment to be assessed with respect 
to this reference.  

Figure 3 displays the contingency map for two typical 
scenarios. In Figure 3 (a), the simulated flooded area is totally 
included within the observed flooded area, hence FP = 0 and 
TP+FP = TP, so that 0 < C0 < 1 (TN ≠ 0, FN ≠ 0) and C1=1. In 
Figure 3 (b) the simulated flooded area fully contains the 
observed flooded area, thus FN = 0, therefore C0 = 0 and 0 < 
C1 < 1 (TP ≠ 0, FP ≠ 0).  

Two other scenarios are also possible in general: (i) the 
perfect agreement scenario, when the simulated flooded surface 
perfectly matches the observed flooded surface, i.e. FN = 0 and 
FP = 0, so that C0=0 and C1=1 (TN ≠ 0, TP ≠ 0); and (ii) the 
total disagreement scenario, where the simulated flooded 
surface and the observed flooded area do not overlap nor 
intersect, thus TP = 0 and FN ≠ TN+FN, so that 0 < C0 < 1 and 
C1 = 0 (TN ≠ 0, FP ≠ 0). This last scenario is not possible in 
our case since the riverbed is wet in both simulation and 
observation. An intermediate state, more common in practice, 
is the partial agreement, when the simulated flooded surface 
partially overlaps the observed flooded area, leading to TP ≠ 0, 
FN ≠ 0, so that 0 < C0 < 1 and 0 < C1 < 1. 

The CV functional can be seen as a discrepancy functional 
between two LS. We decompose the CV functional in two 
functionals of the following form:  

𝒥𝒥 = 𝒥𝒥+ + 𝒥𝒥− (1) 
where: 

𝒥𝒥+ =  � 𝐻𝐻𝐻𝐻(Φ) �Φobs − 𝐶𝐶𝑚𝑚𝐶𝐶𝐶𝐶�Φobs,Φ��
2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

Ω

 

𝒥𝒥− =  ��1 −𝐻𝐻𝐻𝐻(Φ)� �Φobs − 𝐶𝐶𝑚𝑚𝐶𝐶𝐶𝐶�Φobs,Φ��
2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

Ω

 

where Ω is the buffer area. 𝜙𝜙obs is the binary observed map and 
𝜙𝜙 the simulated LS function. Hv the Heaviside function, it is 
equal to 1 if 𝜙𝜙 is non-negative and to 0 otherwise. Cmax and 

Cmin are respectively the max and min between C0 and C1. 𝒥𝒥 
will be used as an analytical metric for results assessment in 
Section III. 

(a) exp.A (b) exp.B 

Figure 3. Examples of contingency maps  
blue = TN; green = FP; yellow = FN; orange = TP 

 dashed black line=forecast front; dashed red line=observed front 

From 𝒥𝒥+ and 𝒥𝒥−, which are squared functionals, we define 
Chan-Vese distances that are compatible with the ETKF 
algorithm: 

𝐷𝐷�Φobs,Φ� = 𝐷𝐷+�Φobs,Φ� + 𝐷𝐷−�Φobs,Φ� (2)
D+ and D− are defined as follow: 

𝐷𝐷+�Φobs,Φ� = 𝐻𝐻𝐻𝐻(Φ) �Φobs − 𝐶𝐶𝑚𝑚𝐶𝐶𝐶𝐶�Φobs,Φ��  𝑎𝑎𝑎𝑎𝑚𝑚 

𝐷𝐷−�Φobs,Φ� = �1 −𝐻𝐻𝐻𝐻(Φ)� �Φobs − 𝐶𝐶𝑚𝑚𝐶𝐶𝐶𝐶�Φobs,Φ��. 

E. Buffer localisation 
The observation operator in the ETKF is formulated in the 

observation space, here described as the number of pixels. This 
dimension is reduced when a buffer zone is prescribed. 

The buffer selects only the points that are the most 
informative near the ensemble of fronts (from observation 
image and the simulated runs). It consists in three steps 
(illustrated by 0): (i) extract all the fronts in the ensemble LS 
maps and the binary flood extend; (ii) compute for each front 
line a polygon around it with a buffer chosen as twice the size 
of the pixel; (iii) merge all the buffer polygons in order to build 
a unique buffer polygon that is their union altogether. 

F. Ensemble-based data assimilation algorithm (ETKF) 
1) Description of the control vector 

 The control vector, denoted by x composed of a single 
parameter noted 𝛽𝛽, that is an additive factor to the water flow 
rate Qup at the upstream boundary condition. x is of size 
(1x Ne) where Ne is the ensemble size. In the following, x is 
noted xf or xa for forecast and analysis respectively. It is 
indexed with i that represents the i-th member between [1, Ne]. 

The implemented DA algorithm consists of a cycled 
deterministic ETKF where each cycle involves one or several 
binary flood extent observations. Each assimilation cycle c 
covers a time window T = [t start, t end] of 3h-duration where 
nobs,c are assimilated. In our case, nobs,c is the number of pixels 
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to be assimilated from all the observed images over the cycle c. 
Over a DA cycle and for each member of the ensemble, the a 
priori Qup is used to run the a priori simulation with the 
hydrodynamic deterministic model with Qup = 4,500 (exp.A) 
or 5,500 m3/s (exp. B). This is the forecast step; it defines the 
background or a priori hydraulic state. The simulated WL map 
is expressed as a water mask that is the model equivalent to the 
observed flood extent at the observation time. The CV 
discrepancy between observed and simulated flood extent for 
each member is used to determine the misfits and the 
covariance matrices, leading to the estimation of the analysis of 
𝛽𝛽. This is the analysis step, it describes the a posteriori, or 
analysed hydraulic state. These steps are further detailed in the 
following. For each member, the updated control vector is used 
to perform the analysed trajectory with the hydrodynamic 
model. For each DA cycle, the analysed trajectory starts with a 
spin-up of 2h at t start - 2h in order to reduce the impact of the 
initial condition on the analysis. There is 1h of overlap between 
the 3h-assimilation window and the 2h-spin-up window. It 
provides a final analysed state at t start + 2h which correspond to 
the end of the assimilation window for cycle c.  

2) ETKF forecast step 

An ETKF is used in our DA experiment. The ETKF 
performs the linear algebra of the analysis mostly in the 
ensemble subspace, which is of a smaller dimension than that 
of the observation space. For cycle c, the forecast step consists 
of the propagation in time, over T, of the background control 
and model state vectors.  

The control vector xi is then of size one, the observation 
space is of space nobs and the hydraulic state subspace of size 
m. We consider a time t included in the assimilation cycle c. 
𝓜𝓜c: R → Rn denote the hydraulic model at the cycle c, of size 
n. 

The background hydraulic state, sc
f,i, associated with the 

ensemble i-th member of the control background vector is equal 
to:  

𝑜𝑜𝑐𝑐
𝑓𝑓,𝑖𝑖 =  𝓜𝓜𝑐𝑐�𝑜𝑜𝑐𝑐−1

𝑢𝑢,𝑖𝑖 , 𝑥𝑥𝑐𝑐
𝑓𝑓,𝑖𝑖� (3)

where xc
f,i is the forecasted control vector resulting from the 

previous analysis cycle. sc−1a,i
 is the analysed state from the 

previous cycle that is used as the initial condition for the current 
cycle. For the first cycle, it is provided by a restart file. Along 
DA cycles, xc

f is generated using xc-1
a, i and a random 

perturbation in order to avoid the ensemble collapse. 

The equivalent of control vector in the observation space for 
each member, denoted by yt

f,i, stems from: 

𝑦𝑦𝑐𝑐
𝑓𝑓,𝑖𝑖 = 𝓗𝓗𝑐𝑐�𝑜𝑜𝑐𝑐

𝑓𝑓,𝑖𝑖� (4)
where 𝓗𝓗c: Rm → Rnobs is the observation operator in cycle c, 
from the model state space to the observation space, that selects, 
extracts and eventually interpolates model outputs at times and 
locations of the observation vector yo. 

3) ETKF analysis step 

Details on the ETKF can be found in [23], [24] and [25].  

The EnKF methods, including the ETKF variant, are based 
on the Kalman filter equations: 

𝒙𝒙𝑢𝑢 = 𝒙𝒙𝑓𝑓 + 𝐊𝐊 D(𝒚𝒚𝑚𝑚;𝒚𝒚𝑓𝑓) (5) 

𝐏𝐏𝑢𝑢 = (𝐈𝐈 − 𝐊𝐊𝐊𝐊)𝐏𝐏𝑓𝑓 (6) 

𝐊𝐊 = 𝐏𝐏𝑓𝑓𝐇𝐇T(𝐇𝐇𝐏𝐏𝑓𝑓𝐇𝐇T + 𝐑𝐑)−1 (7) 

with xa the analysed control vector of the ensemble (of size 
(1 x Ne)), K the Kalman gain (of size (Ne x nobs)), Pa the 
analysis error covariance matrix (of size (n x n)), Pf the forecast 
error covariance matrix (of size (n x n)) and R the observation 
error covariance matrix (of size (nobs x nobs)) which is taken 
diagonal in this study. D(yo; yf) is the innovation vector 
between the observation yo and the model equivalent related to 
the forecast ensemble states. In this work, D is the CV distance 
defined in subsection II-E.  

The principle of the EnKF methods is to stochastically the 
covariances matrices P within the ensemble.  

Figure 4. Framework for the buffer selection 
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x� =
1

Ne
� xi

Ne

i=0

(8) 

is the control ensemble mean and P reads: 

𝐏𝐏 =
1

Ne − 1
�(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)𝑇𝑇
𝑁𝑁𝑢𝑢

𝑖𝑖=0

=
1

Ne − 1
𝐗𝐗𝐗𝐗T (9) 

with [𝑋𝑋]𝑖𝑖 = (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥) the matrix of the ensemble anomalies. We 
note Xa the analysed anomaly vector and Xf the forecasted 
anomaly vector. 

For each member of the ensemble, the a priori is updated 
during the analysis step: 

𝑥𝑥𝑢𝑢,𝑖𝑖 = 𝑥𝑥𝑓𝑓,𝑖𝑖 + 𝐊𝐊 D(𝑦𝑦𝑚𝑚;𝑦𝑦𝑓𝑓,𝑖𝑖). (10) 

In the EnKF, in order to avoid ensemble collapse, an 
ensemble of perturbed observations is used in place of the 
deterministic observation vector. This way, (6) is validated in a 
statistical way. 

In contrast to the EnKF, the ETKF updates in an explicit way 
the ensemble means and anomalies inside the ensemble subspace 
instead of working the algebra in the observation space (as in (3)). 
The ensemble mean is updated using the analysis (1) and the 
anomalies are updated with an explicit transformation 
represented by the ensemble transform matrix T: 

𝐗𝐗𝑢𝑢 = 𝐗𝐗𝑓𝑓𝐓𝐓 (11)  

The analysed anomalies are defined such that the analysed 
covariance matrix respect (6), given (9) and (11): 

𝐏𝐏𝑢𝑢 = (I − 𝐊𝐊𝐊𝐊)𝐏𝐏𝑓𝑓 = (I − 𝐊𝐊𝐊𝐊)𝐗𝐗𝑓𝑓𝐗𝐗𝑓𝑓T (12) 

𝐏𝐏𝑢𝑢 = 𝐗𝐗𝑢𝑢𝐗𝐗𝑢𝑢T = 𝐗𝐗𝑓𝑓𝐓𝐓𝐓𝐓T𝐗𝐗𝑓𝑓T (13) 

If we develop (12) according to (7) and (9) we can choose TTT 
as: 

𝐓𝐓𝐓𝐓T = �I −
1

𝑁𝑁𝑒𝑒 − 1
𝐘𝐘𝑓𝑓𝑇𝑇 �

1
𝑁𝑁𝑒𝑒 − 1

𝐘𝐘𝑓𝑓𝐘𝐘𝑓𝑓𝑇𝑇 + 𝐑𝐑�
−1

� (14) 

𝑎𝑎𝑎𝑎𝑚𝑚 𝐘𝐘𝑓𝑓 = 𝐇𝐇𝐗𝐗𝑓𝑓 (15) 

(14) is equivalent, according to the Sherman-Morrison-
Woodbury formula [23], to: 

𝐓𝐓𝐓𝐓T = �𝐼𝐼 ∗ (𝑁𝑁𝑒𝑒 − 1) + 𝐘𝐘𝑓𝑓𝑇𝑇𝐑𝐑−1𝐘𝐘𝑓𝑓�
−1. (16) 

In the present work, Yf,i is computed as the CV distance 
between the mean ensemble background and each member of 
the ensemble: 

�𝐘𝐘𝑓𝑓�𝑖𝑖 = 𝐇𝐇�𝐗𝐗𝑓𝑓�𝑖𝑖 =
𝐷𝐷(𝐻𝐻𝐻𝐻(𝑦𝑦�𝑓𝑓);𝑦𝑦𝑓𝑓,𝑖𝑖)

√𝑁𝑁𝑒𝑒 − 1
 and 𝑦𝑦� =

1
𝑁𝑁𝑒𝑒

�𝑦𝑦𝑓𝑓,𝑖𝑖
𝑁𝑁𝑢𝑢

𝑖𝑖=1

 

[26] propose to decompose T in eigenvectors such that the 
ensemble mean is preserved. T is a positive symmetric matrix. 
The orthogonal matrix U (generally chosen as the identity 
matrix) is introduced so that T decomposes as: 

𝐓𝐓 =  √𝑁𝑁𝑒𝑒 − 1𝐶𝐶Γ−
1
2𝐶𝐶𝑇𝑇𝐔𝐔 (17) 

where C are the eigenvectors (because T is symmetric) and 𝚪𝚪 
the eigenvalues matrix of T. The analysed thus reads:  

𝐗𝐗𝑢𝑢 = 𝐗𝐗𝑓𝑓𝐓𝐓 = √𝑁𝑁𝑒𝑒 − 1𝐗𝐗𝑓𝑓𝐶𝐶Γ
−12𝐶𝐶𝑇𝑇𝐔𝐔 (18) 

and the ensemble mean can is updated: 

𝑥̅𝑥𝑢𝑢 = 𝑥̅𝑥𝑓𝑓 + 𝐗𝐗𝑓𝑓𝐰𝐰𝐚𝐚 (19) 

𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐰𝐰𝑢𝑢 = (𝐶𝐶Γ−1𝐶𝐶𝑇𝑇)𝐘𝐘𝑓𝑓𝑇𝑇𝐑𝐑−1D(𝑦𝑦𝑚𝑚;𝑦𝑦�𝑓𝑓) (20) 

with D(𝑦𝑦𝑚𝑚;𝑦𝑦�𝑓𝑓) the CV distance between the observation and 
the ensemble mean.  

For each member, the analysed control vector is updated as: 

𝑥𝑥𝑢𝑢,𝑖𝑖 = 𝑥̅𝑥𝑢𝑢 + 𝐗𝐗𝑢𝑢𝑖𝑖 (21) 

where Xa
i is the i-th column of the matrix Xa. 

We can now compute the new analysed state for the next 
cycle with the hydrodynamic model and the analysed control 
vector with: 

𝑜𝑜𝑐𝑐
𝑢𝑢,𝑖𝑖 =  𝓜𝓜𝑐𝑐�𝑜𝑜𝑐𝑐−1

𝑢𝑢,𝑖𝑖 , 𝑥𝑥𝑐𝑐
𝑢𝑢,𝑖𝑖� (22) 

III. EXPERIMENTAL SETTING AND RESULTS 
The result of the DA for the corrective term on the upstream 

forcing using the CV metric to compute the discrepancy 
between observed and simulated front is assessed in this 
section. In the following, these results are displayed with two 
types of figures with similar layout for exp.A 
(Qup, a priori = 4,500 m3/s) and exp.B (Qup, a priori = 5,500 m3/s). 
Four DA cycles are carried out. 

Figure 5 and Figure 7, represent the ensemble fronts for the 
forecast (subplot a) and the analysis (subplot b) for the last time 
of the last DA cycle, at physical time t = 124,000 s with a start 
at t0 = 86,400 s. Members of the ensemble (forecast or 
analysed) are plotted in thin grey lines, the ensemble mean 
(forecast or analysis) is plotted in green, and the observed front 
is plotted in red. 

In Figure 6 and Figure 8, subplots (a) represents the 
evolution of the ensemble means (upper panels) and the 
standard deviations (bottom panels) over the DA cycles for the 
forecast control vector (in blue) and the analysis control vector 
(in red). Subplots (b) show the evolution of the mean CV 
functional (eq. (1)) computed between the ensemble members' 
levelset and the observed binary images used for results 
analysis. The smaller the CV functional the better; it reaches 
zero if the two images used for the comparison are perfectly 
equal. 

A. Results for experiment A 
In exp.A, the a priori is lower than the truth. Since the true 

value for Qup is 5000m3/s, 𝛽𝛽 is expected to be positive and to 
be close to 500 m3/s (because of the observation error) allowing 
for an inflow forecasted and analysed close to the truth. 

For a given DA cycle, the buffer limits the observation 
space so that the number of pixels is about 50,000 for one image 
instead of 150,000 for the whole domain. In the present case 
where three images are assimilated over T for cycle c, 
nobs = 150,000.  
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The forecasted and analysed front lines for the last DA cycle 
are shown in Figure 5 (a) and (b) respectively. The analysis is 
brought closer to the truth so that the members, mean and 
observations seem to overlap.  

 
(a) forecast front lines 

 
(b) analysis front lines 

Figure 5. Exp.A - Front lines of the ensemble members (in light grey), the 
observation (in red) and the ensemble mean (in green) for the last time of the 

last cycle of DA.  

This illustrates how the DA algorithm is capable of 
correctly increasing the inflow to almost reach the truth inflow 
value. 

 
(a) Summary of the analysis phases. 
    (i) ensemble mean; (ii) ensemble 
std 

 
(b) Chan-Vese functional evolution 
in time. 

Figure 6. Analysis metric for Exp.A. 
In blue the forecast, in red the analysis 

The upper panel in subplot a in Figure 6 shows the evolution 
of the ensemble mean for 𝛽𝛽 along the DA cycles. It should be 
noted that, as expected, the analysis as well as the forecast is 
reaches almost 500 m3/s which give the truth value when added 
to the a priori value of 4,500 m3/s. Since the truth is prescribed 
as a constant value, the analysis converges to this value along 
the DA cycles and the std of the ensemble decreases to zero. 
This shows that the ETKF DA efficiently brings the a priori 
close to the truth, with a high certainty in spite of the limited 
number of members in the ensemble. Indeed, before the 
analysis, the forecast std values are found between 400 and 800 
m3/s. The values are greatly reduced with the DA algorithm. 
Figure 6 (b) displays the Chan-Vese functional over time from 
eq. (1). This clearly shows the improvement brought by the DA 
analysis with the cost function metrics. As expected, the 

forecast and analysis cost functions decrease over the DA 
cycles, with a smaller 𝒥𝒥 value for the analysis. The CV 
functional for the analysis runs decreases almost exponentially. 
Even though it does not reach zero (perfect state) for the 
ensemble, it converges quite well towards it. Indeed, we put a 
strong trust on observations so that we expect that the analysis 
phase brings the control vector near the truth. 

 
(a) forecast front lines 

 
(b) analysis front lines 

Figure 7. Exp.B - Front lines of the ensemble members (in light grey), the 
observation (in red) and the ensemble mean (in green) for the last last time of 

the last cycle of DA.  

B. Results for experiment B 
In exp.B, a second a priori setting was tested when the 

inflow ensemble mean is greater than the truth, i.e. 5,500 m3/s 
compared to the true value 5,000 m3/s. As opposed to exp.A, 
here the beta factor is expected to be negative and approach 
- 500 m3/s, which allows for decreased inflow closer to the 
truth.  

 
(a) Summary of the analysis phases.  
    (i) ensemble mean; (ii) ensemble std 

 
(b) Chan-Vese functional evolution 
in time. 

Figure 8. Analysis metric for Exp.B. 
In blue the forecast, in red the analysis 

Similarly to Section III A, Figure 7 (a) and (b) show the 
forecasted and analysed front lines for the last DA cycle. For 
the analysis all members, mean and observations seem to 
overlap. 

Figure 8 (a) (upper panel) shows the evolution of the mean 
ensemble beta factor evolution. The analysis as well as the 
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forecast reaches - 500 m3/s which give the truth value when 
added to the a priori value of 5,500 m3/s.  

It seems that the convergence over the DA cycles is slower 
than in expA. This suggests that the non-linearity between the 
inflow and the flood extent is stronger when removing water 
from the system, which may relate to the incapacity of the model 
to wash out water from the floodplain as evapotranspiration 
processes are not accounted for. This question is currently being 
investigated. The ensemble inflow std value of the analysis is 
almost zero (Figure 8 (a) bottom panel) meaning that the ETKF 
DA is most certain. Similarly, to expA, the CV cost function 
significantly decreases over the DA cycles with reduced values 
for the analysis with respect to the forecast as shown in Figure 8 
(b), with a lesser efficiency than for exp.A. 

IV. DISCUSSION AND CONCLUSION 
In conclusion, the implementation of the ETKF with the CV 

metric for front distance estimation shows promising results. 
The OSSE framework allows for a sanity validation of the 
algorithm here applied to a simplified test case. The 
construction of a buffer zone to reduce the size of the 
observations space allows to reduce the computational cost of 
the ETKF DA algorithms. For now, the buffer selection phase 
is done for each cycle in the algorithm. This phase could be 
adapted to be more efficient. 

Further work will focus on more advanced test cases where 
the simulated and observed fronts intersect. This could result 
from uncertainties in topography and Strickler coefficient. 

The perspective for this work is to apply the CV-ETKF 
strategy to real test cases, in unsteady conditions, for instance 
for the Garonne Marmandaise model, and extend the 
observations to other satellite-derived flood extents, for 
instance from SWOT.  
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Abstract – Early warning and prediction of flood events have 
become all the more essential as the occurrence and intensity of 
flooding have increased in recent decades. In this work, the 
upstream boundary condition for a local-scale hydrodynamic 
TELEMAC-2D (T2D) model is provided by the outputs of a large-
scale hydrologic model ISBA-CTRIP. The studied test case is the 
Garonne Marmandaise catchment (southwest of France), that is 
prone to flooding, with a focus on a medium-sized flood event that 
occurred in January-March 2022. To account for the uncertainties 
related to the inflow provided by ISBA-CTRIP as well as the 
friction coefficients and hydraulic state, we focus on the 
assimilation of remote-sensing flood observations, namely 
longitudinal river water surface elevation (WSE) profiles provided 
by Sentinel-6MF altimetry data, and 2D flood extent observations 
derived from Sentinel-1 SAR images acquired during overflowing 
events. An Ensemble Kalman Filter (EnKF) with a dual state-
parameter data assimilation (DA) approach is implemented on top 
of the T2D model. The observation operator associated with the 
longitudinal river WSE profiles and the water surface ratio (WSR) 
observations, as well as the dual state-parameter sequential 
correction, were implemented and validated. This work paves the 
way toward a cost-effective and reliable methodology for flood 
forecasting and flood risk assessment that allows moving towards 
a perspective working with poorly-gauged or ungauged 
catchments. 

Keywords: Flooding, data assimilation, ensemble Kalman Filter, 
remote sensing, Garonne. 

I. INTRODUCTION 
Flooding is one of the most common and costliest natural 

disasters worldwide in recent decades. In the context of 
operational flood forecasting, the challenges lie in producing 
reliable forecasts given constrained computational resources 
and within processing time that is compatible with real-time 
forecasting. Flood hydrodynamic models typically depend on 
observed data from gauge networks, e.g., water level and/or 
discharge that describe the forcing time-series at the upstream 
and lateral boundary conditions (BCs) of the model. However, 
this information is not always available, due to a lack of in-situ 
gauge data—which is declining worldwide [1]—or because the 
stream gauge measurements acquired during high-overflowing 
periods are unreliable. Additionally, in order to reach longer 
forecast lead times, a forecasted inflow discharge should be 

described, e.g., discharge simulated by large-scale hydrologic 
models [2]. 

While hydrologic and hydraulic numerical models play an 
essential role in flood forecasting, their capabilities remain 
limited due to uncertainties in their input data such as rainfall, 
inflow, geometry and topography of the catchment and the river 
(e.g., topographic and bathymetric errors from Digital 
Elevation Models (DEMs)), as well as hydraulic parameters 
(calibration of friction coefficients). As a result, data 
assimilation (DA) prevails as an efficient tool to reduce these 
uncertainties, by combining numerical model outputs with 
various Earth Observations from space or from in-situ stream 
gauge measurements. In this regard, the volume of data from 
space missions have been increasing considerably in recent 
years. They provide heterogeneous and relevant data such as 
altimetry (Sentinel-6, SWOT), optical (Sentinel-2, Pléiades) 
and radar (Sentinel-1, TerraSAR-X). In particular, Synthetic 
Aperture Radar (SAR) is capable of all-weather global imagery 
of continental waters, which are depicted by low backscatter 
pixels resulting from the specular reflection of the radar pulses 
upon their incidence against the water surfaces. Based on such 
information, our previous studies [3, 4, 5] have focused on the 
assimilation of wet surface ratio (WSR) derived from Sentinel-
1 (S1) SAR images, in addition to in-situ water level data. As 
such, an ensemble DA approach has been developed to 
accommodate these 2D WSR observations alongside in-situ 
water level time-series within an Ensemble Kalman Filter 
(EnKF) framework has been implemented on the TELEMAC-
2D (T2D) hydrodynamic model set up over the Garonne 
Marmandaise catchment.  

In this work, we focus on the usage of remote sensing data 
and the improvement of flood forecasting relying on only this 
data, compared to the conventional method that uses only in-
situ data. The merits of such DA methods (both the one using 
only in-situ and only RS data) are demonstrated in the high 
uncertainty conditions. Indeed, the upstream BC of the T2D 
model is provided by the large-scale hydrologic ISBA-CTRIP 
model [6], with the purpose of extending forecast lead time 
beyond the hydraulic network transfer time. As such, this work 
aims at near real-time flood forecasting by making the most out 
of the large volume of heterogeneous data from space. 
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II. STUDY AREA AND MODELS 
Free-surface hydraulic modelling is mainly governed by the 

Shallow Water equations (SWE), also known as Saint Venant 
equations derived from Navier-Stokes Equations. They express 
mass and momentum conservation averaged in the vertical 
dimension. In this work, the hydrodynamic numerical model 
TELEMAC-2D is used to simulate and predict the water level 
(denoted by 𝐻𝐻 [m]) and velocity (with horizontal components 
denoted by 𝑢𝑢 and 𝑣𝑣 [m.s-1]) from which flood risks can be 
assessed effectively. It solves the SWE with an explicit first-
order time integration scheme, a finite-element scheme and an 
iterative conjugate gradient method. A complete description of 
the underlying theoretical approach is provided in [7]. 

 
Figure 1. TELEMAC-2D Garonne Marmandaise model and control vector 

[3]. Inset figure magnifies the impacted urban area around Marmande. 

The study area is the Garonne Marmandaise catchment 
(southwest France) which extends over a 50-km reach of the 
Garonne River between Tonneins and La Réole (Figure 1). This 
catchment has been equipped with hydraulic infrastructures, 
and a progressively constructed system of dykes and weirs to 
protect the floodplains from flooding events such as the historic 
flood of 1875 and to manage submersion and flood retention 
areas. Over this catchment, observing in-situ stations operated 
by the VigiCrue network (https://www.vigicrues.gouv.fr/) can 
be found at Tonneins, Marmande, and La Réole (black solid 
circles). In 2021, an additional station was installed by 
Vortex.io (https://www.vortex-io.fr/) at Couthures-sur-
Garonne, henceforth called Couthures for short, to provide 
additional observations following the January-February 2021 
major flood event occurred on this catchment. In this work, we 
focus on the flood event that occurred in December 2021 - 
January 2022. In-situ WL measured every 15 minutes during 
this flood event at Tonneins (blue line), Marmande (orange 
line), and La Réole (green line), and at Couthures (cyan line), 
are shown in Figure 2. Vertical lines stand for the overpass time 
of the Sentinel-1 (in grey/yellow dash-dotted lines for S1A and 
S1B, respectively) and Sentinel-6 (cyan dotted lines). 

The large-scale hydrologic model ISBA-CTRIP [8] consists 
in the coupling between the ISBA land surface model (LSM) 
[9] and the CNRM-modified version of the TRIP river routing 
model (RRM) [10]. While ISBA simulates the exchanges of 
heat and water balance at the soil-atmosphere-vegetation and 

hydrology (i.e., surface and deep run-off) interfaces, CTRIP 
deals with the lateral transfer of freshwater towards the 
continent-ocean interface. Regarding the spatial resolution, the 
ISBA model is defined at global scale on a 0.5°×0.5° regular 
grid. On such a grid, the energy and water budget over 
continental surfaces are established, considering a three-layer 
soil. ISBA provides a diagnostic of the surface runoff and the 
gravitational drainage (i.e., water percolating to the deep layers 
of the soil), later used as forcing inputs for the RRM. On the 
other hand, the CTRIP model is defined on a regular latitude-
longitude grid at an improved 1/12° resolution and it follows a 
river network to transfer water laterally from one cell to 
another, down to the interface with the ocean. This present work 
takes advantage of the recent CTRIP version from [8, 11] with 
a gridded map of discharge. The uncertainties in these 
simulated discharges mainly stem from uncertainties in the 
LSM inputs (i.e., precipitation), RRM parameters and 
catchment description. 

 
Figure 2. Water level time series at VigiCrue and Vortex.io observing 

stations, as well as S1 and S6 overpass times. 

The TELEMAC-2D model over the Garonne Marmandaise 
catchment was developed and calibrated by EDF R&D [12]. It 
was built on a mesh of 41,000 nodes based on existing 
bathymetric cross-sectional profiles and topographic data [12]. 
A local rating curve at Tonneins is used to translate the 
observed WLs into a discharge time-series that is applied over 
the whole upstream interface (cyan arrow in Figure 1), 
including both river bed and floodplain boundary cells. Such a 
modelling strategy was implemented in order to cold start the 
T2D model with any inflow value. However, it prompts an 
artificial over-flooding over the upstream first meander, which 
would remain for a small period of time until the water returns 
to the river bed. On the other hand, the downstream BC at La 
Réole is described with a local rating curve built from gauge 
measurements. Over the simulation domain, the friction 
Strickler coefficient [13] is defined over seven zones, Ks1 to Ks6 
for different segments of the river bed and Ks0 for the entire 
floodplain. They are illustrated in Figure 1 by solid-coloured 
segments of the river bed and white region for the floodplain. It 
is worth noting that the description of friction coefficients is 
highly prone to uncertainties related to the zoning assumption, 
the calibration procedure, and the set of calibration events. In 
the absence of in-situ data in every river segment, their a priori 
values are set based on the calibration process from the original 
setting by EDF [12]. 

In addition, in order to account for the evapotranspiration, 
ground infiltration and rainfall processes that are lacking in the 
TELEMAC-2D Garonne model, a state correction in the 
floodplain has been implemented. Five subdomains delineated 
in the floodplain, represented by hatched coloured regions in 
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Figure 1 which involve a uniform WL correction over each 
subdomain, are added to the control vector. These state 
corrections are considered as zero-mean gaussian random 
vectors. These zones were determined based on the description 
of the storage areas [12] and the dyke system of the catchment. 
It is worth-noting that the first storage area of the model, at the 
first meander near Tonneins, is excluded in this study because 
of the aforementioned artificial over-flooding effect. In 
addition, several storage areas within the downstream region 
are not considered either, because they are not fully observed 
by S1, and some spurious dynamics may be caused by the errors 
in topography near La Réole [12]. Over each of the five zones, 
the ratio between the area of wet surfaces (observed by S1 
images) and the total area of the subdomain is computed to 
provide observations in the floodplain. 

In addition to the S1-derived flood extend observations, we 
also leverage data from a recent altimetry satellite, namely 
Sentinel-6-Michael Freilich (S6) [14]. These data were 
processed with Fully-focused SAR [15] allowing, for every S6 
overpass, a profile of water surface elevation every 10 m along 
the river centreline. For this studied catchment, the S6 
observations cover a similar area to that of the Ks2 and Ks3 
friction coefficient of the riverbed. These relevant observations 
are taken advantage of in order to improve the performance of 
flood forecasting when relying on only remote-sensing data, 
compared to the conventional method that uses only in-situ 
data. 

III. METHOD 

 
Figure 3. Overview workflow. 

The general workflow for this study is illustrated in Figure 
3. As aforementioned, the chained multi-physics and multi-
scales modelling approach involves a direct supply of discharge 
forcing data for the T2D hydraulic model by a hydrologic 
model (blue block in Figure 3), instead of an observed 
streamflow from an in-situ gauging station (orange block in 
Figure 3). A similar approach was carried out between T2D and 
the large-scale RAPID hydrologic model within a twin 
experiment setup [2]. Here, the differences between two 
discharge time-series, respectively in blue and orange lines, are 
depicted by Figure 4, which shows the underestimated 
discharges with shortened duration over several peaks of the 
studied flood event. There are also a few days with low regimes 
where ISBA-CTRIP discharge is a little higher than the 

observed discharge, e.g., before the third peak of the flood 
event. 

A. Data assimilation 
Figure 2 depicted all the data used in this work. The WL  

time-series at the three VigiCrue stations (Tonneins, Marmande 
and La Réole) as well as the S6 river WSE profiles and the S1-
derived WSR computed over the five floodplain zones, are 
assimilated with the EnKF algorithm implemented on the 
TELEMAC-2D Garonne model (purple box in Figure 3). This 
allows for a sequential correction of the friction, the inflow 
discharge, and water level averaged over selected subdomains 
of the floodplain. The WL time-series observed at Couthures is 
used for validation only. Moreover, the WSR observations 
derived from S1 flood extent maps, being a ratio and non-
gaussian, require a special treatment called Gaussian 
anamorphosis (GA) to be rendered into gaussian variables that 
are more compatible and optimal for the EnKF. The full 
description of the performed cycled EnKF algorithm and the 
applied GA can be found in [3, 5, 16, 17]. 

 
Figure 4. ISBA-CTRIP discharge (blue line) and observed discharge (orange 

line) time-series at Tonneins over the 2021-2022 flood event. 

The observation error, for the computation of the 
corresponding covariance matrix R, is set proportional to the 
value of the in-situ WL observations (i.e., 10%) and to that of 
the WSE observations along the river centreline (i.e., 15%), 
whereas it is prescribed as a scalar fixed value for the WSR 
observations. The standard deviation of the S1-derived WSR 
observations is fixed to 0.1 (and up to 0.2 depending on how 
early the observation time within each assimilation window). 
These values stem from the assessment of the flood mapping 
algorithm that provides the wet/dry classification results 
(validated on five test sites all over the world) with an overall 
accuracy of 86.86% [16]. In addition, as opposed to [16], here 
no model-observation bias was taken into account for the in-
situ WL data. All DA experiments were carried out using 75 
members. 

B.   Control vector 
Table I summarises the variables included in the control 

vector of the performed EnKF. The friction coefficients are 
considered as random variables with a gaussian Probability 
Density Function (PDF) with mean and standard deviation 
estimated from the calibration process. The uncertainty in the 
upstream BC is also taken into account in order to address the 
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underestimated discharge provided by the hydrologic ISBA-
CTRIP model. Therefore, a multiplicative factor 𝜇𝜇 applied on 
the time-dependent discharge time-series is considered as a 
random variable with a gaussian PDF centred at 1. In addition, 
the WL corrections applied uniformly on each of the five 
selected subdomains are denoted δH1-5. They are considered as 
zero-mean gaussian random vectors. 

Table I Gaussian PDF of uncertain input variables. 

Variables Unit 
Calibrated/ 

default 
value 𝒙𝒙𝟎𝟎 

Standard 
deviation 

𝜎𝜎𝟎𝟎 

95% 
confidence 

interval 
Ks0 m1/3s-1 17 0.85 17 ± 1.67 
Ks1 m1/3s-1 45 2.25 45 ± 4.41 

Ks2, Ks3 m1/3s-1 38 1.9 38 ± 3.72 
Ks4, Ks5, 

Ks6 
m1/3s-1 40 2.0 40 ± 3.92 

𝜇𝜇 - 1 0.06 1 ± 0.0136 
δH1..5 m 0 0.25 0 ± 0.0566 

C.   Experimental setup 
Three experiments were carried out, one in open-loop (OL) 

mode and two in DA mode. The first DA experiment involves 
only in-situ data assimilation (hence named IDA) as in 
conventional research works, whereas the second DA 
assimilates only RS observations (so-called RSDA). The three 
experiments are fed with the upstream BC provided by the 
ISBA-CTRIP discharge (blue line in Figure 4). In this work, the 
observed discharge was not used as forcing data for the 
experiments, it only serves as a reference for the ISBA-CTRIP 
discharge. The IDA experiment focuses on the sequential 
correction of friction coefficients and inflow discharge. 
Additionally, the RSDA experiment treats the hydraulic state 
variable in five floodplain subdomains, representing 
evapotranspiration and ground infiltration processes that are 
unavailable in the T2D Garonne model. The DA experiments 
were implemented with a cycled EnKF with an 18-hour 
assimilation window sliding with 6-hour overlapping. The 
simulation results were comprehensively assessed with 1D and 
2D metrics with respect to the observations. 

Table II Summary of the Free Run and DA experiment settings. 

Exp. DA? Assimilated 
observations 

Nb of 
members 

Control 
variables 

OL No - 1 - 
IDA Yes In-situ WSE 75 Ks0..6 , 𝜇𝜇 

RSDA Yes S1 WSR + S6 
WSE 75 Ks0..6 , 𝜇𝜇, δH1..5 

IV. EXPERIMENTAL RESULTS 
In this section, quantitative performance assessments are 

carried out in the control and in the observation spaces by: 

(i)  comparing the parameters yielded by the different DA 
analyses (subsection IV-A); 

(ii) comparing the different analysed WL time-series with 
observations at in-situ observing stations, or along the 
river centreline at S6 dates (subsection IV-B and IV-C); 

(iii)  comparing the different analysed WSR with S1-derived 
WSR observations in the floodplain (subsection IV-D); 

A.   Results in the control space 
The analysed parameters from the two DA experiments are 

shown in Figure 5. The horizontal dashed lines stand for the 
default values (Table 1) which were used for the OL 
experiment, whereas the orange curves show the parameters of 
IDA (assimilating only in-situ data), and those of RSDA 
(assimilating only RS data) are represented by the green curves. 
Vertical lines represent the observation time of the S1 
(grey/yellow dash-dotted lines) and S6 (cyan dotted lines), 
providing WSR observations over the floodplain and WSE at 
river centreline, respectively, that are altogether assimilated in 
the RSDA experiment.  

Panels from the left column of Figure 5 show the friction 
coefficient in the floodplain Ks0 and in the riverbed Ks1-6. Since 
RSDA only assimilated remote-sensing data, its parameters 
have been corrected fewer times over the flood event compared 
to IDA. This is because the friction and inflow parameters stay 
constant within a DA cycle and if no observation was available 
during a cycle, they would remain the same from the previous 
cycle. On the other hand, the assimilation of in-situ data leads 
to many parameters to change significantly from the 
default/calibrated values and with a large variance between 20 
and 70 m1/3s-1.  

The first panel on the right column (Figure 5) presents the 
multiplicative factor 𝜇𝜇 obtained from the analyses. The 
resulting 𝜇𝜇 from IDA fluctuates considerably due to a potential 
equifinality when 𝜇𝜇 is combined with the friction coefficients 
in the control vector. On the other hand, RSDA-analysed 
parameter 𝜇𝜇 remains mostly more than one, showing the need 
to have more water into the catchment to account for the low 
ISBA-CTRIP discharge. Second to sixth panel from the right 
column of Figure 5 reveals the hydraulic state corrections δH1-

5. They are strictly negative in all five floodplain subdomains. 
This is because the flood event is not a major one with relatively 
mild overflowing, thus the observed flood extent maps are not 
prevailing, with most days showing little to no water detected 
in the floodplain. It leads to the δH trying to empty the 
floodplain.  

Last panel shows the reconstructed upstream inflow 
discharge, i.e., the ISBA-CTRIP output multiplied by the 
analysed factor 𝜇𝜇 from the two DA experiments (orange: IDA, 
green: RSDA), in comparison to the observed discharge (black-
dashed line). With the information from either in-situ data 
(IDA) and S6-derived WSE along the river centreline (RSDA) 
the flood peak discharge has been improved to match the same 
height as the observed discharge, however the phase delay 
remains unresolved. The evaluation of the DA experiments, in 
the control space for a real event, does not involve 
quantitatively assessing the performance of DA strategies, as 
the true values of the controlled parameters are unknown. 
Nevertheless, based on this diagnosis, it should be noted that 
there are potential equifinality issues here when only one type 
of observation was assimilated.
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B. Results in the observation space: WLs at observing stations 

Table III Water level RMSE w.r.t. in-situ WL at VigiCrue observing 
stations. Lowest RMSE values are underlined. 

Exp. 
RMSE [m] 

Tonneins Marmande La Réole Couthures 
OL 1.162 0.940 0.940 0.787 
IDA 0.189 0.137 0.140 0.280 

RSDA 0.810 0.990 0.886 0.647 
The root-mean-square errors (RMSE) computed over time 

for the 2021-2022 flood event using the WLs simulated by the 
experiments OL, IDA and RSDA, with respect to the observed 
WLs at observing stations are summarised in Table III. Figure 
6 displays the WLs simulated by the different experiments, at 
Tonneins (red lines), Marmande (blue lunes), Couthures (cyan 
lines) and La Réole (green lines), in comparison to the 
corresponding observed WLs (black-dashed lines). It can be 
noted that the simulated WLs at different observing stations 
(either those used for assimilation, or that of Couthures used for 
validation only) are improved significantly in IDA (Figure 6b) 
compared to the OL experiment (Figure 6a) throughout the 
flood event; even though there is still a minor underestimation 

at Tonneins (red line) and La Réole (green line) by IDA 
compared to the observations near the third flood peak.  

For RSDA (Figure 6c), with the contribution of RS data, 
only the WLs at the peaks are improved. This is due to a number 
of reasons. First, the S1-derived flood extent maps offer limited 
knowledge on the flow dynamics in the floodplain to correct the 
involved uncertainties. Second, during the period following a 
S6 pass at high flows (of which the respective S6 data was 
assimilated), the simulated WLs in the river still remain much 
higher than the observations, and hence causes higher misfits 
compared to the OL experiment. This stays until the next S6 
pass (typically when it is of low flow) where the WLs are 
reduced and become similar to the observed WLs. The fact that 
the WLs are not consistently improved by the RSDA (compared 
to OL) can be underwhelming in general, regarding the merits 
of assimilating RS data without in-situ data. However, the 
improved peak WLs and the immediate correction of the WL 
overestimation at the next assimilation represent what RS data 
can offer in terms of uncertainty reduction at S6 assimilation 
times. This current limitation also advocates for the need of 
more frequent observations from space in order to improve the 
10-day revisit frequency of the S6 satellite. It can be expected 

Figure 5.   Evolution of controlled parameters for roughness, multiplicative correction to the inflow, and state correction in the floodplain. 
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that for a more significant flood event, the S1 observations shall 
satisfy such a need for a denser observing network, as shown in 
[3, 5]. 

C.   Results in the observation space: WSE profiles along the 
river centreline 

Figure 7 shows the WSE profiles along the river centreline, 
from which the S6 data were measured. There are eight panels 
associated with eight S6 overpasses. The black-dashed lines 
represent the WSE profiles observed by the S6 satellite, 
whereas the WSE profiles simulated by the OL, IDA, and 
RSDA experiments are represented by the blue, orange and 
green lines, respectively. The curvilinear abscissa of the plots 
follows the flow direction, i.e., smaller abscissa is upstream of 
a greater abscissa. Three particular dates are noted “high flow” 
(with panel title in boldface), as they correspond to the three 
high-flow dates, namely 2021-12-12 (first peak of the event), 
2021-12-31 (slightly after the second peak) and 2022-01-10 
(before the third peak of the event).    

 

(a) OL (RMSE: 1.162, 0.940, 0.940, 0.787) 

(b) IDA (RMSE: 0.189, 0.137, 0.140, 0.2 

 
(c) RSDA (RMSE: 0.810, 0.990, 0.886, 0.647) 

 

 

 
 

Figure 7.  Simulated WSE at river centreline compared to S6-derived WSE observations. 

Figure 6.  Simulated WL compared to observations by (a) OL, (b) IDA 
and (c) RSDA. 

44



29th TELEMAC User Conference Karlsruhe, Germany, 12-13 October 2023 
 
 

 

 

The S6 measurements allow to validate experiments in high 
spatial density (up to 10 m in this work) that is not possible 
when using in-situ WL data. It reveals different outcomes 
yielded by one experiment to reveal at different segments of the 
river. For instance, OL experiment (blue lines) shows an 
underestimation of WSEs in one part of the profile and an 
overestimation in another on all eight overpasses. The 
underestimation became global and especially problematic on 
high-flow days, as shown by the gaps between the blue lines 
and black-dashed lines on these panels. It results in a gap of 
more than two metres at the first flood peak on 2021-12-12. In 
addition, after the third peak of the event, the WSEs yielded by 
OL show a slight overestimation over the left part of the profile 
(between the curvilinear abscissa 0 and 6,000 m). The area of 
observation by the S6 satellite over the studied catchment, 
despite covering only a part of it, is also interesting as it 
stretches to the Marmande in-situ station, where the local 
residents have been regularly impacted by flooding. 

On most days, the WSEs along the river simulated by the 
IDA (orange lines) are coherent with the S6 observations over 
the right part of the profile (between the curvilinear abscissa 
15,000 and 17,500 m). This is due to the fact that there is an 
observing station at Marmande, whose location along the 
curvilinear abscissa is represented by the vertical red-dotted 
line in Figure 7, around the curvilinear abscissa at 16,800 m. 
The in-situ WSEs measured at this station are shown by the blue 
crosses in each panel. Indeed, thanks to this assimilation, the 
resulting WSEs by IDA, in the vicinity of the in-situ station, 
stay very close to the observations. However, at positions along 
the river further away from the Marmande station, the WSEs 
simulated by IDA differ significantly from the observed WSEs. 
Underestimated WSEs at the middle part of the profiles by IDA 
are also a common problem, as shown throughout the flood 
event with the orange lines far below (more than one metre) the 
black-dashed lines.  

Considering the RSDA experiment (green lines), as one can 
expect, the simulated WSEs along the river are quite consistent 
throughout the event, with slightly underperformances at high-
flow dates. Moreover, the S6 measurements on 2022-01-10 
present a part of the observation (i.e., between the abscissa 0 and 
10,000 m) being erroneous due to a false initiation problem with 
the Fully-focused SAR processing. This error can be easily 
diagnosed when analysing the OL/IDA WSEs on this day. In 
this work, a process of quality control has been applied on 
RSDA to reject those erroneous S6 observations from the 
assimilation. This results in RSDA (green line) taking into 
account only partially the observations on 2022-01-10. This 
rejection of misfits demonstrates the flexibility of the performed 
DA strategy regarding errors with large magnitudes. However, 
this contributes to the simulated peak WLs at observing stations 
different from each other. As such, back in Figure 6, the peak 
WLs following this S6 overpass (shown by the red rectangle) 
from RSDA shows a similar height for Tonneins (red line) and 
Marmande (blue line) compared to their respective observed 
peak, but it exhibits smaller peaks for Couthures (cyan line) and 
La Réole (green line), hence creates larger misfits for these two 
downstream stations. This is because the part of the S6 
observations near Marmande that are not rejected in the DA. 

It should be reemphasized that, as mentioned in the previous 
subsection, the fact that there is only one S6 overpass every 10 
days imposed the controlled parameters to remain the same 
even for several days after the assimilation. This was the reason 
why the WLs within the river or at the observing stations have 
the tendency to stay much higher than the observed WLs. This 
situation is even more severe when only a part of the 
observations (i.e., the 2022-01-10 incident) is taken into 
account for the DA. 

D.   Results in the observation space: WSR in the floodplain 
Figure 8 displays the S1-derived WSR (black lines) at S1 

overpass times and the WSR computed for OL (blue lines), IDA 
(orange lines) and RSDA (green lines) experiments over the 
five subdomains of the floodplain. As aforementioned, the 
observed flood extent maps derived from S1 SAR image 
present little water surfaces in the floodplain. This is due to the 
fact that the S1 images were acquired during relatively low flow 
dates, and right before the third peak of the flood event 
occurred, one of the two S1 satellites (Sentinel-1B, shown by 
yellow dash-dotted vertical line in Figure 4) became defected. 
This reduced the S1 observation capacity by a half after mid-
December 2021. In Figure 8, the black lines show the observed 
WSRs that are almost zeros throughout the event. These lines 
are overlapped by the blue lines that represent the OL 
experiment, which shows underestimation of the flood extent 
due to the low forcing discharge simulated by the ISBA-CTRIP 
hydrologic model. Therefore, its resulting WSRs are similar to 
the observed ones. When only in-situ data was assimilated (in 
IDA), the WSRs over the different floodplain subdomain are 
much higher than the observed WSRs. Such an overestimation 
starts around the third peak for the first three subdomains 
(δH1,2,3), whereas this was the case since the beginning of the 
flood for the downstream subdomains (δH4 and δH5). 

 
Figure 8. Simulated and observed WSR values in the five floodplain zones. 

The assimilation of RS data by RSDA (S1 for the WSRs in 
the floodplain and S6 for the WSEs along the river) yields 
WSRs more coherent to the observations derived from S1 
images, especially in the subdomain 3 and 5. The δH2 
subdomain (which is significantly smaller compared to the 
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other subdomains), however, has been overestimated at the 
third flood peak. This could stem from the rejection and non-
assimilation of the erroneous S6 measurements on 2022-01-10 
(between the abscissa 0 and 10,000 m as mentioned above) 
which led to the RSDA experiment keeping the same friction 
coefficient at the corresponding river segment, i.e., Ks2 at the 
fourth and fifth S6 overpasses (vertical cyan lines). On the other 
hand, the WSR associated with the δH4 subdomain still is 
overestimated even though the state correction in this zone is 
active the whole event. 

V. CONCLUSIONS AND PERSPECTIVES 
This study presents the merits of assimilating 2D flood 

extent observations derived from remote sensing Sentinel-1 
SAR images and Sentinel-6-Michael Freilich altimetry data 
with an Ensemble Kalman Filter implemented on a 
hydrodynamic TELEMAC-2D model. The flood extent 
information from S1 SAR images is expressed in terms of Wet 
Surface Ratio or WSR computed over defined sensitive 
subdomains of the floodplain, whereas the altimetry data from 
S6 are obtained as WSEs over the river centreline every 10 
days. The S6 observations cover nearly half of the studied 
catchment. The S1-derived WSRs are assimilated jointly with 
the S6 altimetry data, and its results were compared against the 
case when only in-situ water level observations were 
assimilated. The study was carried out over the Garonne 
Marmandaise catchment, focusing on the flooding event in 
December 2021-January 2022 when both types of satellite 
observation were available. Three experiments were realised; 
one in open-loop mode and two others in DA mode. The control 
vector gathers friction and forcing correction, and is augmented 
with correction of the hydraulic state in subdomains of the 
floodplain. All of the DA experiments were implemented by a 
cycled EnKF with an 18-hour assimilation window sliding with 
6-hour overlapping. The simulation results were 
comprehensively assessed with 1D and 2D metrics with respect 
to assimilated data. 

The first DA experiment IDA involves only in-situ 
observations whereas the other one RSDA assimilates both 
WSR observations derived from S1 2D flood extent maps and 
WSE observations from the S6 altimetry data. While both DA 
experiments focus on the sequential correction of friction 
coefficients and inflow discharge, RSDA additionally handles 
a dual state-parameter estimation within the EnKF, by treating 
inflow discharge and friction coefficients as well as the 
hydraulic state variable in five particular floodplain 
subdomains, representing evapotranspiration and/or ground 
infiltration processes that are unavailable in the TELEMAC- 
2D model. This difference was due to the availability of S1-
derived observations (i.e., WSR) of the floodplain that involves 
only RSDA. 

It has been shown that the assimilation of in-situ data in IDA 
significantly improves the simulation in the river bed, 
especially when there is a significant amount of uncertainty 
involving the upstream discharge provided by ISBA-CTRIP. 
The water levels at observing stations simulated by RSDA 
suggest that without in-situ data it is nearly impossible to 
compensate for such an underestimated discharge, even though 
the WSEs along the rivers have been improved significantly at 
times. Nevertheless, IDA overestimates the flow dynamics in 

the floodplain as shown by the WSRs in the five floodplain 
subdomains. Indeed, the in-situ observations located in the river 
bed, do not provide information on the dynamics in the 
floodplain. Previous works [3, 4, 18] have shown that the 
assimilation of RS data is beneficial when an observed 
discharge was used as forcing data, but in order to account for 
hydrologically-modelled forcing discharge, in-situ data is 
essential. 

On the other hand, S6 data assimilation allows to 
substantially improve the WLs (both at observing stations and 
along the observed river segment) whenever there are 
observations available for assimilation, with a fine spatial 
resolution of the WSE in the river. The added value from S6 
altimetry data regarding the dense WSE profile along the river 
allows to diagnose in fine detail the behaviour of the simulated 
WSEs, varying between the part near an observing station and 
those far away from it. This beneficial feature will be even more 
advantageous for a large-swath altimetry satellite like the 
recently launched SWOT that provides WSEs from the river as 
well as from the floodplain. This study validated the assertion 
that a densification, in time and space, of the observing 
network, especially in the floodplain with remote sensing data 
and advanced DA strategy, allows to improve the 
representation of the dynamics of the flow in the floodplains. In 
addition, the necessity of in-situ data has been reemphasized, 
especially when there are high amounts of uncertainties to be 
dealt with, e.g., underestimated discharge provided by a large-
scale hydrologic model. Lastly, this work advocates for the 
multi-source data assimilation strategy implemented on top of 
a chained hydrologic-hydraulic model, making the most out of 
Earth Observation heterogeneous data. Such a diverse 
combination between models and observations, aiming at new 
observing strategies, heralds towards a Digital Twin framework 
in hydrology. 
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Abstract – Numerical models play an essential role in fluvial 
hydraulics for modelling flood dynamics. These models are often 
used as prediction tools to design effective mitigation measures or 
estimate possible damages due to overflowing for future events in 
specific areas. Before using these models, they need to be 
calibrated against observations to assess their accuracy for past 
and future events. In this study, we implement and compare in a 
realistic scenario different data assimilation algorithms for 
parameter estimation to evaluate which is most suitable for 
calibrating hydraulic models.  In this work, the goal is to retrieve 
the friction, a distributed parameter in two-dimensional flood 
models. Water depth measurements at different places among 
the channel and floodplains are used as observations in Data 
Assimilation algorithms. The methodology is conducted on a twin 
experiment. Different levels of observation errors and various 
configurations of observations are tested, both temporally and 
spatially. The 3DVAR algorithm was more efficient for most 
configurations for identifying the parameters.  

Keywords: Data Assimilation, Parameter Estimation, 
Roughness. 

I. INTRODUCTION 
During flood events, it is essential to predict water depths 

accurately. For floods, a common choice is to perform a 
numerical simulation with 2D Shallow Water Equations 
(SWE) models. However, uncertainties arise when constructing 
a numerical model with these equations for real cases. The 
primary sources of uncertainties in flood modelling are the 
model inputs (boundary conditions, initial conditions, 
topography and bathymetric data) and the physical processes 
modelled by the friction [1].  

To reduce uncertainties and accurately predict floods, 
models are calibrated. Calibration aims at adjusting uncertain 
physically based parameters (e.g., friction values) to fit 
measurements. For a long time, measurements were only water 
levels from stage gauging stations, gauge leashes or aerial 
photographs. Still, satellite imagery can now get more 
distributed data on the floodplains. These measurements can be 
water depths, flood contour, and velocities, but we will focus in 
this work on water depths. Using distributed water depths for 
calibrating models may lead to significant improvements 
compared to using water depths only in the channel.  

The water depths and flood extent are usually very 
sensitive to the inlet discharge [2]. A stage gauging station at 
the inlet of the domain standardly allows one to reduce the 
uncertainty on the boundary and initial conditions strongly. 
Topography can now be known with a high degree of precision 
using modern numerical terrain models. Bathymetric data can 
be similarly known at the price of costly terrain measurements: 
we assume they are certain. So, the friction coefficients 
account for most of the remaining uncertainties which could be 
reduced by e.g., new data such as satellite images [2]. 

Data Assimilation (DA) aims to find the best compromise 
between observations and numerical models. This subfield of 
inverse problems, first applied to numerical weather 
prediction, is widely used in geosciences and hydraulics [3].  

This paper uses DA for inverse parameters estimation from 
observations and the outputs of a numerical model (e.g., water 
depths).  

This paper aims to compare and implement different 
algorithms of DA with parallelisation capabilities working with 
the TELEMAC-MASCARET software suite 
(www.opentelemac.org) and especially TELEMAC-2D. Most 
DA algorithms are designed for real-time updating of the 
states, but here we seek to evaluate parameters (distributed 
friction) fixed at the start of a simulation. 

Section II mathematically sets the parameter estimation 
problem. Sections III, IV and V present various DA algorithms 
to tackle the issue. Section VI presents numerical results to 
compare the various algorithms in a schematic test case for a 
flood event under different configurations. Finally, in Section 
VII, the conclusions and perspectives of this work are 
presented.  

II. PROBLEM SETTING 
Two significant components define the inverse problem. 

On the one hand, uncertain measurements (e.g., water depths), 
and on the other hand, the numerical model simulating 
hydraulic states. Our goal is to estimate the distributed friction 
parameters of the model through a comparison between water 
depth measurements and the outputs generated by the 
numerical model. 
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A.  Setting of the parameter estimation problem 
    The evaluation of the model parameters uncertainties relies 
on limited information from the initial estimation of the 
parameters (including physical laws, previous simulations, 
expert opinions, etc) and imperfect measurements.  

Let ℳ be the non-linear numerical model depending on 
some control parameters 𝜽𝜽. Let 𝒙𝒙𝒌𝒌 ∈ ℝ𝑁𝑁𝑥𝑥 be the state vector 
i.e. the hydrodynamic variables at a time 𝑘𝑘 (the water depths 
and velocities computed in the numerical model). The state 
vector 𝒙𝒙𝒌𝒌 satisfies (1):  

 𝒙𝒙𝒌𝒌 = ℳ𝑘𝑘:𝑘𝑘−1(𝒙𝒙𝒌𝒌−𝟏𝟏,𝜽𝜽) + 𝜼𝜼𝒌𝒌 ,  (1) 

where 𝜽𝜽 ∈ ℝ𝑁𝑁𝑝𝑝 are the model parameters (distributed friction 
in our case), ℳ𝑘𝑘:𝑘𝑘−1:ℝ𝑁𝑁𝑥𝑥×𝑁𝑁𝑝𝑝 → ℝ𝑁𝑁𝑥𝑥 is the model from time 
𝑘𝑘 − 1 to 𝑘𝑘, and 𝜼𝜼𝒌𝒌 ∈ ℝ𝑁𝑁𝑥𝑥 are the model errors. 

Our objective is to estimate the parameters vector 𝜽𝜽 
knowing the observations 𝒚𝒚𝒌𝒌. We consider that these 
observations are noisy and are available at discrete times 𝑘𝑘. 
Considering that the errors are additive, the observation model 
is given in (2). 

 𝒚𝒚𝒌𝒌 = ℋ(𝒙𝒙𝒌𝒌) + 𝝐𝝐𝒌𝒌 ,  (2) 

where 𝒚𝒚𝒌𝒌 ∈ ℝ𝑁𝑁𝑦𝑦 are the observations, ℋ:ℝ𝑁𝑁𝑥𝑥 → ℝ𝑁𝑁𝑦𝑦 is an 
observation operator mapping (selection, linear, etc) from 
model to observational space and 𝝐𝝐𝒌𝒌 ∈ ℝ𝑁𝑁𝑦𝑦 are the errors of 
observation. In most DA algorithms, we consider independent 
and identically distributed errors 𝝐𝝐𝒌𝒌~𝒩𝒩(𝟎𝟎,𝑹𝑹𝒌𝒌) and 
𝜼𝜼𝒌𝒌~𝒩𝒩(𝟎𝟎,𝑸𝑸𝒌𝒌). In this work, it is assumed that the model errors 
are null with 𝑸𝑸𝒌𝒌 = 𝑶𝑶𝑵𝑵𝒙𝒙,𝑵𝑵𝒙𝒙. 

From these two equations, the estimation problem is 
defined. In the parameter estimation problem, the goal is to 
improve the characterisation of parameters 𝜽𝜽. The problem can 
be written in a probabilistic framework from the random nature 
of uncertainties. Applying the Bayes’ theorem, it comes in (3): 

 𝑝𝑝(𝜽𝜽|𝒚𝒚) = 𝑢𝑢�𝒚𝒚�𝜽𝜽�𝑢𝑢(𝜽𝜽)
𝑢𝑢(𝒚𝒚)

 , (3) 

Equation (3) is at the core of the parameters estimation 
problem as it enables to estimate the distributions of the 
unknows 𝜽𝜽 based on the observations y.  It relies on the prior 
belief on the parameters 𝑝𝑝(𝜽𝜽), the likelihood of the 
observations to occur for different values of the unknows 
𝑝𝑝(𝒚𝒚|𝜽𝜽) and the probability of the observations 𝑝𝑝(𝒚𝒚) 
independently from 𝜽𝜽.   

B. Shallow Water Equations with friction parameter 
All the simulations throughout this paper are conducted 

using the hydrodynamic module TELEMAC-2D solving the 
2D SWE [4-5]. This model represents the ℳ model from 
paragraph A. 

The conservative form of the equations write as follows in 
(4), where the system unknows are the velocities 𝒖𝒖 = (𝑢𝑢,𝑣𝑣)𝑇𝑇 
along the 𝑥𝑥 and 𝑦𝑦 Cartesian coordinates, and the water depths 

ℎ = 𝜂𝜂 − 𝑧𝑧𝑏𝑏  with 𝜂𝜂 the free surface elevation and 𝑧𝑧𝑏𝑏 the bottom 
elevation, 

�
𝜕𝜕ℎ
𝜕𝜕𝑢𝑢

+ ∇ ⋅ (ℎ𝒖𝒖) = 0
𝜕𝜕(ℎ𝒖𝒖)
𝜕𝜕𝑢𝑢

+ ∇ ⋅ (ℎ𝒖𝒖⊗ 𝒖𝒖) = −𝑔𝑔∇𝜼𝜼 + ℎ𝑭𝑭
𝜌𝜌

+ ∇ ⋅ (ℎ𝜈𝜈𝑢𝑢∇𝒖𝒖) − 𝝉𝝉𝒃𝒃
𝜌𝜌

 ,(4) 

where 𝑭𝑭 are external forces (e.g., Coriolis, centrifugal, surface 
tension …), 𝜈𝜈𝑢𝑢 is the effective viscosity resulting from 
kinematic, turbulent and dispersive viscosity, and  𝝉𝝉𝒃𝒃 is the 
bottom shear stress. The water density 𝜌𝜌 and the gravitational 
acceleration 𝑔𝑔 are considered constant. No external forces and 
viscosity effects are considered in this work except the bottom 
shear stress  𝝉𝝉𝒃𝒃. 

In the Shallow Water Equations, the equations need closure 
for the bed shear stress component 𝝉𝝉𝒃𝒃 that is not analytically 
described as a function of ℎ and 𝒖𝒖. Different formulas are 
available in the literature, but the bed shear stress is often 
denoted as in (5), 

 𝝉𝝉𝒃𝒃 = 1
2
⋅ 𝜌𝜌 ⋅ 𝐶𝐶𝑓𝑓 ⋅ |𝒖𝒖| ⋅ 𝒖𝒖 ,  (5) 

where 𝐶𝐶𝑓𝑓 is a dimensionless friction coefficient. The friction 
coefficient is based on empirical or semi-empirical formulas 
[6]. In these equations, different parameters are defined 
depending on the soil surface, the land use and other physical 
properties. 

The most widely used empirical formula is the Strickler 
formula [7] defined as in (6), 

 𝑉𝑉 = 𝐾𝐾𝑚𝑚 ⋅ 𝑅𝑅ℎ
2
3 ⋅ �𝑆𝑆0 ,  (6) 

where  𝐾𝐾𝑚𝑚 is the Strickler coefficient (defined from tables, 
calibration …), 𝑅𝑅ℎ the hydraulic radius, 𝑉𝑉 the mean velocity of 
the cross section and 𝑆𝑆0 the bottom slope. There is an 
equivalent formula called the Manning formula mainly used by 
the Anglo-Saxon community with 𝐾𝐾𝑚𝑚 = 1

𝑛𝑛
 instead, 𝑎𝑎 being the 

Manning coefficient. 

This term in the equation induces energy dissipation due to 
the friction representing the water flow resistance caused by 
underlying surfaces. The energy losses directly impact the 
hydrodynamic variables. The friction parameter accounts for 
physical considerations such as surface roughness 
(irregularities of the bottom of the flow), channel irregularities 
or seasonal changes with growing vegetation, and phenomena 
such as turbulence or local errors in the topography. Thus, it 
remains difficult to estimate this parameter on a physical basis, 
and it should be adjusted with a calibration process by 
comparing water elevation and/or flood extent. 

In TELEMAC-2D the friction term is considered in the 
momentum equation from the SWE and is implicitly treated 
[4]. The two components of the bottom friction calculated in 𝑥𝑥 
and 𝑦𝑦 directions are given in (7), 
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 �
𝜏𝜏𝑏𝑏𝑏𝑏 = − 𝑢𝑢

2ℎ
𝐶𝐶𝑓𝑓(ℎ,𝐾𝐾𝑚𝑚)√𝑢𝑢2 + 𝑣𝑣2

𝜏𝜏𝑏𝑏𝑏𝑏 = − 𝑣𝑣
2ℎ
𝐶𝐶𝑓𝑓(ℎ,𝐾𝐾𝑚𝑚)√𝑢𝑢2 + 𝑣𝑣2

 ,  (7) 

where 𝐶𝐶𝑓𝑓 = 2𝑔𝑔
ℎ1/3𝐾𝐾𝑠𝑠2

 for the Strickler formula. 

In the parameter estimation problem, the unknown 
parameters 𝜽𝜽 that we aim to evaluate are the distributed 
frictions 𝐾𝐾𝑚𝑚 from (6). The hydraulic states 𝒙𝒙𝒌𝒌 at time 𝑘𝑘 are 
represented in the equations by the water depths compared at 
the position of water depth observations. For evaluating, the 
parameters based on the measurements, different DA 
algorithms are presented in the next sections. 

III. VARIATIONAL APPROACH: 3DVAR 
 The first option for estimating the parameters from 

uncertain measurements and numerical models is to use a 
variational approach. The goal is to evaluate the unknowns by 
minimising a cost function quantifying the misfit between 
model predictions and measurements.  

Most DA methods assume that errors are approximated 
with Gaussian assumption. For parameter estimation, the most 
used function for this minimisation problem is defined in (8), 

 

⎩
⎪
⎨

⎪
⎧ 𝐽𝐽(𝜽𝜽) = 𝐽𝐽𝑏𝑏(𝜽𝜽) + 𝐽𝐽𝑚𝑚(𝜽𝜽)

𝐽𝐽𝑏𝑏(𝜽𝜽) = 1
2
�𝜽𝜽 − 𝜽𝜽𝒃𝒃�𝑇𝑇𝑩𝑩−1�𝜽𝜽 − 𝜽𝜽𝒃𝒃� 

𝐽𝐽𝑚𝑚(𝜽𝜽) = 𝟏𝟏
𝟐𝟐
�𝒚𝒚 −ℋ�ℳ(𝜽𝜽)��

𝑇𝑇
𝑹𝑹−1 �𝒚𝒚 −ℋ�ℳ(𝜽𝜽)��

 , (8) 

where 𝜽𝜽𝒃𝒃 is a background knowledge (a first guess on the set 
of unknown parameters), and 𝑩𝑩, 𝑹𝑹 are the background and 
observation error covariance matrices respectively. The 
proposed parameter estimation method is an extension for non-
linear models of the computation of the Maximum A Posteriori 
(MAP) of (3) without model errors. In the linear and Gaussian 
assumptions case, equation (3) can be derived as 𝑝𝑝(𝜽𝜽|𝒚𝒚) ∝
𝑒𝑒−𝐽𝐽(𝜽𝜽). Indeed, considering a Gaussian approximation, the 
prior distribution can be written as 

 𝑝𝑝(𝜽𝜽) = 1

�(2𝜋𝜋)𝑁𝑁𝑝𝑝 det(𝑩𝑩)
e(−12�𝜽𝜽−𝜽𝜽

𝒃𝒃�
𝑇𝑇
𝑩𝑩−1�𝜽𝜽−𝜽𝜽𝒃𝒃�). (9) 

As for the likelihood, using Gaussian assumption with (1) and 
(2), it can be written as 

 𝑝𝑝(𝒚𝒚|𝜽𝜽) = 1

�(2𝜋𝜋)𝑁𝑁𝑦𝑦 det(𝑹𝑹)
e(−12�𝒚𝒚−ℋ�ℳ(𝜽𝜽)��

𝑇𝑇
𝑹𝑹−1�𝒚𝒚−ℋ�ℳ(𝜽𝜽)��). (10) 

Finally, by combining (3), (9) and (10), we get (11) where the 
cost function appears: 

 𝑝𝑝(𝜽𝜽|𝒚𝒚) ∝ e(−(𝐽𝐽𝑏𝑏(𝜽𝜽)+𝐽𝐽𝑜𝑜(𝜽𝜽))) . (11) 

Equation (8) is the traditional data assimilation cost 
function called 3DVAR [8-9]. The 3DVAR algorithm is 
programmed without dynamic evolution, considering only one 

assimilation window. The method is exact in the case of a 
linear model ℳ. 

The cost function 𝐽𝐽(𝜽𝜽) from equation (8) should be 
minimised using an optimisation method. A gradient descent 
method is used which is available in the ADAO data 
assimilation library. From all the optimisation methods, we 
resort to the Broyden-Fletcher-Goldbarb-Shanno (BFGS) 
algorithm. The algorithm is based on the application of the 
Newton method to the gradient of 𝐽𝐽(𝜽𝜽). The algorithm is 
purely iterative as it explores a direction with a set of 
parameters and then updates the parameters before launching a 
new simulation. 

IV. FILTERING APPROACHES: ENSEMBLE-BASED 
APPROACHES 

Kalman filters are sequential DA techniques, and the 
uncertainty in the state/parameters evolves from one 
observation to another, unlike the 3DVAR approach.   

The Kalman Filter (KF) gives an exact solution of the 
Bayes problem in (3) for Gaussian errors and linear model 
assumptions (ℳ ≅ 𝑴𝑴 and ℋ ≅ 𝑯𝑯 with 𝑴𝑴 and 𝑯𝑯 being the 
tangent linear models). There are two different steps in the 
algorithm. First, the system’s future states and uncertainties are 
computed based on the current states and dynamic model. 
Secondly, an analysis step is carried out to refine the state 
estimate by combining the forecast and the 
observation with a linear combination of the available 
information. The solution is given in (12) and (13). More 
details on the derivation of the solution can be found in [10]. In 
the parameter estimation problem, we only update the 
parameters, not the states. The 𝑓𝑓 and 𝑎𝑎 superscript respectively 
denote for forecast and analysis. 

Forecasting step: 

During the forecast step, the goal is to propagate the system 
state using the dynamics of the system and evaluate the error 
covariance matrix of the forecast in (12).  

 �
𝒙𝒙𝒌𝒌
𝒇𝒇 = 𝑴𝑴𝒌𝒌:𝒌𝒌−𝟏𝟏𝒙𝒙𝒌𝒌−𝟏𝟏𝒂𝒂

𝑷𝑷𝒌𝒌
𝒇𝒇 = 𝑴𝑴𝒌𝒌:𝒌𝒌−𝟏𝟏𝑷𝑷𝒌𝒌−𝟏𝟏𝒂𝒂 𝑴𝑴𝒌𝒌:𝒌𝒌−𝟏𝟏

𝑻𝑻 + 𝑸𝑸𝒌𝒌
 .  (12) 

Analysis step: 

For the analysis, the goal is to find 𝑳𝑳𝒌𝒌 and 𝑲𝑲𝒌𝒌 (the Kalman 
gain) as 𝒙𝒙𝒌𝒌𝒂𝒂 = 𝑳𝑳𝒌𝒌𝒙𝒙𝒌𝒌

𝒇𝒇 + 𝑲𝑲𝒌𝒌𝒚𝒚𝒌𝒌. We describe hereafter in (13) the 
analysis step for the optimal linear combination between the 
prior and the observations. In this case, it is the exact solution 
of (3) with 𝒙𝒙𝒌𝒌𝒂𝒂 having minimum variance and being unbiased. 

 

⎩
⎨

⎧ 𝜽𝜽 𝒌𝒌𝒂𝒂 = 𝜽𝜽𝒌𝒌
𝒇𝒇 + 𝑲𝑲𝒌𝒌(𝒚𝒚𝒌𝒌 − 𝑯𝑯𝒌𝒌𝒙𝒙𝒌𝒌

𝒇𝒇)

𝑲𝑲𝒌𝒌 = 𝑷𝑷𝒌𝒌
𝒇𝒇𝑯𝑯𝒌𝒌

𝑻𝑻�𝑹𝑹𝒌𝒌 + 𝑯𝑯𝒌𝒌𝑷𝑷𝒌𝒌
𝒇𝒇𝑯𝑯𝒌𝒌

𝑻𝑻�
−1

𝑷𝑷𝒌𝒌𝒂𝒂 = (𝑰𝑰 − 𝑲𝑲𝒌𝒌𝑯𝑯𝒌𝒌)𝑷𝑷𝒌𝒌
𝒇𝒇

 .  (13) 

However, the KF does not handle well non-linear models 
and is computationally expensive for covariance matrix 
estimations. The Ensemble Kalman Filter (EnKF) is a possible 
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extension in the linear case with a reduced computation cost. 
Instead of having a single estimate of states/parameters, the 
EnKF uses an ensemble of possible states (called members) 
capturing the uncertainty in the estimation. The states are 
forwarded in time with the model (forecast) and then updated 
with the perturbed observations (analysis). The implementation 
is based on [11] (open source access) and summarised in 
Figure 1.  

Forecasting step: 

Each member 𝐶𝐶 ∈ [1,𝐹𝐹𝑢𝑢] is forecasted from 𝑤𝑤𝑘𝑘 to 𝑤𝑤𝑘𝑘+1 with 
Equation (1) without model error, and then the covariance 
matrix 𝑃𝑃𝑘𝑘+1 and mean ensemble for the parameters are 
computed in (14).  

�
𝑃𝑃𝑘𝑘+1(𝜽𝜽𝒌𝒌+𝟏𝟏) = 1

𝑁𝑁𝑒𝑒−1
∑ �𝜽𝜽𝒌𝒌+𝟏𝟏𝒊𝒊 − 𝜽𝜽𝒌𝒌+𝟏𝟏��������𝜽𝜽𝒌𝒌+𝟏𝟏𝒊𝒊 − 𝜽𝜽𝒌𝒌+𝟏𝟏�������𝑇𝑇𝑁𝑁𝑒𝑒
𝑖𝑖=1

𝜽𝜽𝒌𝒌+𝟏𝟏������ = 1
𝑁𝑁𝑒𝑒
∑ 𝜽𝜽𝒌𝒌+𝟏𝟏𝒊𝒊𝑁𝑁𝑒𝑒
𝑖𝑖=1

.(14)        

Analysis step: 

To be in a comparable set-up as 3DVAR, the updating step is 
carried out only at the end of an observation window. The 
observation window is set to the simulation time, so the 
parameters (distributed friction) are not updated during a run. 

First the Kalman gain 𝑲𝑲 is computed below, 

 𝑲𝑲𝒌𝒌+𝟏𝟏 = 𝑷𝑷𝒌𝒌+𝟏𝟏𝑯𝑯𝑇𝑇(𝑯𝑯𝑷𝑷𝒌𝒌+𝟏𝟏𝑯𝑯𝑇𝑇 + 𝑹𝑹)−1 . (15) 

Then the parameters are updated accordingly to: 

 𝜽𝜽𝒌𝒌+𝟏𝟏
𝒊𝒊,𝒂𝒂 = 𝜽𝜽𝒌𝒌+𝟏𝟏𝒊𝒊 + 𝑲𝑲𝒌𝒌+𝟏𝟏(𝒚𝒚𝒌𝒌+𝟏𝟏 + 𝝐𝝐𝒌𝒌𝒊𝒊 − 𝑯𝑯𝒙𝒙𝒌𝒌+𝟏𝟏𝒊𝒊 ). (16) 

 

Figure 1. Sketch illustrating EnKF extracted from [11]. 

V. PARTICLE FILER WITH RESAMPLING 
Particle Filter (PF) solves Bayes’ equation (3) based on a 

sequential Monte Carlo method without linear model or 
Gaussian error assumptions. The goal is to use a set of random 
samples (called particles) to get a direct solution of (3). The 
simplest version is the bootstrap Particle Filter introduced in 
[12]. From this basic version, we added resampling with 
Kernel Density Estimation (KDE) for creating an iterative 
calculation chain.  

The methodology is declined step by step. Each simulation 
can be parallelised, and all the particles can interact with each 
other at the observation time step. 

1) Initialisation: Sampling procedure for the prior 
distribution 

The first step is to sample 𝐹𝐹 ∈ ℝ  particles [𝜽𝜽𝟏𝟏, . . ,𝜽𝜽𝑵𝑵]. The 
parameter vector (𝜽𝜽𝒊𝒊)1≤𝑖𝑖≤𝑁𝑁 ∈ ℝ𝑁𝑁𝑝𝑝 is a realisation of the prior 
distribution (the first guess) based on expert opinions, physical 
laws or previous simulations. The particles are drawn from 
𝒩𝒩(𝜽𝜽𝒃𝒃,𝑩𝑩). The probability density function of the parameter at 
time 𝑘𝑘 is represented in (17): 

 𝑝𝑝𝑘𝑘(𝜽𝜽) ≅ ∑ 𝑤𝑤𝑘𝑘𝑖𝑖 𝛿𝛿(𝜽𝜽 − 𝜽𝜽𝒌𝒌𝒊𝒊 )𝑁𝑁
𝑖𝑖=1  , (17) 

where 𝑤𝑤𝑘𝑘𝑖𝑖 ∈ ℝ𝑁𝑁𝑝𝑝 is the weight of particle 𝐶𝐶 (or likelihood of the 
particle) at time 𝑘𝑘 and 𝛿𝛿 is a Dirac function (𝛿𝛿(0) = 1). At 
initialisation, usually a uniform weight is considered with 
𝑤𝑤0 = [𝑤𝑤0 

0 , … ,𝑤𝑤0𝑁𝑁] = [1
𝑁𝑁

, … , 1
𝑁𝑁

]. 

2) Forecasting the particles 

During the forecast step, each particle is forwarded with the 
numerical model until the next observation as in (18), 

   𝑝𝑝𝑘𝑘+1(𝜽𝜽) ≅ ∑ 𝒘𝒘𝒌𝒌
𝒊𝒊 𝛿𝛿(𝜽𝜽 − 𝜽𝜽𝒌𝒌+𝟏𝟏𝒊𝒊 )𝑁𝑁

𝑖𝑖=1  ,    (18) 

where 𝜽𝜽𝒌𝒌+𝟏𝟏𝒊𝒊 = ℳ𝑘𝑘+1:𝑘𝑘(𝒙𝒙𝒌𝒌,𝜽𝜽𝒌𝒌) = 𝜽𝜽𝒌𝒌𝒊𝒊 . In the case of the model 
parameters and friction coefficients, the parameters are not 
updated during a simulation. For the parallel implementation, 
each particle is forwarded until the next observation using 
𝑅𝑅𝑅𝑅𝑅𝑅𝑜𝑜𝑅𝑅𝑅𝑅𝑅𝑅 processors. All the particles are run simultaneously 
when using 𝑅𝑅𝑅𝑅𝑅𝑅𝑜𝑜𝑅𝑅𝑅𝑅𝑅𝑅 × 𝐹𝐹𝑢𝑢 processors otherwise the maximum 
of particles is launched and when the next time step of 
observation is reached the processors are used for other 
particles waiting in the queue, so that every particle reaches the 
observation step for the analysis step and before forwarding the 
model to the next observation. 

3) Analysis step 

During this step, the weights of the particles are updated 
according to (19), 

    𝑤𝑤𝑘𝑘+1
𝑢𝑢,𝑖𝑖 ≅ 𝑤𝑤𝑘𝑘+1 

𝑓𝑓,𝑖𝑖 𝑝𝑝(𝒚𝒚𝒌𝒌+𝟏𝟏|𝒙𝒙𝒌𝒌+𝟏𝟏𝒊𝒊 ,𝜽𝜽𝒌𝒌+𝟏𝟏𝒊𝒊 ) , (19) 

where in this case 𝑤𝑤𝑘𝑘+1 
𝑓𝑓,𝑖𝑖 = 𝑤𝑤𝑘𝑘

𝑢𝑢,𝑖𝑖, because the forward model 
does not change the weights. The choice of the likelihood 
𝑝𝑝(𝒚𝒚𝒌𝒌+𝟏𝟏|𝒙𝒙𝒌𝒌+𝟏𝟏𝒊𝒊 ,𝜽𝜽𝒌𝒌+𝟏𝟏𝒊𝒊 ) is an open question. We choose a 
Gaussian likelihood (with assumption of independence 
between the observations, uncorrelated in time and in space) 
defined in (20), so that it can be compared with the other DA 
algorithms based on Gaussian errors: 

    𝑝𝑝(𝒚𝒚𝒌𝒌+𝟏𝟏|𝒙𝒙𝒌𝒌+𝟏𝟏𝒊𝒊 ,𝜽𝜽𝒌𝒌+𝟏𝟏𝒊𝒊 ) = ∏ 1
𝜎𝜎𝑙𝑙√2𝜋𝜋

𝑒𝑒−
1
2(
𝑥𝑥𝑘𝑘+1
𝑖𝑖,𝑙𝑙 −𝑦𝑦𝑘𝑘+1

𝑙𝑙

𝜎𝜎𝑙𝑙
) 𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜

𝑙𝑙=1 ,(20) 
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where 𝐹𝐹𝑚𝑚𝑜𝑜𝑜𝑜 is the number of spatial observations, 𝜎𝜎𝑙𝑙 is the 
standard deviation of observation 𝑙𝑙 ∈ [1;𝐹𝐹𝑚𝑚𝑜𝑜𝑜𝑜] considered 
constant for all spatial observations in the following. 

Each particle weight is updated by comparing the water 
depths of the control vector of the numerical model and the 
observations. After that, all the processors communicate to 
normalise the weights so that ∑ 𝑤𝑤𝑘𝑘

𝑢𝑢,𝑖𝑖 = 1.𝑁𝑁
𝑖𝑖=1  

4) Resampling after each simulation 

A well-known problem of PF is the curse of dimensionality, 
with one or few particles weights’ largely dominating the 
others after some observations leading to poor distributions 
characterisation. At each new observation, and iteration, the 
parameters 𝜽𝜽𝒊𝒊  are resampled using KDE and the weights are 
reset to 1/N. Then, after resampling we get back to step 2. The 
whole process can be visualised in Figure 2. 

 
Figure 2. Schematic of PF with resampling extracted from [10]. 

VI. NUMERICAL STUDIES 
In this section, the three DA algorithms are compared on a 

simple test case of flood under different configurations. The 
experiment is based on a numerically generated synthetic 
experiment, where the parameters' true values and the 
hydraulic variables’ states are known. We resort to a synthetic 
experiment to have control over the test case and to focus on 
the numerical comparison and implementation of the 
algorithms.  

A. Definition of the test case 
1) Geometry 

The test case is based on a 100 m wide and more than 10.25 
km long channel with floodplains on both sides. On the 
floodplains, a constant slope along the 𝑦𝑦 Cartesian coordinates 
is set to 𝑆𝑆𝑓𝑓𝑓𝑓 = 0.002 𝑚𝑚/𝑚𝑚. Along the channel in the 𝑥𝑥 
direction, the slope is fixed to 𝑆𝑆𝑐𝑐ℎ𝑢𝑢𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  0.001 𝑚𝑚/𝑚𝑚. The 
crest of the channel delineation with the floodplain has a slope 
𝑆𝑆𝑏𝑏1 = 0.0012 𝑚𝑚/𝑚𝑚 until halfway of the reach and then 𝑆𝑆𝑏𝑏2 =
0.0008 𝑚𝑚/𝑚𝑚. Under these considerations, the channel depth is 
lower at 𝑥𝑥 =  5000 𝑚𝑚, so it overflows in the middle without 
having much sensitivity to the boundary conditions.  The 
channel section is trapezoidal, transitioning from the bank to 
the channel elevation on 10 m. Figure 3 describes the 

geometric configuration at three cross-sections along the 
numerical domain.  

 

 

 

Figure 3. Elevation along a cross-section at 𝑥𝑥 =  0 𝑚𝑚 (top), 𝑥𝑥 =  5000 𝑚𝑚 
(middle) and 𝑥𝑥 =  10 000 𝑚𝑚 (bottom). 

The mesh is composed of 477 371 unstructured triangular 
elements. The number of elements may appear high for a test 
case, but the goal was to use a similar number of elements as in 
industrial application cases. The mesh is refined with different 
resolutions (prior mesh convergence has been carried out 
making sure the mesh is fine enough for our test case) from 2 
m in the transition zone between the channel and the 
floodplains up to 15 m at the floodplain. As for the channel, the 
mesh resolution is of 5 m. 

2) Initial conditions, inputs, and numerical considerations 

For the upstream boundary condition of the model, we use 
a linear flow rate from 30 𝑚𝑚3 ⋅ 𝑠𝑠−1 to 620 𝑚𝑚3 ⋅ 𝑠𝑠−1 for the first 
five minutes. Then the discharge is constant at 620 𝑚𝑚3 ⋅ 𝑠𝑠−1. 
For the downstream condition, the depth is imposed with a 
linear rating curve with water depths between 0.5 m and 3.3 m 
for the respective discharges. The total simulation time is of 2 
hours 30 (steady state is not reached). An overflow is modelled 
with changing water height during the simulation over the 
floodplain (by starting from a low discharge steady state). 

3) Friction zoning and generated observations 

In this case, three friction zones are considered with one 
friction for the channel and one friction zone on each side of 
the river channel. In the sloped regions between the channel 
and the floodplains, the friction is the same as the channel. The 
water depth observations are generated from the simulations 
with an initial guess of Strickler coefficients (in 𝑚𝑚1/3 ⋅ 𝑠𝑠−1 ) 

52



29th TELEMAC User Conference Karlsruhe, Germany, 12-13 October 2023 
 
 

equal to [𝐾𝐾1𝑏𝑏;  𝐾𝐾2 𝑏𝑏;  𝐾𝐾3𝑏𝑏] = [30; 20; 10] with the zoning defined 
in Figure 4.  

 
Figure 4. Roughness zones for the synthetic experiment. 

From the reference simulation with the three friction zones, 
water depths are extracted at each mesh node at different times.  

We consider two observation networks. A first approach 
OBS9 considers only 9 observation points (3 in the channel, 3 
in the right floodplain, and 3 in the left floodplain). For the 
second configuration, two other points are added to the 
observation network (one in each floodplain) called OBS11 in 
the following. In Figure 5 the observation networks with 9 
(OBS9) and 11 (OBS11) points are visualised. 

 

Figure 5. Observation network for the different DA experiments. 

The water depths extracted from the synthetic experiment 
with the reference Strickler values are disturbed by considering 
different noise levels (adding a Gaussian noise to every 
observation). The water depths without noise at the different 
control points of OBS9 and OBS11 are visualised in Figure 6 
for the reference simulation. 

 

Figure 6. Water depths every 15 minutes at the OBS9 and OBS11 control 
points. 

B. Software tools 
Parameter identification under a probabilistic framework 

combined with optimisation and free-surface flows 
computation requires the call to different modules. Thus, 
external or internal libraries to TELEMAC-MASCARET are 
available to gain real-time interaction capabilities with the 
TELEMAC-2D simulations, enabling on-the-fly adjustments 

and optimisations. In this work, the TELEMAC-2D solver 
(version V8P4) is coupled with TelApy, a module of the 
TELEMAC-MASCARET system, and ADAO, a Python data 
assimilation library (https://pypi.org/project/adao/).  

1) The TelApy component of the TELEMAC system 
One of the strengths of the TELEMAC-MASCARET 

software is the possibility to interact with the code during the 
simulations through Application Programming Interfaces 
(APIs) implemented for each module. The TelApy component 
is a Python source code wrapping the Fortran APIs [13-14]. 
The APIs provide the user with flexibility by allowing the 
control of the simulations while they are running. At any time 
during the simulation, the user can stop the simulation and 
retrieve or change the variables of the simulations through a 
list of variables declared as pointers. Thanks to that 
component, it is easier to implement a complete and efficient 
chain of calculations for parameter estimation under 
uncertainties. This component has been widely used to 
implement data assimilation strategies for parameter 
estimation or conjointly with the data assimilation library 
presented hereafter. In this work, TelApy is used for the three 
presented algorithms. 
 

2) The Data Assimilation library (ADAO) 
The variational approach described previously has been 

used through the Data Assimilation library called ADAO [8]. 
The ADAO module aims to simplify and provide different 
data assimilation and optimisation methodologies while being 
able to interact with other modules or codes in Python or 
SALOME (a scientific computing environment developed by 
EDF and CEA for industrial applications from mesh to post-
treatment). It is used for various applications in the 
engineering field and provides a ready-to-use interface for 
users with an adapted implementation for industrial cases. 

C. Results 

1) DA variational algorithm: 3DVAR 
The initial state of the friction parameters is set to 𝜽𝜽𝒃𝒃 =

[𝐾𝐾1𝑏𝑏;  𝐾𝐾2𝑏𝑏;  𝐾𝐾3𝑏𝑏] = [35; 12; 18] with 𝑩𝑩 = 100 ⋅ 𝑰𝑰𝟑𝟑 as 
background covariance errors. The parameters are constrained 
between 5 𝑚𝑚1/3 ⋅ 𝑠𝑠−1 and 90 𝑚𝑚

1
3 ⋅ 𝑠𝑠−1 and the differential 

increment is imposed arbitrarily to 10−2 for computing the 
observation operator approximated derivatives. 

The results are not sensitive to the initial state, and the 
approach on the test case was robust for any initial state with a 
similar number of iterations for convergence.  

The 3DVAR algorithm is studied with different observation 
configurations (OBS9 and OBS11), different noising of the 
observations (𝜎𝜎𝑙𝑙 = 0.05 / 0.1 / 0.2 𝑚𝑚) and different numbers 
of observation times (2, 10).  

The roughness at the floodplains has low sensitivity to the 
water depth observations. Therefore, the water depths are 
noised with a small standard deviation of 𝜎𝜎𝑙𝑙 = 0.05 𝑚𝑚 with 
𝑹𝑹 = (𝜎𝜎𝑙𝑙)2 ⋅ 𝑰𝑰𝑵𝑵𝒎𝒎𝑵𝑵𝑵𝑵. Two observation times (#𝑇𝑇𝑚𝑚𝑜𝑜𝑜𝑜 = 2) are 
considered with T = [1h15, 2h30]. We compare configuration 
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OBS9 (9 points) and configuration OBS11 (11 points) in 
Figure 7. 

 

Figure 7. Comparison of parameter estimation for the three friction zones with 
two different observation networks OBS9 and OBS11 and 𝜎𝜎𝑙𝑙 = 0.05 𝑚𝑚. 

In Figure 7, after a few iterations the channel roughness 
value is identified. For the floodplain coefficients it needs more 
iteration because of the lower sensitivity on the water depths. 
For OBS9, the floodplain parameters could not be identified 
correctly. Adding two more observation points in the 
floodplains improved the identification especially for 𝐾𝐾2. It is 
essential to choose the observation points carefully to identify 
the parameters of the floodplains. 𝐾𝐾3 is more rough leading to 
lower velocities and slower changes. This coefficient is more 
difficult to identify because of lower sensitivity (for 
information, switching the roughness values for 𝐾𝐾2 and 𝐾𝐾3 
leads to similar results with a better identification of the 
rougher zone).   For further investigations OBS11 is used. 

 

Figure 8. Comparison of parameter estimation for the three friction zones with 
OBS11 with 𝜎𝜎𝑙𝑙 = 0.05 𝑚𝑚, 𝜎𝜎𝑙𝑙 = 0.1 𝑚𝑚 and 𝜎𝜎𝑙𝑙 = 0.2 𝑚𝑚. 

In Figure 8 parameter estimation is compared for different 
noising values of the observed water depths. Up to 𝜎𝜎𝑙𝑙 =
0.1 𝑚𝑚 the parameters are identified, but the floodplain 
parameters are far from the reference for higher values. With 
higher standard deviation on the measurement errors, we get 
almost no information from the measurement as a change in 
the roughness leads to low water changes compared to 
measurement errors.  

Another test was to add times of observations. Instead of 
T = [1h15, 2h30], observed water depths are acquired every 15 
minutes (10 observations). In Figure 9, the identification of the 
parameters is slightly comparable by adding more temporal 
observations. The channel is closer to the reference as well as 

𝐾𝐾3. For 𝐾𝐾2 the identification is a bit worse. For that test case, 
adding temporal observations does not change much the 
identification of the parameters. Considering the Gaussian 
uncertainties on the measurements, the differences between the 
two experiments are insignificant.  

 

Figure 9. Comparison of parameter estimation for the three zones with 
configuration 2, 𝜎𝜎𝑙𝑙 = 0.1 𝑚𝑚 and different number of temporal observations. 

With only two temporal observations, it is possible to 
evaluate the roughness values because the water depths at these 
time steps are sensible to all the roughness zones. The 
floodplain values are not identified for other sets of two 
temporal observations as T = [1h00, 2h00] instead of T = 
[1h15, 2h30]. It is probably because at these time steps the 
water depths for the added points for OBS 11 configuration are 
zero (no sensitivity yet from the roughness), as shown in 
Figure 6. 

In every case, the cost function no longer reduces after 20 
iterations (one iteration corresponds to four simulations for 
exploring the three parameters). When adding temporal 
observations, the convergence is faster with more information 
available. For this case, twenty iterations represent 2h40 of 
computing time on 96 processors (Intel(R) Xeon(R) Platinum 
8260 CPU @ 2.40GHz) on the CRONOS Cluster from EDF. 

2) Ensemble Kalman Filter (EnKF) 
For EnKF the error is propagated on the parameters 

(distributed friction), and they are updated at the end of an 
assimilating window (smoothing processing). The assimilation 
window is set to the simulation time to be comparable with 
3DVAR. According to the 3DVAR investigations the OBS11 
observation network with a noise value of 𝜎𝜎𝑙𝑙 ≤ 10 𝑐𝑐𝑐𝑐 for the 
observations are chosen for the comparison. EnKF relies on the 
number of members chosen to represent the possible states and 
the number of temporal observations. The initial state members 
are drawn from a multivariate Gaussian 𝒩𝒩(𝜽𝜽𝒃𝒃,𝑩𝑩) and the 
parameters are bounded as in 3DVAR. We explore the role of 
the number of temporal observations and the ensemble size. 

The algorithm is inefficient at evaluating the parameters for 
only two temporal observations. This can be explained by the 
fact that it is a sequential DA algorithm. With only two 
observations, there are not enough steps to converge towards 
the reference parameters. Therefore, 10 observations every 15 
minutes are used instead. Figure 10 describes the evolution of 
the mean Strickler values for 25 and 100 ensemble sizes and 
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configuration OBS11 with observation noise of 𝜎𝜎𝑙𝑙 = 0.1 𝑚𝑚 
and 10 temporal observations. 

 

Figure 10. Evolution of the mean parameters’ values for the three zones with 
configuration OBS11, 𝜎𝜎𝑙𝑙 = 0.1 𝑚𝑚 for different ensemble sizes (25 and 100) 

of EnKF. 

For EnKF with several temporal observations, it is possible 
to identify the coefficients on the floodplains. As for 3DVAR 
the channel and the right floodplain are well identified at the 
end of the simulations for 𝐹𝐹𝑢𝑢 = 100. For a smaller ensemble 
size 𝐹𝐹𝑢𝑢, the identification of the channel value is not as good, 
and it impacts the floodplain identification. Indeed, as the 
Strickler value is higher for the channel, the floodplain 
parameter values are lower to compensate.  Having enough 
members is essential to sample correctly the search space. If 
not, the algorithm may diverge to another solution that is 
considered equally good, considering the uncertainties.  

The algorithm works better for steady state as described in 
[11]. However, by doing an analysis step only at the end of the 
assimilation window, it can work for non-steady-state 
simulations if the parameters are not updated during the 
simulation.  

Attempts to add more temporal observations did not lead to 
a better identification of the parameters. As for the comparison 
with 3DVAR, the identified coefficients for 𝐾𝐾1 and 𝐾𝐾2 are 
similar and the same identification problem for the third zone 
is encountered. The disadvantage of EnKF compared to 
3DVAR is the need for more observations to get similar 
results, at least in this test case. 

3) Particle Filter 
Again, the OBS11 observation network with a noise value 

of 𝜎𝜎𝑙𝑙 ≤ 10 𝑐𝑐𝑐𝑐 for the observations and 2 observation times 
are chosen. The particles are drawn from a multivariate 
Gaussian 𝒩𝒩(𝜽𝜽𝒃𝒃,𝑩𝑩) and the parameters are bounded as in 
3DVAR. 

Without resampling we identify only the channel roughness 
as the water depth is very sensitive on the chosen control points 
to channel roughness and not floodplains (see Figure 11). The 
weight of a particle is unique, so it privileges the identification 
of the channel parameter. Furthermore, in most cases, the 
weight of one particle dominates the other, so the posterior 
distribution is not very well described.  

 

Figure 11. After first iteration of the Particle Filter with 100 particles. 

Thus, we apply the Particle Filter iteratively by using the 
new posterior distribution for each parameter and use it as prior 
for a new iteration after resampling. After first iteration, the 
variance of the Strickler parameters is low compared to the 
floodplains, so it is better identified. Then, at the next iteration, 
with resampling, the search space is drastically reduced for the 
channel parameter value compared to floodplains. The 
identification of the floodplains values is easier. Therefore, for 
the channel which was greatly identified the variance is low 
and at the next iterations the prior distribution is more centered 
on the predicted channel value, and thus it can focus on the 
identification of the coefficients from the floodplains by having 
high-density sampling around channel reference value with 
low variance. In Figure 12 the channel parameter is well 
identified with a distribution around it (underestimating 
slightly the parameter), and the floodplains posterior 
distributions for the roughness are not centered on the 
reference but are near the value of the references.   

 

Figure 12. After five iterations of the Particle Filter with 100 particles. 

The number of particles at the initialisation also plays a role 
in exploring the set of parameters. When using more particles 
at the start, more sets of parameters are explored, so that the 
resampling might be more efficient. 

However, with the iterative process and resampling if the 
set of samples grasp the suitable parameters at first, it can 
converge quickly and give similar results. In Figure 13, it can 
be seen with the same number of iterations and only 25 
particles instead of 100 showing the importance of the initial 
sampling. For other initial samples, 25 particles may not be 
enough to converge to the reference values. 
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Figure 13. After five iterations of the Particle Filter with 25 particles. 

When having more temporal measurements, floodplain 
values are difficult to find in this inverse problem because for 
most observations time step, only the channel roughness 
influences the water depths at the control points. Furthermore, 
looking more closely at the water depths, the tricky point is 
that different parametrisations of the roughness may lead to the 
same output when comparing observations and models; it is 
called equifinality [15]. 

VII. CONCLUSION 
In this paper different methodologies for parameter 

estimation were carried out on a simplified but real-world 
dimensioned test case. It shows the potential of using 
observations combined with numerical models to improve the 
characterisation of friction parameters for flood studies. The 
TELEMAC-MASCARET software linked with ADAO and 
TelApy can lead to a faster learning curve for the user for Data 
Assimilation. It is possible to implement other DA algorithms, 
as it was the case with the implementation of the Particle 
Filter with resampling and parallelisation capabilities. 

The 3DVAR algorithm was more adapted for parameter 
estimation under uncertainties on the test case. It was shown 
that identifying the three parameters was possible up to a 
specific error of observations. When the number of temporal 
measurements increases, the performance decreases, so it 
might be interesting to compare it with a 4DVAR approach to 
consider the dynamic evolution of the model. Another finding 
is the importance of the observation network. Indeed, adding 2 
observation points on the floodplains where the water height 
was more sensitive to the friction floodplains at specific time 
steps led to a most straightforward estimation.  

As for the EnKF, it proves to be adapted when enough 
temporal observations are available. It should be used with a 
smoothing procedure by updating the parameters at the end of 
an assimilation window and not at each observation (to 
compare it with the other algorithms).  

The Particle Filter reaches better results than the prior 
distribution and enables the practitioner to know the 
uncertainties through a posterior distribution of the parameters 
given the uncertainties. However, using a Particle Filter with 
resampling in an iterative process requires much computation. 
The resampling procedure must be improved, so that the 
algorithm keeps exploring a wider set of samples, as it tends 
to explore a very restrained range of values when converging. 

The hyperparameter in the resampling method may be adapted 
to reach better performance.  

For the number of calls to the TELEMAC-2D code, 
between the Particle Filter, EnKF, and 3DVAR, the latter is 
more efficient in general. For similar results 3DVAR needed 
around 80 calls to the code, while PF needed 500 calls for five 
iterations with 100 particles and 125 with 25 particles (5 
iterations of the PF). It is difficult to compare the number of 
calls to the code between the two methods as it depends on the 
number of chosen particles for the PF and the initial sampling. 
For the EnKF around 100 calls to the code were necessary to 
identify the parameters, but it was working only with ten 
temporal observations instead of two for the 3DVAR. The 
advantage of the PF and EnKF is that we can launch the 
particles in parallel.  

In perspective, the methodologies should be conducted on 
real-world applications to evaluate different DA algorithms 
with a complete review of the available parameters to evaluate 
their performance. In the PF there is a need to work on the 
resampling procedure and the definition of the likelihood 
between the observations and the model predictions. 
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Abstract – In 2020, the VNF establishment (Voies Navigables de 
France) commissioned a study on the Paris Reach of river Seine 
from Cerema (DTec REM). Modelling the Paris Reach with the 
Qgis MASCARET plugin is one part of it. 
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I. INTRODUCTION 
Firstly, we present the construction of the hydrodynamic model, 
the input data and the assumptions made, then we show the 
results of calculations for the various simulated floods.  

II. CONSTRUCTION OF THE HYDRAULIC MODEL 
The Cerema model was produced with the Qgis MASCARET 
plugin, which is part of the TELEMAC-MASCARET calculation 
chain developed by a consortium of several French and 
European organizations (EDF-LNHE, Cerema, Cerfacs, BAW, 
HR-Walingford, Daresbury Laboratory), but more particularly 
by Artélia with the assistance of Cerema for MASCARET 

A.  Model extent 
The Cerema model has an influence that extends from the 

Ablon reach upstream to the Courbevois’s bridge downstream 
on the Seine. On the Marne it extends from the Créteil dam 
upstream to the confluence with the Seine downstream. Figure 
1 shows the extent of the model. 

The MASCARET model represents a length of 53.9 km on the 
Seine including the Marne and is made up of 96 cross sections. 
The mesh step is 50 m along flow direction and the vertical step 
for calculating the hydraulic parameters is 0.20 m. 

B. Data and the assumptions made 
There are three water level stations and five navigation dams 

(Ablon, Port à l'Anglais and Suresnes (1 and 2) on the Seine and 
Saint Maurice on the Marne). The topographic and bathymetric 
data used are as follows:  

• the RGE Alti 5 m (a digital terrain model) from IGN 
(Institut Géographique National) for the main channel 
bed  

• the bathy points of VNF for the floodplains  

The boundary conditions imposed on the model are: 

• the flow at the Saint-Fargeau station upstream of the 
Seine  

• A rating curve at the Courbevois’s bridge  

• the flow at the Créteil station upstream on the Marne 

III. MODEL CALIBRATION ON THE 2021’S FLOOD 
We have used the 2021 flood to calibrate the Strickler 

roughness coefficients of the model: a Strickler value of 60 
m/s1/3 was found for the main channel bed of the Paris reach and 
8 m/s1/3 for the urbanized floodplains. The Strickler values of the 
Ablon and Créteil reaches were set to 40 m/s1/3 for the main 
channel and 12 m/s1/3 for the floodplains. We have also added 
head loss coefficients of 1.5 upstream of the Paris bridges. 
Figure 2 presents the longitudinal profile of the simulated water 
levels (blue line) of the 2021 flood compared to the observations 
(red marks). The Nash–Sutcliffe model efficiency coefficient 
(NASH) is used to assess the predictive skill of hydrological 
models. It is defined with the differences between the observed 
(Xobs) and the simulated (Xsim) values compared to the 
differences between the observed values and their mean value 
(Xobsmean): 

 𝐹𝐹𝑁𝑁𝑆𝑆𝐻𝐻 = 1 − ∑(𝑋𝑋𝑜𝑜𝑏𝑏𝑠𝑠−𝑋𝑋𝑠𝑠𝑖𝑖𝑠𝑠)
∑(𝑋𝑋𝑜𝑜𝑏𝑏𝑠𝑠−𝑋𝑋𝑜𝑜𝑏𝑏𝑠𝑠𝑜𝑜𝑒𝑒𝑜𝑜𝑜𝑜)

 (1) 

The NASH’s number calculated on these results is 0.98, 
which is very good.  

Figures 3 to 6 show the comparison between the simulated 
and observed water levels and discharges for the 2021 flood at 
Austerlitz station and Alfortville station. The simulated and 
observed water levels for the 2021 flood for the Marne at Saint 
Maurice presented in Figures 7. In Figures 8 and 9 the water 
levels upstream and downstream of the Suresnes dam are 
visualised. 

IV. DATA AT THE NAVIGATION DAMS 
Data at the navigation dams allows us to compare observed 

and simulated water levels, as well as observed and simulated 
movements of the weir.  

Figure 10 and 11 show the weir movements of the Ablon 
dam and the Port à l’Anglais dam on the Seine during the 2021 
flood. 
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Figure 1. Model extension.  

 

 
Figure 2. Results of calibration for the 2021 flood. Red marks water level observations, blue line: simulated water levels. 
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Figure 3. Comparison of simulated (blue line) and observed (grey line) water levels at Austerlitz's bridge for 2021 flood.  

 

 
Figure 4. Comparison of simulated (blue line) and observed (grey line) discharges at Austerlitz's bridge for 2021 flood.  

 

 
Figure 5. Comparison of simulated (blue line) and observed (grey line) water levels at Alfortville station for 2021 flood.  
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Figure 6. Comparison of simulated (blue line) and observed (grey line) discharges at Alfortville station for 2021 flood. 

 

 
Figure 7. Comparison of simulated (blue line) and observed (grey line) water levels at the Saint Maurice dam (Marne) for 2021 flood. 

 

 

 
Figure 8. Comparison of simulated (blue line) and observed (grey line) water levels at the upstream Suresnes dam for 2021 flood. 
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Figure 9. Comparison of simulated (blue line) and observed (grey line) water levels at the downstream Suresnes dam for 2021 flood. 

 
Figure 10. Comparison of observed and simulated weir movements of Ablon dam for the 2021 flood. 
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Figure 11. Comparison of observed and simulated weir movements of Port à l'Anglais dam movements for the 2021 flood. 

 

V. VALIDATION ON THE 2020’S FLOOD 
After the calibration of the model with Strickler values and 
singular head loss at the bridges, we use the 2020 flood as a 
validation flood.  
 
Figure 12 presents the longitudinal profile of the simulated 
water levels (blue line) of the 2020 flood compared to the 

observations (red marks). The number of NASH calculated 
from the observations is 0.78, which is satisfying for this 2020 
validation flood. 
Figure 13 to 16 show the comparison of simulated and observed 
water levels and discharges for the 2020 flood, at Austerlitz 
station and Alfortville station. The agreement between 
measurements and simulations is not so close than for the 
calibrated 2021 floods but still satisfying. 

 

Figure 12. Results of validation for the 2020 flood. Red marks water level observations, blue line: simulated water levels. 
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Figure 13. Comparison of simulated (blue line) and observed (grey line) water levels at Austerlitz's bridge for 2020 flood. 

 

 
Figure 14. Comparison of simulated (blue line) and observed (grey line) discharges at Austerlitz's bridge for 2020 flood. 

 

 

 
Figure 15. Comparison of simulated (blue line) and observed (grey line) water levels at Alfortville station for 2020 flood. 
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Figure 16. Comparison of simulated (blue line) and observed (grey line) discharges at Alfortville station for 2020 flood. 

 

 

VI. CONCLUSION AND PERSPECTIVES 
The results of the model are rather satisfaying for the two 
simulated floods, in particular following the last adjustment 
which consisted of adding singular head losses upstream of the 
Paris bridges. 
The NASH numbers are very good for the 2021 and satisfying 
for the 2020 flood. Following the study, VNF agents were 
trained in the model. 
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Abstract – As overflow and overtopping erosion pose significant 
threats to embankment dams and levees, predicting flow 
propagation in protected areas is vital for effective flood risk 
management. In this paper, simplified breach growth laws were 
integrated with the two-dimensional (2D) shallow water equations 
solver TELEMAC-2D. We applied this model for simulating the 
levee breaching and associated inundation that occurred on the 
Enza River, Italy, in December 2017. We compared the computed 
and observed flood maps. The study evaluated various empirical 
breach growth models for levees, finding that models allowing 
specification of breach time and width performed better than 
those based on physical characteristics for this test case, though 
the latter models faced data availability challenges and were 
affected by the presence of multiple breaches. 

Keywords: Breach, Levees, Overtopping, 2D model. 

1) INTRODUCTION

Failure of levees induced by overtopping flows can lead to 
widespread inundations. Accurately representing these events is 
critical for generating flood risk maps and for planning 
management strategies. Current 2D computational models, 
based on shallow water equations, are recognized tools for 
simulating flood extent, but the initiation and expansion of 
breaches remains a challenge. In the context of numerical 
modeling of levee breaching caused by overflows (i.e. surface 
erosion), there are three distinct approaches [1,2]: 

1. Parametric models: these models utilize simple
regression equations, generally in dimensional
form, to estimate breach peak discharge, ultimate
breach width and duration, based on a limited
number of parameters (e.g. embankment height,
upstream water level, reservoir water volume) [3].
Because these equations were derived mainly from
statistical analysis of historical failure of dams,
their application to levees is questionable.

2. Simplified physically-based models: the flow is
calculated using simple fluid dynamic equations (e.g.
Bernoulli equation, 1-D quasi-steady flow in the
breach channel). The temporal variation of the breach
geometry is simulated using parametric equations,
considering some physical processes (i.e. erosion,
deposition, head cut migration) and properties of the

dike materials. These models contain empirical 
formulas (e.g. erosion rate formula, broad-
crested/weir equation for computing the breach 
outflow discharge), and require input parameters (e.g. 
final breach width and depth, side-slope, critical shear 
stress or velocity for initiation of erosion). 

3. Detailed physically-based models: these models
discretize and solve the flow and sediment transport
governing equations using a computational mesh of
the whole domain (main channel, dike, and
floodplain). The governing equations are generally 1D 
or 2D shallow water equations for hydrodynamic,
convection diffusion equation for suspended load and
Exner equation for bed changes, completed with
empirical formulations for deposition, erosion and
bedload transport and, in some models, including a
side slope failure operator. Some detailed physically-
based models are only hydrodynamic, solving the
shallow water equations in the main channel and
floodplain, whereas the dike breaching (e.g. initiation
conditions, formation time, breach shape, breach
width and depth growth) is simulated according to
parametric formulations or user input data [4].

The aim of this study is to simulate the flood event of the 
Enza River in Italy that occurred in December 2017 with the 
TELEMAC-2D solver (www.opentelemac.org) using 
hydrodynamic detailed physically-based model and parametric 
formulations for dike breaching. In recent updates, various laws 
for simulating the breach expansion were implemented within 
the code. The present study discusses the capabilities and 
limitations of the 2D model, and evaluates the performance of 
each breaching law in accurately estimating the flood extent. 

2) APPLICATION

A. Enza river flood event
In December 2017, in northern Italy, the right levee of the

Enza River collapsed between Sorbolo and Lentigione villages 
[5]. Due to extreme hydroclimatic conditions, the water level 
exceeded the levee crest along 250m, initiating surface erosion 
of multiple breaches that accounted for a 160m final breach 
width. The silt loam-made levee was 5m high, 3m wide crest 
with inner and outer side slopes of 1:2 and 2:3 (V:H), 
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respectively. The breaching duration was estimated at 4 h (with 
an error of 0.5 to 1 h, personal communication by S. Dazzi), 
generating an overflow volume into the floodplain of 20Mm3 
[6]. The flooded surface was around 6.38km². Figure 1 shows 
the digital terrain model based on 1m resolution LIDAR data 
and the surveyed flood extent. The measured upstream 
discharge hydrograph and the downstream water level 
limnigram recorded on Po River are shown in Figure 2. Figure 
3 shows the flood event from an aerial view with the three 
simultaneous breaches. 

B. Numerical model 
The 2D shallow water equations solver TELEMAC-2D was 

used in combination with its BREACH module. Seven empirical 
laws described herein were applied to model the breach 
expansion, six of them gradually lowering and widening the 
breach topography. Except for Froehlich’s [16] formula, the 
breach shape is assumed rectangular. 

1) Instantaneous widening: the breach width is set at the 
final width Bf  instantaneously once the breaching initiation time 
is exceeded. This approximation is sometimes made when no 
information about the breach growth is available [7,8]. 

2) Linear equation: recent advances in the study of 
overtopping-induced levee failures indicate that the breaching 
process unfolds gradually, rather than instantaneously [9,10]. 
Consequently, a simple approach for breach widenning would 
be the use of a time-dependent linear formula defined as: 

 𝐵𝐵(𝑡𝑡) = 𝐸𝐸𝑤𝑤(𝑡𝑡 − 𝑇𝑇𝑖𝑖) + 𝐵𝐵0   if   𝑇𝑇𝑖𝑖 ≤ 𝑡𝑡 ≤ 𝑇𝑇𝑖𝑖 + 𝑇𝑇𝑓𝑓 (1) 

where t is time in h, B the breach width in m, Ew the widening 
rate in m/h, Ti the breach initiation time in h, Tf the breaching 
duration in h, and B0 the initial breach width in m.  

3) USBR [11] fomula: a time-linear increase in breach 
width, derived from twenty-one dam failure cases, with a 
widening rate of 91m/h (Eq.2). No distinctions were made 
concerning the embankment material. 

 𝐵𝐵(𝑡𝑡) = 91(𝑡𝑡 − 𝑇𝑇𝑖𝑖) + 𝐵𝐵0   if   𝑇𝑇𝑖𝑖 ≤ 𝑡𝑡 ≤ 𝑇𝑇𝑖𝑖 + 𝑇𝑇𝑓𝑓 (2) 

4) Von Thun and Gillette [12] formulas: derived from 
historical events. For resistant dikes (i.e., cohesive material), the 
formula is: 

 𝐵𝐵(𝑡𝑡) = 4ℎ𝑤𝑤(𝑡𝑡 − 𝑇𝑇𝑖𝑖) + 𝐵𝐵0   if   𝑇𝑇𝑖𝑖 ≤ 𝑡𝑡 ≤ 𝑇𝑇𝑖𝑖 + 𝑇𝑇𝑓𝑓 (3) 

where hw is the water depth above the breach invert in m at 
the time of failure and notch location. In this case, we consider 
the time of failure as the time when overtopping is starting. The 
value of hw is then considered as the difference between the crest 
height and the minimal bottom elevation of the breach (erodible 
depth). Since hw is constant, this law is equivalent to a linear 
time-dependent formula with a breach widening rate of 4hw. 

5) Verheij [13] formulas: developed for sandy and clay 
levees from field and laboratory data sets [14]. For cohesive 
clay dikes the formula is: 

 𝐵𝐵(𝑡𝑡) = 13.4 �𝑡𝑡 − 𝑇𝑇𝑖𝑖 + 𝐵𝐵0   if   𝑇𝑇𝑖𝑖 ≤ 𝑡𝑡 ≤ 𝑇𝑇𝑖𝑖 + 𝑇𝑇𝑓𝑓 (4) 

6) Verheij and Van der Knaap [15] formula: the equation 
is an improvement of the previous ones using similar data. It 

takes into account the difference of water levels between 
upstream and downstream sides of the dike ΔH: 

 𝐵𝐵(𝑡𝑡) = 𝑓𝑓1𝑔𝑔0.5𝛥𝛥𝐻𝐻1.5

𝑢𝑢𝑐𝑐
𝑙𝑙𝑙𝑙𝑙𝑙 �1 + 𝑓𝑓2

𝑔𝑔
𝑢𝑢𝑐𝑐

(𝑡𝑡 − 𝑇𝑇𝑖𝑖)�+𝐵𝐵0 (5) 

where uc is the critical flow velocity for initiation of erosion 
in m/s, f1 and f2 empirical coefficients, g the gravitational 
acceleration in m/s², ΔH in m assimilated in TELEMAC-2D to the 
head loss between upstream (i.e. main channel) and downstream 
(i.e. floodplain) sides of the dike. It is determined by calculating 
the maximum value of the differences between hydraulic head 
upstream and downstream. This choice was made to accounts 
for localized high-velocity flow zones that could pose a higher 
risk of erosion at a specific point along the dike. In this model, 
the widening stops when ΔH becomes void. 

 
Figure 1. Study area with digital elevation model and flooded area during 

December 2017 event 

 
Figure 2. Upstream flow discharge hydrograph and downstream water level 

limnigram. Horizontal axis is in MM-dd HH:mm 
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Figure 3. Three simultaneous breaches during the flood event (Reggio Emilia) 

7) Breach deepening law: breach deepening is faster 
relatively to lateral expansion [10]. For the previous empirical 
laws, the breach deepening is modelled as a linear-time law: 

 𝑧𝑧𝑏𝑏(𝑡𝑡) = 𝑧𝑧𝑏𝑏0 − (𝑧𝑧𝑏𝑏0 − 𝑧𝑧𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) 𝑡𝑡−𝑇𝑇𝑖𝑖
𝑇𝑇𝑑𝑑 

   if   𝑇𝑇𝑖𝑖 ≤ 𝑡𝑡 ≤ 𝑇𝑇𝑖𝑖 + 𝑇𝑇𝑑𝑑 (6) 

where zbmin the breach minimum elevation in m, zb0 the 
breach initial elevation in m, and Td the duration to reach zbmin 
in h. The default value of Td is Tf/10. 

8) Froehlich [16] formula: using field data, three models 
for earthen dam breaching based on sine-curve time breach 
expansion were poposed to better reproduce the three phases of 
breach growth than linear models: a slow start; an acceleration 
phase then another slow phase. The difference between the 
three models lies in the breach shape progression that can start 
with triangular, rectangular or trapezoidal shape, ultimately 
ending trapezoidal. The fully trapezoidal breach shape-type 
model was adjusted in TELEMAC-2D with the following laws 
for the top breach width and bottom elevation: 

 𝐵𝐵(𝑡𝑡) = 1
2
�1 + 𝑠𝑠𝑠𝑠𝑠𝑠 �𝜋𝜋 �𝑡𝑡−𝑇𝑇𝑖𝑖

𝑇𝑇𝑓𝑓
− 1

2
��� (𝐵𝐵𝑓𝑓 − 𝐵𝐵0) + 𝐵𝐵0 

 if   𝑇𝑇𝑖𝑖 ≤ 𝑡𝑡 ≤ 𝑇𝑇𝑖𝑖 + 𝑇𝑇𝑓𝑓 (7) 

 𝑧𝑧𝑏𝑏(𝑡𝑡) = 𝑧𝑧𝑏𝑏0 −
1
2
�1 + 𝑠𝑠𝑠𝑠𝑠𝑠 �𝜋𝜋 �𝑡𝑡−𝑇𝑇𝑖𝑖

𝑇𝑇𝑑𝑑
− 1

2
��� �𝑧𝑧𝑏𝑏0 − 𝑧𝑧𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚� 

 if    𝑇𝑇𝑖𝑖 ≤ 𝑡𝑡 ≤ 𝑇𝑇𝑖𝑖 + 𝑇𝑇𝑑𝑑 (8) 

C. Numerical domain and breach parameters 
A 1m resolution digital terrain model was mapped on a 

triangular mesh with size ranging from 3m to 85m. The total 
number of elements is around 220 000. The time step was 1s. 
The upstream measured inflow discharge was imposed at the 
first liquid boundary. Recorded downstream water level 
limnigram at Po River was imposed at boundaries 2 and 3 
(Figure 4). The Strickler coefficient was set to 20m1/3s-1, as 
suggested by Dazzi et al. [17]. The three observed breaches were 
combined in one breach to simplify parametrization and 
modelling approach, which differs from the three observed.  

For each empirical law, the breach initiation time Ti was set 
at December 12th 5:30 am, when overtopping started in field. 
The final breach width Bf = 160m was selected as a stopping 

criterion to match observations, except for Verheij and Van der 
Knaap [15] equation where the difference in hydraulic head 
stops the breach widening. According to observation, the final 
breach width was reached in around 4h, thus an erosion rate of 
40m/h was chosen when using the linear time widening equation 
(Eq. 2). However, because of uncertainties on  total breaching 
duration, two additional erosion rates were tested, namely Ew = 
30m/h and 60m/h. Duration of 23h was taken for Verheij (2002) 
[13] and Verheij and Van der Knaap [15] formulas. This 
duration corresponds to the time when the embankment toe is 
dry using the model with no breach. Using the Verheij and Van 
der Knaap [15] formula, we used uc = 0.5m/s, f1 =1.3 and f2 = 
0.04 (default values by Verheij and Van der Knaap [13]). A total 
breach expansion duration of 4h was taken for Froehlich’s [16] 
equation to match observation. A default initial breach width of 
1.5m was used in all simulations.  

An additional linear model was used to represent the three 
simultaneous breaches. Using a widening rate of 12.5m/h for 
each breach, the total summed breach width of 150m was 
reached in 4h. The remaining 10m accounts for the gaps between 
breaches. Table I presents the different parameters used for each 
simulation. 

Table I Parameters selected for different empirical models 

Model Ew Bf Td B0 Tf zbmin other 

Instantaneous ∞ 160 0 X X 30 X 

Linear 30 m/h 30 160 0.40 1.5 X 30 X 

Linear 40 m/h 40 160 0.40 1.5 X 30 X 

Linear 60 m/h 60 160 0.40 1.5 X 30 X 

Three 
breaches - 

Linear 12.5 
m/h 

12.5 150 0.40 1.5 X 30 X 

USBR [11] 91 160 0.40 1.5 X 30 X 

Von Thun 
and Gillette 

[12] 
4hw 160 0.40 1.5 X 30 X 

Verheij [13] X X 0.40 1.5 23 30 X 

Verheij and 
Van der 

Knaap [15] 
X X 0.40 1.5 23 30 

f1 :1.3 
f2 :0.0

4 
uc:0.5 

Froehlich 
[16] X 160 0.40 1.5 4 30 X 
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Figure 4. Representation of the computational domain mesh and liquid 

boundaries 

3) RESULTS AND DISCUSSION 
The first numerical test was performed without the use of the 

breach module, which allowed us to verify that TELEMAC-2D 
model was able to reproduce the location of the initial 
overtopping occurring in the observed breached area (Figure 5). 
Here below we present and discuss the numerical results with 
the levee breaching. It can be observed that the water surface 
elevation overtops the levee crest at a location comparable to the 
observed case. 

A. Breach expansion 
Breach width evolution is displayed for each model in Figure 

6. Of particular interest, Verheij [13] and Verheij and Van der 
Knaap [15] equations yield different results, compared to other 
laws. The widening is slow and the observed final breach of 
around 160m is not reached. The Froehlich [16] law provides 
similar trend as linear laws. The Von Thun and Gillette [12] 
equation reached the maximum breach width in around 9h with 
a linear trend. This suggest that the water depth above the 
minimal bottom elevation of the breach hw was around 4.5m 
during the breaching initiation. For each model, the final breach 
width is of 162m. The imposed value of 160m is exceeded in 
some cases because of the polyline interpolation on the 
computational mesh. 

B. Breach discharge 
Figure 7 illustrates the computed breach discharge 

hydrographs, which are characterized by distinct patterns (one 
or two peak or gradual rise) depending on the empirical model. 
Table II presents the estimated total overflow volumes and 
maximum discharges.  

All linear laws exhibit a similar increasing growth shape 
with one discernible peak occurring around 8:00 am. The 
instantaneous breaching provides an extremely sharp and 
instantaneous peak discharge (360m³/s), followed by a second 
peak around 8:00 am. The first peak is explained by the release 

of volumes contained by the dike before the breach. The second 
peak is matching the flood wave imposed by the upstream 
hydrograph.  The linear widening rate of 60 m/h stands out with 
a higher peak discharge of 260m³/s, surpassing the counterparts 
with breaching rates of 40 m/h and 30 m/h (i.e. 245 and 224m3/s, 
respectively), whereas the USBR [11] linear law yields an 
earlier peak at 7:00 am, yet with a discharge lower than 257m³/s. 
The results by Froehlich’s [16] model are comparable to the 
linear model with a rate of 60m/h. Using three breaches 
combined with a linear widening law displayed a similar peak 
as that given by the 60m/h linear model. Using the Von Thun 
and Gillette [17] model, the breach discharge exhibits a sharper 
and delayed increase, culminating in a peak discharge at 8:00 
am. However, the peak discharge, 200m³/s, was lower than that 
of the linear and Froehlich [16] equations. The Verheij [13] and 
Verheij and Van der Knaap [15] equations yielded a delayed and 
gradual rise in breach discharge compared to the other models. 
Despite having a higher widening rate in the latter phase than 
the Verheij and Van der Knaap [15] model (Figure 6), the breach 
discharge evolution was similar with Verheij’s [13] equation. 

 
Figure 5. Longitudinal profile of right levee crest elevation and maximum free 

water surface elevation (wse) shown without considering levee breaching. 
Origine of distance is at Sorbolo gauge station 

 
Figure 6. Computed breach widenning. Imposed flood discharge is also 

shown 
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Figure 7. Breach discharge time evolution 

Table II Estimated total overflow volumes and maximum discharges for 
different empirical models 

Model Peak discharge 
[m3/s] 

Total overflow 
volume [Mm3] 

Instantaneous 360 8.0 

Linear 30 m/h 224 7.1 

Linear 40 m/h 245 7.4 

Linear 60 m/h 260 7.6 
Three breaches - 
Linear 12.5 m/h 256 7.8 

USBR [11] 257 7.8 
Von Thun and 
Gillette [12] 200 6.6 

Verheij [13] 154 4.1 
Verheij and Van der 

Knaap [15] 153 3.9 

Froehlich [16] 254 7.2 

C. Floodmaps 
The observed flood extent is depicted in Figure 8, compared 

with computed maximum water depths reached on December 
12th at 7:00 am. Instantaneous model, linear models (with one or 
three breaches), and the USBR [11] formula demonstrated 
similar trends in flood extents. For sake of brevity, only 
instantaneous and 60 m/h linear model are presented here. These 
models and the Froehlich model successfully reproduce the 
flood extent, although there were instances of flood extent being 
broader than observed in the southern and northwestern region 
and slightly narrower downstream. This suggests that these 
models captured the main inundated areas but may require 
refinement in accounting for localized variations. On the 
contrary, the Verheij [13] model and Verheij and Van der Knaap 
[15] model exhibit a different pattern. Flood areas were not 
generated in regions where observations indicated no 
inundation, demonstrating their capacity to avoid false positives. 
Nevertheless, some underestimation of the flooded surface was 

observed both upstream and downstream from the breach 
location. 

Regarding the overflow volume, results indicate that all laws 
fail in reproducing the observed volume (20Mm3). Again, 
Verheij [13] and Verheij and Van der Knaap [15] formulas rank 
as the worst ones. Those results can be explained by the 
uncertainties on multiple breach modelling parameters, such as 
breach minimum elevation, width of levee considered as 
erodible and physical breach model parameters. In a previous 
study considering a wider erodible area and lower minimum 
breaching elevation, the simulated volume could reach the value 
of 15Mm3 with linear breach expansion model [18]. 

4) CONCLUSION 
The integration of simplified breach growth laws with the 

TELEMAC-2D solver was employed to simulate and analyse the 
severe flood breach that occurred along the Enza River in Italy 
in December 2017. Although most of laws are simple, different 
results were obtained. The present study underscored the 
complexity of accurately modelling flood events caused by 
levee breaching, where a delicate balance between breach 
initiation, expansion, and discharge dynamics needs to be 
captured. 
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Figure 8. Simulated maximum water depths and observed flood extent (blue line) 
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Abstract – In September 2021 the city of Tula was flooded by the 
renewed drainage system of Mexico City. After the event, it was 
not clear how much water was discharged from the drainage 
system of Mexico City and how much water was discharged by the 
runoff of the surrounding sub-basins. A numerical model based on 
TELEMAC-2D will be used to compute different scenarios of runoff 
and drainage discharge. The results will be compared to the water 
depth levels found at the site. This work will define the amount of 
each discharge and show the potential risk of the renewed 
drainage system of Mexico City. 

Keywords: Drainage, Mexico City, Flooding, Tula, Valle del 
Mezquital, Telemac-2D, TEO, Hydrorivers, Inverse Distance 
Weighting Method, Culverts, Curve Number. 

 

I. INTRODUCTION 
Mexico City has been built on the soil of a system of drained 

lakes. The ancient city, named “Tenochtitlan”, was in harmony 
with the lakes before the Spanish conquest. The Mexica empire 
flourished thanks to a sophisticated agricultural system named 
“Chinampas”. That system consisted of islands build of wood 
and mud in the water. The result was an increase of production 
of corn and vegetables that strengthened the “Mexica” empire. 
There was a problem with salt contamination coming from the 
northeastern side of the Texcoco lake into the western side 
where the centre of the city was built. Emperors “Moctezuma” 
and “Axayacatl” solved the problem with a long dike that is 
considered a masterpiece of Mesoamerican hydraulic 
engineering. The extension of the system of lakes is shown in 
Figure 1. 

After the Spanish conquest, the city of “Tenochtitlan” took 
the name of “Nueva España”. Being one of the most important 
cities of the Spanish empire, it started to grow. The lake became 
an obstacle. The solution was to drain the lake. Between 1600 to 
1800, a tunnel and a channel named “Tajo de Nochistongo” were 
built to conduct the water out of the endoreic basin. In the 
beginning of the XX century, a new channel named “Gran Canal 
de Desagüe” connected to the “Valle del Mezquital” basin 
though “Tequisquiac” was built to improve drainage. At that 
time a new agricultural paradise appeared at the “Valle del 
Mezquital” basin. Hundreds of acres of land were fed with 
highly nutritious but untreated wastewater from Mexico City. 
More on this subject is found in [1]. 

Around 1970 the “Gran Canal de Desagüe” channel collapsed 
because of the sinking of Mexico City. The flow was reduced from 
80 m3/s to 15 m3/s. The problem arose because most of the water 

for consumption for the growing population came from the aquifer. 
The channels that conducted the water to the “Valle del Mezquital” 
basin changed to uphill slope. 

 
Figure 1. Map of Mexico Tenochtitlan in 1529. The white star represents the 
location of the center of today´s Mexico City (ancient “Tenochtitlan”) in the 
west side of the big lake “Texcoco”. The black line represents the dike that 
divided the salty waters coming from the northwestern lakes and the fresh 

waters of the southern lakes. Source: 
https://commons.wikimedia.org/w/index.php?curid=9263087 

The new solution was a deep drainage system that was 
finished in 1975. It efficiently conducted the water to the outside 
of Mexico City. The system consisted of two tunnels. One tunnel 
named “Tunel Emisor Poniente” (TEP) that conducted an 
approximate flow of 30 m3/s of the water from the western sub-
basins to the “Tajo de Nochistongo” channel which was 
connected to the Tula River. The second Tunnel named “Tunel 
Emisor Central” (TEC) conducted the main drainage of about 
200 m3/s to the Tula River. From that time on, the newly 
desiccated land got urbanized not only in Mexico City but in 
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neighboring places. That caused an increase in population and 
an increase in urbanized areas. At the end of the XX century, the 
deep drainage system started to decrease in its efficiency and 
some improvements in the drainage system were applied, but it 
was insufficient. In 2014 the total capacity of discharge from 
Mexico City was around 195 m3/s but the required discharge 
was 345 m3/s according to [2]. At that time, the lowlands in the 
east of the city were being frequently flooded. At the end of 2020 
a new complementary drainage tunnel named “Tunel Emisor 
Oriente” (TEO) started to operate increasing the capacity of the 
drainage to 345 m3/s. Most of that water is offloaded to the Tula 
River in the “Valle del Mezquital” basin.  

 
Figure 2. Map of the “Valle de Mexico” and the “Valle del Mezquital” basins. 

The thick red line represents the contour of both basins and the thin red line 
the division of the basins. The black spots represent urban areas. The 

continuous yellow lines represent the tunnel drainage system: “Tunel Emisor 
Poniente”, “Tunel Emisor Central”, “Tunel Emisor Oriente”. The dashed 
yellow lines represent open channels: “Tajo de Nochistongo” and “Gran 
Canal de Desagüe”. The yellow arrows show the approximate points of 

discharge. 

The area of the study is located inside the geographical 
coordinates -99.69,19.04 and -98.18,20.27 (longitude and 
latitude). It consists of two of the higher basins of the Panuco 
River that discharge into the Gulf of Mexico. The “Valle de 
Mexico” is a natural endoreic basin. The “Valle del Mezquital” 
is an exoreic basin. An artificial connection is achieved by a 
drainage system of three main deep subterranean tunnels and 
two main channels: “Tunel Emisor Poniente”, “Tunel Emisor 
Central”, “Tunel Emisor Oriente”, the “Tajo de Nochistongo” 
channel that is the continuation of TEP and the “Gran Canal de 
Desagüe” channel. Most of the discharge points are located 
close together at the “El Salto” River upstream from Tula River. 
The “Gran Canal de desagüe” channel discharges into another 
river; “Salado”, that joins the Tula River far downstream in the 
north of the basin. See Figure 2.  

In September 2021, the renewed drainage system of Mexico 
City was tested by a period of heavy rain. The system proved to 
be efficient in avoiding flooding in Mexico City, but the volume 

of water which was sent to the “Valle del Mezquital” basin 
generated a new problem of flooding in the city of Tula, 
downstream from the Mexico City deep drainage exit. There is 
no official information about the amount of discharge, there are 
only newspaper reports mentioning that the water authority 
determined that the flooding was caused by a flow of around 178 
m3/s from the Mexico City drainage system plus a local flow of 
322 m3/s. The local discharges seem to be very high compared 
to Mexico City discharge. The “Valle del Mezquital” basin is a 
very dry zone; therefore, its runoff is much inferior to that of the 
“Valle de Mexico” basin.  

The computation of the runoff is complex. One way to have 
a realistic computation is by using a robust model that considers 
both rain and runoff in a detailed and deterministic manner. 
Simulating the drainage from the “Valle de Mexico” basin to the 
“Valle del Mezquital” basin in a realistic way is another 
challenge. To obtain a precipitation model is difficult because 
rain distribution is not even throughout the large areas studied. 
These complexities are addressed in this work. 

II. METHODOLOGY 
The methodology consists of three main parts. First, the creation 
of the Model with complex river Networks is solved using sub-
meshes instead of channel meshes. Second, the problems of the 
rain distribution and the runoff simulation are solved using the 
Inverted Distance Method for the rain distribution and the Curve 
Number method for the runoff. Third, the simulation of the 
drainage system of Mexico City is solved by using the method 
of “tubes and culverts” available in the code Telemac2D. The 
methods available in Telemac-2D are described in the technical 
documents [3] and [11]. 

A. Mesh setup with complex river networks 
The model was created using the elevation data from the 

Shuttle Radar Topography Mission (SRTM) of NASA, the 
details of the data are found in [4], plus a method used to 
incorporate the riverbeds. This method is necessary in order to 
solve the problem of flow continuity in the riverbeds of the 
model. 

 
Figure 3. Problem of flow continuity on riverbeds. The orange line represents 
a riverbed and the numbers represent the elevation on each vertex. The rivers 
flow from south to north. The problem is that the elevations, taken from the 

raster image, are not always descendent to guarantee a downstream flow. 

The problem of continuity arises from the procedures of 
“river network extraction” and “catchment delimitation” 
methods. The methods create river networks in the form of lines 
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that are limited by the resolution of the topographic raster 
images used for the extraction as shown in Figure 3. 

The best way to create riverbeds on the model is with the 
Channel Mesher method available with the Blue Kenue 
software. The details of the method are available in [5]. Each 
channel must be created one by one, and the topography must be 
corrected in order to maintain flow continuity. Another way is 
to create a refined sub-mesh around the full river network with 
the topography corrected for continuity. This method is useful 
when the river network has many branches. 

The delimited basins and river network were obtained from 
the Hydrorivers database. The method used by Hydrorivers is 
described in [4]. Hydrorivers delimits the basins at 12 levels of 
different sizes and creates a river network for each basin in the 
world.  

There are three networks in the domain. The “Xochimilco” 
Network is located in the south of the “Valle de Mexico” basin. 
At its lowest point, there is a permanent lake and a channel 
system named “Xochimilco”. The “Texcoco” Network is 
located in the north of the “Valle de Mexico” basin. The western 
part of the network flows over Mexico City. The eastern part of 
this network flows to the north of Mexico City and then turns 
southward to its lowest point. At that point, near the old airport 
of Mexico City, there is a permanent lake named “Nabor 
Carrillo”. The Tula Network flows from south to north; its exit 
point is at the artificial lake created by the “Zimapan” dam and 
then its flow goes to the Panuco River. The domain description 
is shown in Figure 4. 

 
Figure 4. River Networks in the “Valle de Mexico” and the “Valle del 

Mezquital” basins. The green line represents the “Xochimilco” Network with 
its lowest point in “Xochimilco” lake. The purple line represents the 

“Texcoco” Network with its lowest point in “Nabor Carillo” Lake near the old 
airport. The blue line represents the “Tula” Network with its exit point to the 

Panuco River. 

Building a model with three river networks using the 
“Channel Mesher” method is cumbersome. The solution is to 

convert each river network from lines to a unique polygon. The 
software QGIS was used for this purpose. QGIS methods and 
software are described in [6]. The polygon is imported to the 
“Blue Kenue” software and is used as an “outline” to delimit the 
domain by containing only the river network. This is meshed as 
a grid of finite elements. Each grid of the three river networks is 
used as a sub mesh in a full domain model of the two basins. The 
element size of the sub meshes is around 100m and the size of 
the elements of the full domain model is 500m. The meshing 
arrangement is shown in Figure 5.  

  
Figure 5. Finite elements model mesh. The size of the elements is between 

100 m to 500 m. The small elements are located inside the river networks. The 
continuous coloured lines are superposed on the grey mesh to visualize the 

river networks. A detail of the mesh is shown in the red rectangle. 

B. Rain distribution and runoff setup 
The rain in the model needs to be distributed in space to get 

a more realistic flow around the domain. The rain distribution 
model setup is achieved by programming the Inverse Distance 
Method. This method computes the rain in each node of the grid 
by interpolating the known rain values of specific stations. On 
the other hand, the rain data was obtained from ERA5 database 
[7]. The resolution of the ERA5 grid accounts for approximately 
10 stations inside the Telemac2d domain. For the interpolation, 
the programmed subroutine takes 10 points as local stations. The 
data from ERA5 is shown in Figure 6. 

Mexico City
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Figure 6. Rain variation the first 10 days of September 2021. The colours 

represent different rain points obtained from ERA5 precipitation data.  

The method of interpolation computes the inverse distance, 
di, of each point of the grid to each rain station to estimate a 
weighting factor 𝑤𝑤𝑖𝑖. The interpolated precipitation of the point 
is obtained by the addition of the product of the precipitation of 
each station, Pi, by its weighting factor, 𝑤𝑤𝑖𝑖, at each time step. 
The formulas (1) and (2) were programmed into subroutine 
“runoff_scs_cn.f” of Telemac2d using a matrix of 10 stations. A 
similar method was validated by [8] for Taiwan. 

 𝑤𝑤𝑖𝑖 =
( 1𝑑𝑑𝑖𝑖

)

∑ ( 1𝑑𝑑𝑖𝑖
)𝑁𝑁

𝑖𝑖=1
 (1) 

 𝑃𝑃 = ∑ 𝑤𝑤𝑖𝑖𝑃𝑃𝑖𝑖𝑁𝑁
𝑖𝑖=1  (2) 

 

 
Figure 7. Interpolated rain accumulation after 9 days. 

The resulting distributed rain is shown in Figure 7 for a 
simulation after 9 days of precipitation with ERA5 data. 

The model is set up using the subroutines of the code for the 
Runoff Curve Number method proposed by the Service of Soils 
Conservation in the United States. This method has been 

developed in high latitudes corresponding to US territories. 
When used in tropical territories with lower latitudes, the 
method can present inconsistencies. To solve this problem 
Hernández-Jimenez [9] generated the Curve Numbers in 
Mexican territories using the method TR-55 of the USGS. The 
Curve Number was created by the adaptation of local Mexican 
soil, vegetation, and land use characteristics.  

The Curve Number in the domain has a range of 50 to 99 as 
showed in Figure 8. The lower numbers correspond to the higher 
altitudes with strong vegetation in the south and west of the 
domain. The numbers above 80 correspond to urban and 
semiurban zones in the domain. The higher numbers are around 
water bodies. 

 

 
Figure 8. Distribution of the Curve Number in the domain. Source Hernández 

Juarez, 2014. 

C. Drainage setup 
The drainage system of Mexico City is one of the most 

complex in the world. Rain and wastewaters are mixed and 
discharged with little treatment to the “Valle del Mezquital” 
basin. 

The setup of the model is simplified using 6 tubes for runoff 
and two points for discharge of wastewater. The runoff goes into 
the inlets of the tubes in rain events. The wastewater is a constant 
discharge product of human use considered as source points in 
the model. One part of the water for human consumption is 
imported from outside of the basin at about 20 m3/s and the other 
part is pumped out from the aquifer at about 70 m3/s. After use, 
the wastewater is sent to the outside. As the water for 
consumption is imported and pumped, it can be separated from 
the runoff. Then in the model this amount of water is injected 
directly into two discharge points: one for the discharge of the 
“Gran canal de desagüe” channel with 30 m3/s into the Salado 
River and another as part of the drainage tunnel system with 60 
m3/s into the Tula River.  
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The arrangement of the simplified drainage system is shown 
in Figure 9. The red lines join the inlets and outlets of the tubes. 
The list of points and its corresponding elements of the drainage 
system are presented in Table I. 

 
Figure 9. Location of the drainage points from Mexico City to the “Valle del 

Mezquital” basin. Six red lines represent the simplified tubes of drainage with 
input in the south and output in the north. Two more points, 7 and 8, represent 

point sources of wastewater. 

Table I Elements of the Drainage system of Mexico City 

N Name Drainage element 
1 Tunel Emisor Central TEC1  Tube (in – out) 
2 Tunel Emisor Oriente TEO Tube (in – out) 
3 Tunel Emisor Poniente TEP1 Tube (in – out) 
4 Tunel Emisor Poniente TEP2 Tube (in – out) 
5 Tunel Emisor Poniente TEP3 Tube (in – out) 
6 Tunel Emisor Central TEC2 Tube (in – out) 
7 Discharge of Wastewater 30m3/s Source (out) 
8 Discharge of Wastewater 60m3/s Source (out) 
 

The runoff is treated by the Curve Number subroutine in 
Telemac2D. Part of the rain is evaporated or filtrated, and the 
rest is converted into runoff. This amount of water flows to the 
river networks and then to its lowest points. To simulate the 
drainage of Mexico City, 6 points representing the tube inlets 
are inside the “Valle de Mexico” basin, the location is adapted 
from [10] in a simplified manner. All the tubes have an outlet in 
the “Valle del Mezquital” basin around the site of the main 
discharge known as “El Portal” on the Tula River.  

Table II Main parameters of the method of culverts and tubes in Telemac2D 

N LRG HAUT1 LBUS Z1 Z2 LENGTH 
1 5.50 5.50 180.56 2229.18 2122.04 62067.22 
2 6.00 6.00 146.49 2228.20 2118.27 54932.82 
3 2.25 2.25 425.41 2236.00 2172.74 59823.89 
4 2.25 2.25 372.33 2240.00 2170.22 52358.29 
5 2.25 2.25 196.38 2251.00 2166.87 27615.48 
6 2.25 2.25 591.13 2229.00 2122.29 83128.06 

The method of culverts and tubes in Telemac2D manual [11] 
was verified by the results of a hydraulic analysis made by [2]. 
The main parameter to adapt the method of culverts into tubes 
was the Loss Friction parameter for long tubes represented in 
Telemac2D by the variable LBUS. Table II presents the main 
parameters used in the model.  

 𝑄𝑄 = 𝑆𝑆12 �
2𝑔𝑔(𝑍𝑍1−𝑍𝑍2)

𝐶𝐶𝐶𝐶2+𝐶𝐶𝐶𝐶1+𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
� (3) 

 𝐿𝐿𝐵𝐵𝐿𝐿𝐿𝐿 = 𝜆𝜆 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑇𝑇𝐻𝐻
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻1

 (4) 

The discharge, Q, is obtained according to [11] by using 
formula (3). The gravitational acceleration constant is 
represented by g. Some of the parameters for the tubes were 
obtained from the physical elevations of the terrain, Z1, Z2, and 
the distance from the inlet and outlet, LENGTH.  The parameter 
of the crossing area, S12, was obtained from the physical 
diameter of the tunnel HAUT1. The other parameters are 
empirical representations of the combined friction losses CE1, 
CS2, LBUS. The friction coefficients in the inlet and outlet of the 
tube, CE1 and CS2, can take values from 0 to 1 and for long 
tubes these coefficients are negligible compared to LBUS. The 
Loss Friction parameter LBUS, formula (4), was derived from 
the geometrical characteristics of the tunnel and the friction 
along the walls represented by the Manning Friction coefficient 
𝜆𝜆 = 0.016 reported by [2].  

III. STUDY CASES 
The main case of study is to compute in a more realistic 

manner, the flow during September 2021 that caused the 
flooding in Tula City. The idea is to estimate with more certitude 
the discharges from Mexico City and the local runoff. A second 
case is the analysis of the role of the new element of the drainage 
system TEO. A third case is a simulation without the drainage 
system. This last case serves to visualize the increase of the flow 
in Tula caused by the runoff from Mexico City conducted by the 
drainage system versus the local runoff. Table III shows the 
drainage elements of the system operating in each study case. 

Table III Simulation Cases for Analisys 

Drainage element Case 1 Case 2 Case 3 
1 X X  
2 X   
3 X X  
4 X X  
5 X X  
6 X X  
7 X X X 
8 X X X 

 

RESULTS 
The results of the simulation show the computed runoff by 

applying the method of the SCS Curve Number. The results 
serve to compare the discharges in the Tula City with different 
cases of Mexico City drainage elements in operation. These 
results also distinguish the volume of water from the drainage 
system coming from Mexico City versus the local runoff. Last 
of all, a result from a monitoring point in Tula shows the 
increase of the water depth that caused the flooding. 
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The computed accumulated runoff of the domain after 9 days 
of simulation is presented in Figure 10. The runoff is greater in 
places around Mexico City where the urban areas are denser. 
The result is compatible with the local Mexican data of the 
runoff coefficient published by INEGI [12]. This coefficient has 
values of +0.3 for dense urban areas, around +0.2 for rural semi 
urbanized areas and around +0.10 for vegetated areas. 

A comparison of the resulting flooding area of the three 
cases of study is shown in Figure 11. The red areas represent the 
case without drainage runoff system (tubes), all the runoff goes 
to the lower zones of the Valley around the Mexico City’s old 
airport. The yellow areas show the case without the TEO tunnel 
operating (this kind of flooding would be expected before 2020) 
there is an important area of buildings surrounding the airport 
that would be flooded. The blue areas represent the areas of 
flooding with the full system of drainage operating. The area is 
reduced to maintain Mexico City free of flooding. This is the 
actual case. 

 

 
Figure 10. Resulting runoff after 9 days of simulation.  

The resulting discharge in Tula is presented in Figure 12. 
The three lines represent the different cases of discharge 
including local runoff in Tula and the operation of different 
drainage elements from Mexico City. The continuous line 
represents the full operating system, the dashed line, the system 
before 2020 without TEO tunnel, and the dotted dashed line, 
only represents the discharge of the wastewater without runoff 
from Mexico City. The wastewater corresponds to the first 
60m3/s in the graph. From the dotted dashed line, we see that the 
local runoff peak discharge added 140 m3/s to reach 200 m3/s. 
The dashed line represents the runoff from Mexico City without 
TEO. The result is a peak of approximately 320 m3/s. The 
continuous line represents the real event with the drainage 
system in full operation and a peak of nearly 400 m3/s. 
 

 

Figure 11. Resulting flooding in Mexico City after 9 days of simulation. The 
red colour represents the case without the drainage system, the yellow colour 
represents the case without the TEO tunnel and the blue colour represents the 

case with the full drainage system operating. 

 

 
Figure 12. Discharge at Tula. The continuous line represents the real 

approximation considering the full drainage from Mexico City (CDMX), the 
dashed line represents an approximation without the TEO Tunnel which 

opened at the end of 2020, and the dashed dotted line represents an 
approximation without the tunnels TEP, TEC TEO where only the CDMX 

wastewater is considered. 

The separated flows from each element of the fully 
operational drainage system of the Mexico City are shown in 
Figure 13. The continuous lines in red, yellow, and green 
represent the elements of the drainage system. The dashed line 
is the accumulated discharge of the three elements; and the blue 
continuous line represents the total discharge, including 60m3/s 
of wastewater added to the runoff. As we can see, the amount of 
discharge in the event of September 2021 was around 280m3/s. 
The total capacity of the system is 345m3/s. The TEO tunnel 
discharged most of the water, an amount equivalent to 110 m3/s. 

 

CDMX Wastewater 
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Figure 13. Discharge from CDMX into the Tula River. The green, yellow and 
red lines represent the runoff discharged from each drainage element coming 

from Mexico City. The dashed blue line represents the sum of these three 
elements. The continuous blue line represents the sum of the runoff plus the 

wastewater discharged from Mexico City, CDMX.  

A comparison of the resulting flow from Mexico City with its 
drainage system fully operating versus the three local river runoffs 
is presented in Figure 14. The red line represents the full discharge 
from Mexico City including wastewater and the other continuous 
lines represent the local river discharges in the “Valle del 
Mezquital” basin. The blue dashed line represents the total 
discharge in Tula City. The addition of the discharges of the three 
local rivers is approximately 140 m3/s, we can see that the peak of 
the local rivers is during the night of September 6th, but the peak of 
the Mexico City discharge is on the 8th of September. 

 
Figure 14. Comparison of discharges from CDMX and local rivers. The blue 
dashed line represents the total discharge at the Tula River from CDMX and 
the rivers from the “Valle del Mezquital” basin. The red line represents the 

discharge from CDMX. The continuous blue, yellow, and green lines 
represent the discharge of each of the three local rivers around Tula City. 

The result of the water depth in the Tula City during the event 
of September 2021 is shown in Figure 15. The monitoring point has 
a water depth of around 1 m before the peak of the discharge and 
rises to almost 2 m after the peak. The difference from 1m to 2m 
caused an overtopping of the local fences of the river and flooded 
the city. 

The result is consistent with the local inspection made on the 
20th of September 2021 where water marks on the walls of the 
buildings showed depths of 1.4m to 2.0m in the places that were 
flooded. 

 

 
Figure 15. Water depth in Tula City. The blue line represents the variation of 

the water depth within the Tula River. Its value was approximately 1m up 
until the night of September 6th. After that time, water depth increased to 2m 

causing the city to flood.  

 

IV. DISCUSSION 
The mean annual rainfall in 24 hrs is defined with a value of 

between 40 mm to 65 mm according to [13]. Figure 6 shows the 
rainfall values accumulated in 24 hrs in each of the 10 stations from 
ERA5 during the event of September 2021. During this event, the 
total amount of rain in 24 hrs is barely 40mm; this means that the 
event in September 2021 is not exceptional and that more severe 
rain events can be expected in the future. Tula City is greatly at risk 
for more flooding. 

The results show that the TEO tunnel, on its own, manages a 
runoff of around 110m3/s. This is 30% of the total discharge at Tula. 
The operation of the TEO has an important impact on the increase 
of the risk of flooding in Tula City. 

On the other hand, we can observe that the peaks of the local 
river discharges are lagged with respect to the peak of the Mexico 
City discharge. The peak of the flooding can grow depending on the 
lag of the peaks in future events. This parameter depends on rain 
distribution. 

It is important to mention that the model has been simplified, 
then the results can have errors due to these simplifications. If the 
model was improved with a better definition of the drainage system 
and with measurements of a monitor system, the results could be 
more accurate. 

Some parts of the model can be coarsely defined because the 
river network was created by an automatic process. This issue may 
influence the velocity of the flow producing errors in the peak time. 
For the future improvement of the model, it is important to increase 
detail in the river networks and have a more detailed drainage 
system. 

Mexico City has one of the most complex drainage systems of 
the world. The city continues to grow, expanding the urban areas 
and increasing the pressure on water availability for consumption 
therefore increasing discharge to the Tula River. Tula City is 
expanding as well, reducing the course of the Tula River. 

We consider that a new paradigm of development is needed to 
reduce the risk of flooding in Tula City. Planning for water retention 
in extreme scenarios is needed to better control the peaks of the 
discharges. This model shows a promising tool for studies of water 
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control to reduce water discharge from Mexico City to Tula in the 
future. Some researchers are now discussing new ways of water 
management [14] to reduce the discharge from Mexico City as 
opposed to formal plans to increase the capacity of the flow of the 
Tula River [15]. 
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Abstract – Over the past 30 years, the frequency of natural 
disasters related to intense rainfall events has increased due to 
climate change. In this context, hydrodynamic rainfall-runoff 
modelling is of paramount importance to understand and predict 
the consequences of climate change. It is therefore essential to 
make advances in this field, particularly by improving runoff 
modelling through numerical solution of river hydrodynamics 
equations, as done by the TELEMAC-2D model. In this paper, we 
present a method for integrating spatialized rainfall into the 
calculation of net rainfall, using the SCS-CN model integrated in 
TELEMAC-2D. We have added a module that allows us to consider 
spatialized rainfall from radar rainfall products, such as the 
Antilope products from Météo France, satellite data or even rain 
gauge data if we have a dense network of rain gauges in the area 
to be modelled. This module assigns to each node of the TELEMAC-
2D mesh the value of the nearest rain pixel. We have applied this 
method for rainfall-runoff hydrodynamic model of the Real 
Collobrier catchment in the Var, with a surface area of about 92 
km². New variables are also added to the control section module of 
TELEMAC-2D. 

Keywords: Rainfall-runoff, spatial rainfall, hydrodynamics. 

I. INTRODUCTION 
Rainfall spatial variability effect on rainfall-runoff 

modelling has been studied in different climatic contexts, scales 
and for small and large catchments. Conclusions are contrasted 
on depend on a large range of parameters: basin hydrologic 
regime, topography, rainfall data resolution (rain gauge density 
or radar data resolution) [1]–[4]. A study made in France, shows 
a gain in hydrograph generation for study cases eastern France, 
but it shows no added value for western France study cases 
compared to basin averaged rainfall [5]. 

More recently, a multitude of studies using 2D 
hydrodynamic models for rainfall-runoff transfer, using 
different production functions (SCS CN, SCS CN modified, 
HORTON, GA…) [6]–[10]. Those studies show that it is 
possible to use hydrodynamic models as rainfall runoff models 
by adding production function to compute effective rainfall, but 
the main part of those studies use basin averaged rainfall with or 
without spatially distributed infiltration/runoff parameters. 
Notably, studies involving the TELEMAC-2D rainfall runoff 
module, and spatial rainfall have been introduced in recent 
studies [6], [11], [12]. 

This article proposes another approach to input spatial 
rainfall to TELEMAC-2D, with a simple file format, and a nearest 
neighbour interpolation. This new approach is usable for all 

production functions available in TELEMAC-2D. A new file 
format for control sections was developed and is presented in 
this paper, where height variables are added, which allows us to 
compare TELEMAC-2D output heights with height observed data 
(water depth sensors, higher water marks…). 

These developments are tested, and the results are shown in 
the following sections of this article. 

II. SPATIAL RAIONFALL MODULE PRESENTATION AND TEST 
CASE 

A.  Rain fall spatial distribution in TELEMAC-2D 
The primary objective of this work is to introduce rainfall 

spatial distribution for the three production functions already 
supported in TELEMAC-2D : SCS-CN [13], HORTON [14] and 
Green & Ampt [15] .  

Currently, TELEMAC-2D's calculation code uniformly 
integrates rainfall over the entire calculation area. However, due 
to the spatial heterogeneity of rainfall, even within small 
catchment areas, there is a need to incorporate spatially 
distributed rainfall data, especially from radar rainfall data (in 
Raster format). The main issue is to create a TELEMAC-2D 
format text file, that will allow us to assign rainfall values 
corresponding to spatial rainfall data to each mesh node in the 
computation domain at every time step. The proposed approach 
involves assigning a rainfall value, corresponding to the centroid 
of the nearest radar rainfall pixel. 

As an initial step, we tested this approach for the SCS-CN 
method, which has been implemented in the subroutine 
"runoff_scs_cn.f". Currently, this subroutine includes an option 
"RAINDEF=3" for integrating a homogeneous rainfall 
hyetograph within a given calculation domain. To spatialize 
rainfall in TELEMAC-2D, we have introduced a fourth option 
with the keyword "RAINDEF=4". This new option builds upon 
the module used in "RAINDEF=3", but with the additional 
capability of injecting spatialized rainfall data into all mesh 
nodes. 
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Figure 1. Example of a homogeneous hyetograph in TELEMAC-2D 

The current format for the rainfall data is based on a text file 
with two columns: one for time and the other for the cumulative 
rainfall between consecutive time steps (Figure 1). 

The introduction of the "RAINDEF=4" option for spatial 
rainfall imply to create a new TELEMAC-2D format text file. This 
file contains x, y coordinates of rain pixels centroids, and the 
corresponding rain values, in a vector format for each rainfall 
time (Figure 2). This format offers the advantage of eliminating 
the need to reproject rainfall raster data into the mesh projection, 
as such reprojection often leads to anomalies. Instead, we simply 
convert the raster to a point-based representation and project 
these points onto the mesh projection (Figure 3). By using this 
approach, we can effectively integrate spatialized rainfall data 
into TELEMAC-2D, ensuring accurate representation and 
avoiding potential projection-related issues. 

 
Figure 2.  New proposed format for spatial rainfall integration in TELEMAC-

2D rainfall-runoff module 

 
Figure 3.  Explanatation of matching process between mesh nodes and rainfall 
centroids 

The newly developed "RAINDEF=4" option can be used for 
the rain gauge data instead of radar rainfall data (particularly 
applicable when rain gauge density is high). 

To facilitate the reading of the new file format, a dedicated 
subroutine called "rain_interpol.f" has been created, which 
consists of two main parts. In the first part, during the initial time 
step, the identifier of the rainfall point closest to each mesh node 
is calculated. This process results in the creation of a NPOIN 
vector size (representing the number of nodes), effectively 
assigning each node to the corresponding rainfall point 
identifier. In the second part of the subroutine, the rainfall data 
from the file is read, starting with the first-rainfall time (time 0 
is not considered). The rain values at each node are then 
determined using the previously calculated vector of identifiers. 
This approach ensures that each node receives the appropriate 
rain value based on its associated rain point. To progress to the 
next rainfall time, the "rain_interpol" function is invoked 
whenever the rainfall time changes. This allows the function to 
read the appropriate rainfall line corresponding to the new time 
step. It's very important to note that the reading process is based 
on the rainfall time and not the calculation time step. To ensure 
accuracy, it is essential to have computation time steps smaller 
than the rain time steps, which is typically the case. 

In summary, the "rain_interpol" function plays a crucial role 
in synchronizing the rainfall data with the calculation time steps. 
By calling this function whenever there is a change in the rainfall 
time, TELEMAC-2D can effectively use the corresponding 
rainfall values for accurate simulations. 

B. Test cases  
To verify the accuracy of the new routine, two discharge 

comparison tests are conducted between homogeneous and 
spatial rainfall inputs. These tests are conducted on the 
computational domain shown in Figure 3, with a geometry 
represented with a regular triangular mesh with 34771 nodes and 
a resolution of 10 meters. These tests involve the following 
scenarios: 

• The same rainfall value is applied uniformly for both 
homogeneous rainfall and all spatial rainfall points. In 
this case, the curve number is set to 100, meaning no 
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infiltration, and a Strickler friction coefficient of 15 
m1/3/s is used. 

 
Figure 4. Discharge over time of spatial rainfall and homogeneous rainfall: 
same rainfall volume, same rainfall values for all mesh nodes, infiltration 

(CN=100) 

• Different rainfall values are assigned to spatial rainfall 
pixels, ensuring that the total rainfall volume matches 
the value used in the homogeneous rainfall test. The 
curve number is again set to 100, and the Strickler 
friction coefficient remains 15 m1/3/s. 

Both tests are performed on a regular triangular mesh with a 
10 m resolution. The mesh is automatically generated using 
Cartino2D [16], a tool developed at CEREMA for the automated 
creation of both regular and irregular meshes for TELEMAC-2D. 

The primary objective of the first test is to validate that the flow 
discharges at the output remain identical between the two 
options as shown in Figure 4. For the second test, the aim is to 
verify that different results are obtained for the same volume of 
cumulative rainfall between homogeneous and spatial rain 
inputs (as shown in Figure 5). This comparison helps validate 
the correctness of the newly introduced "RAINDEF=4" option 
for spatial rainfall integration, confirming its ability to handle 
spatially and temporally varying rainfall values.

 
Figure 5. Discharge over time of spatial rainfall and homogeneous rainfall : 

same rainfall volume but different values in nodes for spatial rainfall part, no 
infiltration (CN=100) 

In this specific example, the computation times for both the 
homogeneous and spatialized rainfall versions are equivalent. 
However, it's important to note that on larger computational 
domains, where certain areas may have zero rain pixels. 

C. Actual case study : Réal Collobrier catchment 
After successfully verifying the accuracy of the new routine, 

our next crucial step is to apply it in a real case study, 
specifically focusing on the rainfall event that occurred from 
June 15th  to June 16th , 2010, in the Réal Collobrier catchment 

(Var, France). During this event, the catchment experienced an 
intense rainfall period, with a cumulative rainfall reaching up to 
350 mm over 48 hours in the upstream. (Figure 6). 

The Réal Collobrier research catchment is situated in south-
eastern France, specifically at the western edge of the Maures 
Mountain range along the Mediterranean coast. Encompassing 
an area of 70 km2, it stretches up to a maximum length of 16 km 
and a maximum width of 9.6 km. The elevation within the 
catchment area ranges from 70 meters at the outlet on the 
western side to 780 meters in the north-eastern region. On 
average, the elevation is approximately 335 meters [17]. 

For this case study, radar rainfall data from Meteo France are 
available at two different temporal resolutions: 1 hour and 15 
minutes, and a spatial resolution of 1000m*1000m. For this 
study, the 15-minute radar rainfall data is used. 

In addition to the radar rainfall data, we are fortunate to have 
observed hourly discharge data from two gauging stations: 
Malière and Pont de Fer (as shown in Figure 6). These observed 
discharge measurements are valuable in our study as they allow 
us to directly compare and validate the simulated discharges 
obtained from both the spatial and homogeneous rainfall inputs. 

The computation domain mesh is a triangular unstructured 
mesh with variable resolution, with 3.5 million nodes, with finer 
elements in flood-prone areas. The element resolution ranges 
from 25m to 3m, and this mesh is generated automatically using 
the Cartino2D tool. 

In this simulation, the following parameters are used for both 
the homogeneous and spatial rainfall input computations 
without any calibration attempt: 

• Homogeneous Curve Number: 65 

• Antecedent moisture condition: 1 (dry condition) 

• Strickler Coefficient: 15 m1/3/s 

By applying these parameters to both rainfall input options, 
we can perform a comparative analysis of the hydrological 
response using the traditional homogeneous rainfall approach 
and the newly introduced option for spatial rainfall. 

This study allowed us to gain insights into the differences in 
flood forecasting, runoff patterns, and overall hydrodynamics 
resulting from the use of spatially distributed rainfall data. By 
using the high-resolution radar rainfall data and the refined 
mesh, we can capture localized variations and simulate the 
catchment's response with greater accuracy. 

The graphics shown in Figure 7 and Figure 8 show the 
discharges comparison respectively at Malière’s and Pont de 
Fer’s gauging stations. 

In Figure 7, we observe an overall overestimation of 
discharge in both simulations, whether using spatial or 
homogeneous rainfall inputs, when compared to the observed 
discharges. However, despite the overestimation, the general 
patterns and the timing of peak discharges are largely consistent 
with the observed data. This suggests that the simulations 
capture the essential characteristics of the hydrological response 
during the rainfall event. One noticeable difference is the rate of 
increase in discharge. In both simulations, the discharge rises 
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rapidly, while the observed discharge shows a more gradual 
increase. This disparity may be attributed to several factors, 
including the spatial distribution of rainfall and the hydrological 
processes represented in the model. It is essential to thoroughly 
analyse these aspects to better understand the reasons for the 
differences in the rate of discharge increase. 

In Figure 8, we notice the same rapid increase of the 
simulated discharge in the hydrographs beginning. We observe 
also that the patterns are respected in the two simulations 
compared to observation.  

In both figures, we observe a discharge peak for the spatial 
rainfall simulations, which is not represented in the 
homogeneous rainfall simulations different rainfall values, 
which can be very high, the result is that we have net rainfall 
more quickly with spatial rainfall.  

 

 

 

 

Figure 6.  Réal Collobrier geographic, topographic and cumulative rainfall for 
june 2010 rainfall event. (basemap: CartoDB) 

 

 
Figure 7. Simulated and observed hydrographs for june 2010 rainfall event in 

Réal Collobrier at Malière’s gauging station 

In Figure 7 and Figure 8 a notable systematic difference is 
observed at the beginning of the simulation. Specifically, in the 
computation with spatialized rainfall, there is an initial flow 
peak, contrasting with the simulation based on homogeneous 
rainfall. This discrepancy arises due to the faster crossing of the 
initial abstraction on the nodes where the rainfall exceeds the 
average rainfall across the basin (mean domain rainfall at one 
timestep). 

The spatialized rainfall data provides a more localized 
representation of rainfall distribution, and in areas with higher 
rainfall intensities, the initial abstraction is exceeded more 
rapidly, and effective rainfall is produced before other nodes. 
This results in an earlier response and an earlier flow peak in the 
simulations that use spatial rainfall data. 

On the other hand, in the simulation with homogeneous 
rainfall, the rainfall is uniformly distributed over the entire 
catchment, and the exceeding of the initial abstraction 
progresses at a more consistent pace across all nodes 
(homogeneous curve number case only). Consequently, the 
initial flow peak is less pronounced or may occur later in the 
simulation compared to the spatialized rainfall case. 

This difference in the initial response is an essential aspect 
to consider when interpreting the simulation results and 
understanding the impact of spatial rainfall integration on the 
hydrological modelling outcomes.  

 
Figure 8.  Simulated and observed hydrographs for june 2010 rainfall event in 

Réal Collobrier at Pont de Fer’s gauging station 

III. DEVELOPMENTS FOR CONTROL SECTIONS 
Another significant development made in this study involves 

the addition of variables to the control sections subroutine 
"fluxpr_telemac2d.f" along with the proposal of a new output 
file format. 

Adding of new variables and new format for output file 
In order to enhance the capabilities of the 

"fluxpr_telemac2d.f" subroutine, five additional variables have 
been incorporated: mean waterline elevation, maximum 
waterline elevation, minimum waterline elevation, maximum 
water depth, and the hydraulic head. 

To achieve this, modifications have been made to the 
"fluxpr_telemac.f" subroutine, that work both in sequential and 
parallel mode. In this subroutine, the control section is divided 
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into segments based on the elements crossed by the control 
section. For each segment, the new variables are calculated, 
including mean, maximum, and minimum values. To calculate 
the hydraulic head, the mean velocity is calculated over the 
control section,then the velocity head is calculated and added to 
the mean water elevation. 

As a result of these improvements, the control section output 
file now presents a more comprehensive dataset, as illustrated in 
Figure 9. This dataset includes the newly added variables, 
offering valuable insights into the flow characteristics and water 
levels along the control section. 

 
Figure 9. Example of new control section output file with new variables 

 
Figure 10. Case study with a 7 km² catchment in Nîmes southern 

France.(basemap : IGN) 

For the demonstration of the new control section subroutine, 
we have selected an actual case study in a small catchment area 
of approximately 7 km², situated in the city of Nîmes, southern 
France. The elevation of the basin varies from approximately 
100m downstream to 200m upstream, as shown in Figure 10. 

To conduct this case study, we have access to radar rainfall 
data with a temporal resolution of 5 minutes and a spatial 
resolution of 500m. The data covers the rainfall event that 
occurred between October 10th and 11th, 2014, during which a 
cumulative rainfall of up to 300 mm was observed over a 24-
hour period (Figure 10). 

A unique feature of this case study is the presence of two 
retention ponds, one located upstream and another downstream 
within the catchment area (Figure 10). Additionally, a water 
depth sensor was installed in the downstream retention pond, 
enabling the direct comparison of the simulated water elevations 
to the observed water levels. 

The computation triangular unstructured mesh is 
automatically created using Cartino2D tool, it has 1.5 million 

elements, with a resolution ranging from 25 m to 3 m. Ponds 
levees, output culverts and a control section at the water depth 
sensor are integrated to the model. Two computations are 
conducted with homogeneous and spatial rainfall. 

In the simulations, the following parameters are used for 
both the homogeneous and spatial rainfall input computations: 

• Homogeneous Curve Number: 65 

• Antecedent moisture condition: 2 (normal condition) 

• Strickler Coefficient: 15 m1/3/s 

 
Figure 11. water elevation comparison at pond at water level sensor 

Figure 11 represents the water elevation comparison 
between simulations in the cross section computed with the new 
subroutine, and observation data. It shows an interesting match 
between simulations and observation, and not a notable 
difference between homogeneous and spatial rainfall 
simulations for water level variable. 

IV. CONCLUSION AND PERSPECTIVES 
The principal objective of the work presented in this paper is 

to introduce a new methodology for integrating spatial rainfall 
data into the TELEMAC-2D rainfall-runoff modelling framework. 
Furthermore, developments are made in order to enhance the 
control section subroutine through the introduction of new 
height-related variables, accompanied by a proposal for an 
output file format update. 

These developments have been tested — both in a synthetic 
way and within a real case study without any calibration attempt. 
The tests illustrated that rainfall spatial distribution is 
successfully added to TELEMAC-2D for the three production 
functions available (SCS-CN, HORTON and 
GREEN&AMPT). However, in this article only the tests using 
the SCS-CN production function are shown. The first test case 
is conducted without infiltration (CN=100) showing that there is 
a difference between flood hydrographs, but no difference in 
water volume. The second actual case study in Réal Collobrier 
catchment with infiltration (CN=65) shows a difference between 
the time of exceeding the initial abstraction according to the 
rainfall node value, and the result is the presence of effective 
rain over a few nodes, which creates runoff and therefore a flow 
rate.  
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Finally, the other development showed is the adding of 
height variables to the control section TELEMAC-2D module, and 
its new proposed output file format. These variables can be used 
to calibrate or verify the results of a TELEMAC-2D computation 
by comparing the computed heights to observed ones, or to 
create a synthetic rating curve for a river section. 
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Abstract – As part of the development of a coastal risk 
management action plan for the Comorian coasts, an in-depth 
study of coastal flooding hazard was carried out for 4 priority sites 
in the Union of the Comoros in order to define proper protection 
scenarios and assess their efficiency. The 4 sites have specific 
morphological characteristics requiring a dedicated approach for 
each regarding protection design and model implementation. For 
each site, a coupled wave-current dynamic flood model was set up 
for the present state using TELEMAC-2D/TOMAWAC. The models 
were run in extreme conditions, including cyclonic ones (based on 
the cyclone Kenneth, 2019), considering a potential increase of 
storm surge and cyclonic wave conditions due to climate changes. 
Several protection scenarios of hybrid risk mitigation measures 
were then implemented and simulated using the models set up, in 
order to compare them and feed a Cost-Benefice Analysis. 

Keywords: Comoros archipelago, Coastal flooding and hazard, 
Cyclones, climate change, TELEMAC-2D, TOMAWAC. 

I. INTRODUCTION 
The Union of the Comoros, made up of 3 islands located at 

the northern end of the Mozambique Channel, is particularly 
vulnerable to natural disasters such as tropical storms, flooding 
and sea level rise. In April 2019, the intense tropical Cyclone 
Kenneth passed across the islands, hitting the northern Ngazidja 
Island (Grande Comore) and reportedly causing three deaths, at 
least 20 injuries and extensive damage to houses across the 
archipelago, due to strong winds and torrential rains. Several 
cities were exposed to coastal flooding and erosion, which 
caused serious damage to homes and infrastructures. A Post-
Kenneth Recovery and Resilience Project was therefore 
implemented by the Ministry of Land Management, Urban 
Planning, Land Affairs and Transport – funded by the World 
Bank. 

The mission of EGIS is part of this project. It aims at 
drawing up a coastal risk management action plan over the next 
ten years on the Comorian coasts with respect to coastal 
flooding and erosion risk assessment, and identifying 4 priority 
sites (Foumbouni, Djioezi, Nioumachoua and Ouani, see 
Figure 1) for which various coastal protection measures are 
studied at Preliminary and Detailed project design stages.  

An in-depth study of coastal flooding hazard was carried out 
for the 4 selected sites in order to define protection scenarios 
and assess their efficiency. The 4 sites have specific 
morphological characteristics requiring a dedicated approach 
for each regarding protection, design, and model 
implementation. 

 
Figure 1. Location of the 4 priority sites in the Comoros archipelago 

For each site, a coupled wave-current TELEMAC-
2D/TOMAWAC dynamic flood model was set up for the present 
state and run in extreme conditions including cyclonic 
conditions (based on the cyclone Kenneth). Potential increase 
of storm surge and cyclonic wave conditions due to climate 
changes have also been considered. The results highlighted the 
strong exposure of the study sites to coastal flooding hazard, 
and the need for the development of a relocation strategy for 
the most exposed stakes in the short to mid-term. Several 
scenarios of hybrid risk mitigation measures (hard/soft) were 
also adapted to the specific nature and dynamics of each site 
and simulated using the coupled models in order to assess their 
efficiency and feed a Cost-Benefit Analysis. 

 

II. STUDY AREA AND CONTEXT 

A.  Sites selection 
The first phase of the project aimed to qualify coastal risks 

at the overall scale of the 3 islands and to identify the most 
vulnerable locations. Among these locations, 4 sites were 
identified as priority sites and selected for the next phase of the 
study, using a multi-criteria analysis: 

87

mailto:juliette.nozieres@egis-group.com


29th TELEMAC User Conference Karlsruhe, Germany, 12-13 October 2023 
 
 

• Foumbouni, on Grande Comore; rocky urban area 
with high human stakes, particularly since the passage of 
Kenneth; 

• Djoièzi, on Mohéli; urban sandy area, with high 
human stakes and a strategic road, exposed chronically; 

• Nioumachoua, on Mohéli; mixed sandy area 
(urban/rural), bordered by large reefs and mangroves, with high 
human and tourist stakes (located in the heart of the Mohéli 
National Park); 

• Ouani, on Anjouan; a mixed rocky/pebbled/river-
mouth zone, with strategic and human stakes, exposed 
chronically. 

It should be noted that all the sites except Foumbouni are 
bordered by quite wide fringing reefs. The Nioumachoua site is 
located in the heart of Mohéli National Park, created in 1988, 
and includes important ecosystem (coral reefs, mangroves, 
vegetation, etc.) to integrate into the adaptation plan to 
effectively manage the risks of erosion and coastal flooding. 

B. Digital Elevation Model (DEM) 
For the second phase of the project including the 

construction of coastal flooding models for each site, it was 
necessary to have accurate and reliable topo-bathymetric data. 
Several sources were used for this purpose.  

The bathymetric data collected are listed below: 

• 10m resolution Satellite-Derived Bathymetry (SDB) 
produced by EOMAP in 2022 as part of the project, for the 
entire coast of the 3 islands. 

• 20m resolution DEM, covering the Mohéli National 
Park area, produced by CREOCEAN using SDB and 
multibeam echosounder (MBES) data from 2019 

• MBES data available in some locations, SHOM, 2014 

• 1000m resolution SRTM30 DEM 

The topographic data collected is listed below: 

• Topographic surveys carried out on the 4 selected sites 
in October/November 2022 as part of the project, using an RTK 
GPS 

• 1m resolution photogrammetric DEM produced in 
2018 as part of AMCC project (Alliance Mondiale contre le 
Changement Climatique, https://comores-europe.km/amcc/) in 
Grande Comore and Mohéli  

• 30m resolution SRTM30+ DEM  

Topo-bathymetric data was assembled with care in order to 
produce consistent DEMs on each site. Specific attention was 
given to the vertical datum of the datasets. 

The final concatenation of the topo-bathymetric data and 
their interpolation on the 4 models grids are illustrated in 
Figure 2. 

 

 
Figure 2. DEMs of the coastal flooding models on the 4 sites in the Comoros Archipelago : Foumbouni, Djoièzi, Nioumachoua and Ouani 
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Figure 3. Path of the cyclone Kenneth path in April 2019, North of the 
Mozambique channel 

C. Meteocean Conditions 
The Comoros archipelago has a tropical oceanic climate, 

with a hot and humid season from December to March (austral 
summer with Kashkasi winds), and a cooler, drier season from 
June to September (austral winter with Koussi winds). During 
the rainy season (austral summer), the western part of the 
islands receive more rainwater with the monsoons arriving from 
the north-west. It is also during this season that tropical 
depressions occur, sometimes turning into cyclones. These 
storms often pass close by the archipelago but do not directly 
impact it. Cyclone Kenneth's passage over the archipelago in 
April 2019 is exceptional in this respect. Its path is illustrated 
in Figure 3. 

1) Wind 
Under normal conditions, the dry season is dominated by 

East/South-East and South/South-West winds (trade winds), 
while the wet season is characterised by the North to North-
West monsoon, which has a lower amplitude. In cyclonic 
conditions, winds can blow in any direction and can reach 
values in excess of 30 m/s (100-year return period; 1-hour 
average of the wind speed at 10 m elevation). 

2) Water levels 
The Comoros coastline is subject to a semi-diurnal tidal 

regime with a maximum tidal range of around 3 to 4.5 m and a 
minimum of around 1 m [1]. The characteristic astronomical 
tide levels used in this study are those of the port of Moroni, in 
Grande Comore, and Fomboni in Mohéli, provided by the 
SHOM. 

The analysis of the Coastal Dataset for the Evaluation of 
Climate Impact [2] carried out in the first phase of this project 
showed that the meteorological surge could reach around 1.3 m 
±0.45 m for a 100-year return period event (including 1.1 m 
±0.45 m directly linked to the influence of the wind). These 
values vary little from one island to another and are consistent 
with the value of 1.5m reported by the World Bank (2016). 

3) Waves 
The Comoros are protected from the austral swells by 

Madagascar. In the dry season, there are trade wind swells from 
the south-west to the south-east. Under normal conditions, the 
wave climate varies greatly from one side of the islands to the 
other. In the south of the archipelago, the waves are from the 

south and higher than in the middle of the archipelago, where 
waves come from the east. To assess waves in cyclonic 
conditions, cyclone Kenneth was simulated with SWAN, using 
the WRF (Weather Research Forecast) atmospheric model as 
wind input. Extractions were carried out at 2 offshore points 
(see Figure 4). At the peak of the storm, the significant wave 
height is estimated to 7m at PL1, located in the middle of the 3 
islands, and 5m at PL2, to the south of the archipelago, as the 
cyclone passed to the north of Grande Comore. 

It appears that each site has a very different exposure to the 
waves. For example, Ouani is fairly well protected from the 
usual swells due to its orientation (to the north-west of 
Anjouan). The islets and reefs off Nioumachoua also provide 
protection from southerly swells. The wave conditions chosen 
for the modelling are presented in §III-C. 

D. Climate change effect 
Apart from the rise in mean sea level, the Comoros could be 

impacted by climate change through higher temperatures and 
increased rainfall, as well as stronger extreme cyclonic 
conditions. It is difficult to estimate the impact of climate 
change on the frequency and intensity of future cyclones. 
However, [3] makes the historical observation of an 
intensification of storms in the Indian Ocean, which would 
correspond to a 15% increase in the intensity of cyclonic winds 
over a 50-year period. This would lead to a 15% increase in 
wave height and barometric surge, and a 30% increase in wind-
induced surge. These assumptions were considered for the 
modelling, as well as a regional SLR corresponding to the 
scenario SSP5-8.5 from IPCC AR6. 

III. MODELS SET-UP 

A. Domain extents and meshing 
The models extend on the maritime part up to a sea state 

reanalysis point extracted offshore of each site, and on the 
terrestrial part up to the elevation +10/+12mCD on the areas of 
interest, and up to the coastline otherwise. In Nioumachoua, the 
model was extended in order to include all existing islets off the 
area of interest, required to adequately represent wave 
conditions and setup along the area of interest. 

 

 
Figure 4. Significant wave height during Kenneth at 2 locations (PL1 and 

PL2), from WRF cyclonic modelling results 
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Figure 5. Ouani mesh and density (node size in meters) 

The meshes are constructed with triangular elements with 
variable resolution, ranging from 3-5m on land to 100m or more 
offshore.  

A fine mesh resolution was used in preferential surf zones 
(corals reefs) in order to correctly estimate the wave setup. In 
Ouani, a fine mesh is also used to represent the river estuary. 

In order to reduce calculation times, the meshes were 
optimised and coarsened in certain areas (depths <-30m, 
Djoièzi reef flat, islets off Nioumachoua, etc.). 

The correct representation of hydrodynamic phenomena 
was also checked: swell propagation including shoaling, 
refraction, breaking at the reefs and on the coast, wave setup, 
etc. 

The total number of nodes for each mesh is around: 28,000 
for Foumbouni; 34,000 for Djoièzi; 167,000 for Nioumachoua; 
and 56,500 for Ouani. 

As an example, the Ouani mesh with its density is shown in 
Figure 5. 

B. Bottom friction conditions 

Table I - Strickler coefficient assigned according to simplified land use 
typology 

Simplified typology 𝑲𝑲 [𝒎𝒎
𝟏𝟏
𝟑𝟑/𝑵𝑵] 

Maritime area 40 

Natural area with little or no vegetation / rocky 30 

Coral reefs 28 

Natural area with dense vegetation (forests), 
mangroves 15 

Relatively dense urban area 10 

 

Because of the specific site conditions, the bottom friction 
parameter is implemented in the models via a Strickler 
coefficient K variable in space. The standard values used come 
from BRGM [4] and Deltares' experience in coral reef areas [5]. 
The Strickler coefficients used in this study are presented in 
Table I. 

C. Boundary conditions 
Three synthetic extreme events have been selected: an 

annual storm - potentially causing flooding already in the areas 
of interest - and two cyclonic events (25 and 100-year return 
period resp.). Each of these events is projected to 2050, taking 
into account the potential effects of climate change, such as sea 
level rise (see below). 

As no information was available on the joint occurrence of 
significant wave heights and water levels, a classical 
conservative approach was adopted. Thus, an event with a 
return period of N is defined by the conjunction of a swell and 
a sea level, both with return period N. 

1) Water levels 
The extreme water level imposed at the boundaries is 

variable and is a combination of the following phenomena: 

● astronomical tides, representative of a mean high 
water spring (MHWS), 

● storm surges based on the Coastal Dataset for the 
Evaluation of Climate Impact (CoDEC) [6] 
analysis and potential impact of climate change on 
extreme cyclonic activity, 

● a contribution of +20 cm due to seasonal and/or 
interannual fluctuations [7], 

● a contribution of +27cm as potential SLR due to 
climate change by 2050, following the SSP5-8.5 
pessimistic emission scenario from IPCC AR6 [8], 

● an uncertainty of +25cm related to the data used 
and the methodology adopted (vertical datum, no 
surfbeat nor seiche modelling, etc.). 

In order to accurately represent the dynamics of coastal 
flooding, two tidal cycles (approximately 24 hours) have been 
simulated, with the storm surge occurring during the first tidal 
cycle, at the same time as high tide. 

2) Waves 
For the annual event, sea state conditions are considered 

constant over time. For cyclonic events, wave conditions vary 
in a similar way as the simulation result of the cyclone Kenneth 
in 2019. 

The spectral significant wave height Hs varies with the 
storm peak occurring at the same time as the water level peak 
(tide/surge). An increase of 15% is applied to the values of Hs 
due to the potential future trends in hurricane activity linked to 
climate change (see §1-D). 

The swell direction also varies during the cyclonic 
simulations, with the critical direction for each site coinciding 
with the storm peak. The critical swell direction chosen is 
adapted to the configuration of each site. Most of the time, it is 
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frontal at each site, in accordance with the swell roses. For 
Nioumachoua - which is sheltered by several reefs and islets, 
especially to the south and east - three offshore swell directions 
were tested, and western waves (270°N) have eventually been 
chosen as the most damaging for the site. 

The extreme offshore sea states selected for each site at the 
storm peak are shown in Table II and Table III. 

Table II - Sea states used in modelling non-cyclonic conditions (T1) at the 
4 study sites 

Site Offshore wave 
direction [°N] 

T1 – 2050 (non-cyclonic swells) 
Hs [m] Tp [s] 

Foumbouni 60° 1.81 9.20 

Djoièzi 0° 1.67 8.00 

Nioumachoua 180° 3.67 12.20 

Ouani 330° 1.35 5.20 

Table III Sea states used in modelling for cyclonic conditions (T25 and 
T100) at the 4 study sites 

Site 
Offshore 

wave 
direction 

T25 – 2050 
(cyclonic swells) 

T100 – 2050 
(cyclonic swells) 

Hs [m] Tp [s] Hs [m] Tp [s] 

Foumbouni 60°N 5.45 8.60 7.63 9.60 

Djoièzi 30°N 5.45 10.10 7.52 11.00 

Nioumachoua 270°N 4.80 12.80 6.32 12.90 

Ouani 300°N 5.23 13.30 7.09 13.60 

It should be noted that the peak enhancement factor γ of the 
JONSWAP spectrum is set to 2 according to Young's analysis 
of historical cyclonic data [9]. The directional spread s is set to 
25 for cyclonic conditions (T25 / T100), and to 75 for non-
cyclonic annual events (T1) according to the sea state 
classification of Goda (1997) in the Rock Manual. 

D. Specific case: wave overtopping in Foumbouni 
In the Foumbouni area, the calculation of wave overtopping 

discharges has been included in TELEMAC-2D for both present 
state and protection scenarios. This application is based on 
EurOtop formulae for coastal dykes and embankment seawalls 
(chap. 5) and armoured rubble slopes and mounds (chap. 6) as 
implemented in [10]. The coastal protection system (or the 
natural coastline) is discretised into homogeneous sections of 
length ranging from 15 to 50m having similar geometrical, 
hydrodynamic and structural characteristics. At each time step 
and for each section, the calculated overtopping discharge is 
applied to a ‘downstream’ node located inland. Water 
intrusions and related receding processes can therefore be 
dynamically simulated in a single simulation. 

E. Calibration / validation 
In the absence of calibration data, standard numerical 

parameters were used for the hydrodynamic modelling (waves, 
currents, water levels), providing a satisfactory representation 
of tidal currents and wave breaking, which influence currents 
and water levels at the coast. 

It has also been verified that the flooded zones simulated for 
the annual return period event are relatively consistent with the 
testimonies gathered on site during the first phase of the project. 

IV. RISK OF FLOODING AND SOLUTIONS 

A. Results of modelling 
For each site and for each return period, maps of maximum 

water height and velocity were produced. These 2 parameters 
were combined to produce a graded index for coastal flooding 
hazard (1: low, 2: medium, 3: high, 4: very high). The index is 
based on Table IV. 

Table IV – Coastal flooding hazard index classification 

 Flood dynamics (based on current velocity) 

Water heights 
Slow 

0 < v < 0.2m/s 
Medium 

0.2 < v < 0.5m/s 
Fast 

 v > 0.5m/s 

H < 0.5m Low Medium High 

0.5m < H < 1m Medium Medium High 

H > 1m High High Very high 

Based on these maps, it was shown that each site was 
affected differently by coastal flooding. 

In Foumbouni, many buildings on the rocky promontory 
- notably the mosques and the corniche road – are already 
exposed to waves in the annual event. 

In Djoièzi, modelling results highlight the significant 
exposure of the densely constructed urban centre, already 
during the annual event (see Figure 6). 

In Nioumachoua, contrary to the firsts results of the general 
assessment at the scale of the archipelago, the site appears to 
have limited exposure to coastal flooding. Areas at risk are 
mainly located around watershed outlets, allowing some 
seawater intrusion due to the lower altimetry of the 
surroundings. 

In Ouani, mainly the first line of houses in the town centre 
is affected, as well as the western end of the airport runway, 
which is important to protect. On the other hand, the oil storage 
depot to the south is not affected by flooding, even in the case 
of a 100-year cyclone. 

 
Figure 6. Sea intrusion limits for Djoièzi town centre for the 3 return periods 

events 
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B. Proposed solutions 
To reduce the coastal flooding hazard, as well as erosion 

(not addressed in this paper), EGIS proposed 2 different 
scenarios of mitigation measures for each site. The proposed 
solutions were integrated into the models and the results were 
used to feed a Cost-Benefit Analysis. 

These scenarios are intended to be hybrid, thus combining 
hard and soft protection measures whenever possible. The 
proposed solutions include: 

● Seafront structures, such as rubble-mound and vertical 
seawalls, which are highly effective and long-lasting, 
although expensive and potentially leading to land-use 
conflicts; 

● Detached breakwaters to reduce waves energy, erosion 
hazard, and provide a shelter for local fishermen; 

● Beach nourishment (nature-based solution), which 
requires regular maintenance and a certain amount of 
sand (which may be borrowed elsewhere); 

● Restoring the natural habitat (nature-based solution), in 
particular at upper beaches and dunes, but also at 
wetlands (mangroves, marshes, coral reefs, seagrass 
beds), which reduce the impact of coastal flooding 
thanks to their biological functions. This solution offers 
significant socio-environmental co-benefits and enables 
adaptation to climate change, although with no effect in 
the short term. 

It should be noted that in Moheli, the territorial development 
scheme (a provisional document) promotes a sustainable and 
inclusive development of the island. It focuses on the island's 
tourism potential, the development of its agriculture, and the 
reinforcement of measures to protect the environment and 
biodiversity. It provides recommendations on planning 
principles that should be incorporated into planned 
developments whenever possible. This document places 
particular emphasis on nature-based solutions. 

If possible, the solutions were implemented in the models 
by constructing new meshes and/or modifying the DEM. 

For instance, at Foumbouni, two types of wall have been 
suggested (curved concrete seawall or a rubble-mound dike 
made of artificial concrete blocks) to be built along the rocky 
promontory to protect the road, particularly from wave 
overtopping. 

At Djoièzi (see Figure 7), the first scenario (SC1) consists 
in detached breakwaters in front of the urban centre, while the 
second scenario suggests the installation of groynes (SC2). 
Each scenario should contribute to the stabilization or even an 
accretion of the beach, thus limiting the impact of waves on the 
exposed houses. 

At Nioumachoua, the linearization of the beach and the 
creation of a vegetated dune belt is envisaged, involving a sand 
backpass from one side of the beach to the other. 

At Ouani, segmented vertical seawalls are proposed along 
the Ouani city centre and in front of the airport, with additional 
detached breakwaters in the city centre for one of the scenarios. 

 
Figure 7. DEM of the initial and modified models at the Djoièzi site 

C. Adopted solutions 
For each protection scenario, differentials with the initial 

situation have been made on the maximum water height, 
velocity, and flood hazard index maps. This enabled a cost-
benefit and multicriteria analysis to be carried out to determine 
the most appropriate solutions for each site. In fact, the 
scenarios are not assessed on their efficiency only, but also on 
their cost and non-monetized criteria. 

In Foumbouni, the first scenario, with the construction of a 
curved deflector seawall is preferred. The design of these 
structures is intended to provide the highest possible level of 
protection in order to reduce the risk of flooding, while 
remaining compatible with the uses of the site and the financial 
constraints. However, this solution will not protect people from 
the risk of flooding for the major cyclonic events, as significant 
wave overtopping is expected in some areas due to the low 
elevation of the area. Relocation will have to be considered for 
the most vulnerable stakes (houses, buildings, 
infrastructures…). 

In Djoièzi, the second scenario is preferred. In front of the 
dense urban area, wooden groins and rubble mound 
embankments will provide transitional protection against 
erosion and flooding, along with a plan to relocate the most 
exposed buildings. Access to the beach will be maintained. It is 
also planned to reinforce the embankment along the strategic 
coastal road to the East of the city. The risk of flooding will not 
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disappear completely, but will be reduced. The detached 
breakwaters solution has been discarded because of the 
expensive costs and the need for a large amount of rocks or 
concrete material. Moreover, such measure may also create a 
false security feeling for the population (who might be tempted 
to go further along the coast).  

In Nioumachoua, the first scenario – the relocation of the 
first line of buildings to the seafront and the creation of a 
vegetated dune belt - is preferred. SEMS (Système des Épis 
Maltais Savard) type groynes are planned on the beach as well. 
This is a low cost system of semi-permeable groynes built with 
wooden stakes (Figure 8). This option aims to re-establish the 
most natural beach-dune dynamics possible using flexible 
facilities and mobilising local material and human resources as 
much as possible. 

In Ouani, it was finally decided to opt for an intermediary 
solution involving a short-term relocation of the first rank of 
houses along the city centre, as well as the creation of a rubble 
mound embankment along the coastal road (currently located 
behind the houses to be relocated). On the airport area, a 
pebbles nourishment on the beach, maintained by wooden 
groynes, is considered. 

It should be noted that the solutions finally adopted on each 
site represent a set of diverse, effective and financially 
reasonable solutions that are intended to serve as an example 
for the other exposed areas of the Comorian islands. 

 

 

 
Figure 8. SEMS (Système des Épis Maltais Savard) groynes used in the St. 
Lawrence Estuary (Canada), using fir stakes (©Photo: N. Roy). 

 

V. CONCLUSION 
This coastal flooding hazard characterization study was 

carried out for 4 priority sites, using coupled wave-current 
TELEMAC-2D/TOMAWAC hydrodynamic numerical models 
implemented on continuous land-sea digital terrain models, 
making it possible to reproduce coastal flooding for annual and 
extreme cyclonic events in a context of climate change. 

The results highlight the high exposure of populations in 
densely populated areas, as well as certain economic assets 
(airport), particularly in the case of uncontrolled retreat of the 
coastline.  

Implementing the protection scenarios in the models enabled 
a cost-benefit and multi-criteria analysis to be carried out in 
order to determine the most appropriate solutions for each site, 
based not only on their effectiveness but also on their cost and 
non-monetised criteria. 
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Abstract – The GIROS Digital Twins, an online GIS platform 
dedicated to the analysis and the exploitation of the Gironde 
estuary in the context of climate change, have been developed. The 
platform is composed of five modules with specific applications for 
estuary users, decision-makers, engineers etc. Each module is fed 
by operational analysis and forecast data produced daily by two 
core models built with the open TELEMAC-MASCARET suite: a 
historical 3D hydro-sediment model (Gironde XL 3D), upgraded 
with the additional coupling to the water quality module WAQTEL 
and a separate twin wave propagation model (TOMAWAC-
TELEMAC-2D). This paper presents the construction of GIROS, its 
characteristics and the further community actions in view of 
gaining scientific knowledge, sharing data, prospecting and 
reducing costs.   

Keywords: GIROS, Digital Twins, Gironde Estuary, TELEMAC-
3D, Open-Source. 

I. INTRODUCTION 
Located in the South-West of France, the Gironde estuary is 

considered as the largest estuary in Western Europe – 180km 
along the Gironde, Garonne and Dordogne rivers –, which 
concentrates many uses (commercial traffic, fishing, nautical 
activities etc.) and environmental concerns in the climate change 
context (sea level and temperature rise, reduction of tributaries’ 
flowrates, turbidity maximum zone (TMZ) shift, alteration of 
water ecosystems etc.).  

In the last years, the Grand Port Maritime de Bordeaux 
(GPMB) has been engaged in various projects involving 
numerical solutions applied to the Gironde estuary. In 2015, the 
EU R&D project Gironde XL was launched in partnership with 
CNRS, EDF, CEREMA, UT Compiègne, University of 
Bordeaux and Ecole des Ponts ParisTech. The project focused 
on the development of open-source tools to facilitate the access 
and the navigability of very large vessels in the Gironde estuary. 
It ended in 2019 with the release of Gironde XL 3D (denoted as 
“GXL3D” in the following), a 3D hydro-sediment model built 
with the open TELEMAC-MASCARET suite (modules TELEMAC-
3D and GAIA). In 2020, the Interreg SUDOE project ECCLIPSE 
was launched, which addresses the impact assessment of climate 
change on ports in Southwestern Europe including the long-term 
simulation of the Gironde up to 2100. In the frame of this 
project, a new version of GXL3D was released by CEREMA 
[1]. From there on, the GPMB took the opportunity of the 
national “France Relance” initiative to pursue the development 
effort on GXL3D and develop digital twins of the Gironde 

estuary through an innovation partnership involving all estuarine 
and water stakeholders (Water Agency, GPMB, EPIDOR, 
SMEAG, SMIDDEST, etc.) The project started in early 2022 
with a dedicated Hackathon. This action resulted into the 
deployment of the webGIS application GIROS (GIRonde Open-
Source) by the winning group (EGIS and two IT partners, 
Oslandia and Fieldbox AI) in early 2023. GIROS is an open-
source multi-platform tool, which aims at facilitating estuarine 
prospection and prevision activities, risk management, decision-
making and sustainable development for consultancies, 
scientists, students, decision-makers, communities, estuary 
users and citizens. This innovative open-source community tool 
dedicated to the simulation of a natural heritage – an estuary – 
is the first one of its kind and may be easily replicated to any 
other estuary or river. 

The GIROS Digital Twins are a complete service hosted on 
the Cloud, benefiting from high performance computing power 
at best cost as it is “on demand”. The service is accessible to all 
registered users via an internet browser and allow almost 
unlimited parallelisation of simulations. They are based on the 
exploitation of the model GXL3D to which the water quality 
module WAQTEL was added to simulate dissolved oxygen and 
temperature. A twin spectral wave propagation model, taking 
tide and wave-current interactions into account (TOMAWAC 
coupled to TELEMAC-2D), was also set up to provide wave 
information. Daily and monthly forecast runs are launched to 
feed the database with near real-time data and trends for the next 
weeks/months. In addition to model data, the digital twins also 
will provide users with in situ data obtained from mobile 
sensors, which can be used to check the model accuracy. 

Within the GIROS Digital Twin platform five modules are 
available: 

• Environment: Observation of near real-time forecast 
estuarine physico-chemical parameters (water level, 
currents, salinity, wave, turbidity, temperature, dissolved 
oxygen etc.); 

• Dredging: Indicators of sea bottom conditions along the 
shipping channel and annual dredging strategy; 

• Navigability: Conditions for navigation, ship mooring and 
behaviour along the shipping channel; 

• Garonne 2050: One-year simulation of estuarine conditions 
in 2050 based on specific climate change assumptions; 
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• Study Lab: Free user simulation run with pre-/post-
inspection on GitLab and JupyterLab. 

The following sections present the modules of the GIROS 
platform, the community core models, the operational 
forecasting and analysis setup, the user access and further 
actions through the creation of GIROS communities.  

II. THE GIROS DIGITAL TWIN PLATFORM 
The GIROS digital twin application platform contains five 

specific modules described below. Each module is fed by the 
same geospatial database, which stores the Selafin results in a 
lossy compression way to optimise the volume of data. These 
modules aim to support decision making related to port and 
estuarine activities. 

A. ‘Environment’ Module 
The ‘Environment’ module is the core platform of GIROS 

and dedicated to any estuary/river user. On a webGIS screen, 
several layers of data – related to geographical and marine 
indicators and environmental data (significant wave height, 
wave direction, water level, TMZ, surface/bottom currents, 
temperature, salinity, dissolved oxygen, SSC etc.) – can be 
displayed for current time, in the past up to 100 days (with 1 
hour time step) and ahead in the future (with 1 day time step). 
The database is fed on a regular basis by new Telemac results 
provided by daily and monthly runs. The user can visualise time-
series of physical and chemical variables in any location as well 
as meteorological forecast. The frame of the ‘Environment’ 
module is replicated to the other modules so that the user may 
easily switch from one module to another. 

B. ‘Dredging’ Module 
The ‘Dredging’ module focusses on the channel accessibility 

for vessels and dredging requirements. One screen allows to 
check the accessibility of each channel section or ship berth in 
terms of bottom altimetry (as modified by erosion and 
sedimentation) or indicate an imminent dredging action. A 
second screen is aimed at defining annual dredging strategies. 

C. ‘Navigability’ Module 
The ‘Navigability’ module is dedicated to pilots, who can 

optimise the navigation planning according to the encountered 
hydrodynamic conditions (currents, suspended sediment 
concentration, water level etc.). 

D. ‘Garonne 2050’ Module 
The ‘Garonne 2050’ module aims at giving a full prospective 

view over the estuarine dynamics expected in 2050. In 
particular, specific evolutions and impacts related to sea level 
rise and global warming can be specifically studied (for 
instance, the discharge reduction in the Garonne and Dordogne 
rivers). Based on deterministic forecasts (IPCC scenario RCP 
4.5) and general trends (e.g. temperature rise in air and water), a 
simulation of the whole year 2050 with the hydro-sediment and 
water quality model developed in the GIROS project was run. 
The ‘Garonne 2050’ module looks much like the ‘Environment’ 
module, so that the user can similarly inspect the results on the 
webGIS interface. The default assumptions (see chapter IV.C.3) 
and related Telemac files can be updated by the GIROS user 
community. Indeed, any registered user can access the default 

Telemac files and run his own prospective simulation on LISOS 
through the ‘Study Lab’ module. 

E. ‘Study Lab’ Module 
The ‘Study Lab’ module allows any registered user to create, 

visualise, modify and launch a run of the 3D hydro-
sediment/water quality (incl. Garonne 2050) and wave models 
over the time period of his choice and finally handle the results 
files, either by downloading or post-processing them through 
JupyterLab notebooks. The goal is to facilitate the appropriation 
of the models to users (communities, consultancies, research 
laboratories etc.), promote experience sharing and create a 
community for users and developers.  

The ‘Study Lab’ module looks much like the ‘Environment’ 
module. A ‘Create Study’ button opens a side window, where 
the user can enter the name of the study, select the model he 
wants to use and the time period he wants to simulate. Then, the 
Telemac files corresponding to the requested model and period 
of time are automatically generated thanks to dedicated API 
requests to download, process and format raw data from targeted 
public source (discharges at the tributaries, ocean models, 
estuarine monitoring network etc.). A ‘View Files’ button is then 
enabled to access the files on the NAOS platform (GitLab, see 
chapter IV.A). The user can modify the files before running. For 
instance, water treatment releases – with local impact on water 
temperature, organic and ammoniacal loads etc. – may be added 
to the simulation by specifying a new source file in TELEMAC-
3D. Finally, a ‘Launch Run’ button allows the user to queue his 
run on the LISOS platform (dedicated to IT High Performance 
computing resources on the Cloud). Once completed, the user is 
notified by an automated e-mail. 

III. GIROS “COMMUNITY” CORE MODELS 
The hydro-sediment- and water quality models are built 

upon an existing 3D hydro-sediment model (GIRONDE XL 3D) 
initially developed by CEREMA [1]. The wave model was 
developed in the frame of the GIROS project from the 2D 
version of the model. Both are described in detail below. 

A. Gironde XL 3D 
The Gironde XL 3D model (see [1]) is the basis on which 

the main 3D model in GIROS was constructed. Initially based 
on a coupling of TELEMAC-3D (hydrostatic) and GAIA (version 
8.2), it was extended to include WAQTEL for the representation 
of biochemistry tracers like dissolved oxygen (O2) and 
ammoniacal load (NH4), which are of major interest for the 
study of the river’s ecological health.  

The computational domain of GXL3D extends offshore up 
to 70 km from the mouth and about 200 km alongshore. Inland, 
the model extends up to 170 km, where the limit of tide of 
propagation is reached (usually considered in La Réole in the 
Garonne and Pessac in the Dordogne). The 2D mesh (Figure 1) 
comprises 58 251 nodes with space varying resolution, as about 
4 km offshore, 100 m in the Gironde’s navigation channel and 
about 25 m along the tributaries’ riverbanks. The water column 
is divided in 9 sigma layers, distributed as a geometric 
progression with finer resolution near the bottom. The whole 3D 
model therefore comprises 524 259 nodes. The digital elevation 
model (DEM, Fig. 1) was constructed as a combination of 
various datasets produced by the French Naval Hydrographic 
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and Oceanographic Service SHOM (ocean) and GPMB 
(Gironde) in the period 2005-2016 and by Voies Navigables de 
France (VNF) / Direction Départementale des Territoires et de 
la Mer (DDTM) in the tributaries (2012-2014 and 1996 for the 
most upstream part near the boundaries). Bottom level is 
reported in reference to the general datum of France (denoted as 
NGF). In GIROS, an automatic bathymetry update was 
hardcoded so that any recent XYZ data obtained from surveys 
in the navigation channel may be integrated into the DEM at the 
beginning of each daily run (see chapter IV.C.1). 

 
Figure 1. Mesh (2D) colored by topo-bathymetry [m NGF] of GXL3D model 

(Lambert 93 projection) 

Tidal elevations and velocities are prescribed on the offshore 
boundary using the North East Atlantic (NEA) model of the 
LEGOS (46 constituents) [2]. Discharges as provided by the 
Hydroportail (HP, https://hydro.eaufrance.fr) service are 
prescribed at both tributaries. Bottom friction was initially 
defined using the Nikuradse law following a regional rugosity 
(ks) map, which was adapted in GIROS. As an alternative, as 
friction is also likely to depend on the instantaneous location of 
the TMZ, the van Rijn’s bed roughness predictor may also be 
used based on a proper distribution of cohesive (mud) and non-
cohesive (sand) sediments on the bed. Horizontal turbulence is 
represented by constant viscosity (νx,y = 1m2.s-1) while vertical 
turbulence is based on the Prandtl mixing length model with 
Munk and Anderson’s damping function modified according to 
[1,3] in order to take density gradients (stratifications) into 
account. As an alternative, the Tsanis model – adopted in 
GIROS – may also be used according to previous modelling 
works on the Gironde estuary [4,5]. 

The TELEMAC-3D model is coupled with GAIA to model 
sediment transport and morphodynamics. Four classes of 
sediments are considered: two classes of sand and two classes of 
muds, following [4,6]. Bed load for sand may be activated 
(Meyer-Peter and Müller formula) or not. In GIROS, it is 

deactivated so that the presence of non-cohesive sediments only 
influences the properties of mixed sediments. Deposition and 
erosion of muds follows the classical Krone and Partheniades 
laws, respectively. For deposition, settling velocity is calculated 
for each mud class according to the formulae of [7] reported in 
[4-6], which include flocculation and hindered settling effects as 
influenced by sediment concentration and salinity. 
Consolidation process is also included using the multi-layer 
approach with transfer coefficients calibrated following [8]. For 
more details on the sediment configuration of GXL3D in GAIA, 
the reader is referred to [1]. 

The GXL3D model has been extensively validated against 
field data in the frame of the Gironde XL project and in [1] for 
water level, velocity, salinity and suspended sediment 
concentration (SSC). An example of comparison of water level 
results (obtained in GIROS) against tide gauge measurements in 
Bordeaux is shown in Figure 2. 

 
Figure 2. Comparison of water level predicted by GXL3D (orange line) and 

tide gauge measurements (blue line) in Bordeaux  

Beyond the main settings of GXL3D, some features have 
been added to the TELEMAC-3D module implemented in 
GIROS. For instance, wind influence on surface currents was 
activated while air pressure variations have been included to 
calculate an equivalent set-up/set-down to be applied to the 
boundary water level to account for storm/anticyclonic 
situations respectively. Also, as previously mentioned, 
TELEMAC-3D was also coupled to the water quality WAQTEL 
“THERMIC+O2” module to include four new tracers: 
temperature (Sweers’ linear formula for water-air exchanges), 
dissolved oxygen (O2), ammoniacal load (NH4) and organic 
load (L). Finally, the value of sea water density is calculated at 
each time step based on temperature, salinity and SSC. 

The boundary conditions setup for the whole coupled model 
are shown in Figure 3. Discharges at each tributary (Garonne, 
Dordogne) are provided by the HP network through the 
Hub’Eau platform (https://hubeau.eaufrance.fr). Atmospheric 
data, such as wind velocity/direction, air pressure and 
temperature are extracted from regional models (ERA5, 
CERRA, Météo-France etc.) as provided by the Open-Meteo 
web service (https://open-meteo.com/en) at a central position in 
the estuary (45.4°N, 0.8°E). Ocean boundary conditions 
(temperature, salinity, O2, NH4) are prescribed using the data 
produced by operational, regional Copernicus models (Atlantic-
Iberian Biscay Irish – IBI – 0.028° to 0.083° analysis & forecast 
models for ocean physics and biogeochemistry, 
https://data.marine.copernicus.eu/products). On the tributary 
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side, the same variables are prescribed based on the available 
measurements provided by the estuarine monitoring network 
MAGEST (https://magest.oasu.u-bordeaux.fr/) at the stations 
Cadillac and Branne for the Garonne and Dordogne rivers, 
respectively. In case these are not available, strategies are 
applied to overcome the lack of information such as either using 
the data provided by another MAGEST station located further 
downstream the river or using those of the other tributary or even 
prescribing default values. Ammoniacal load is assumed to be 
zero on the oceanic boundary. At each tributary, pending the 
installation of sensors, a value of 3 mg.l-1 is assumed by default 
whereas the value 0.054 mg.l-1 is prescribed for ammoniacal 
load, in agreement with [5] and field observations in the 
Hub’Eau platform. For SSC, zero sediment input is assumed on 
the oceanic boundary whereas an empirical law is used in each 
tributary to determine the SSC (in mg.l-1) based on the 
associated discharge. These laws have been chosen based on 
comparing SSC values as estimated by the national 
measurement network NAIADES (Water Agency) in close 
locations against corresponding HP discharges.  

Initial conditions are defined by previous run for all 
variables. It has been observed, that for the salinity gradient to 
be well reproduced in the estuary, a typical spin-up duration of 
one month is required whatever the initial state is. For 
temperature and other water quality variables, this order of 
magnitude is also valid. For initial sediment state see [1]. 

B. Wave Model 
In order to provide wave information into the GIROS 

interface (for navigability purposes, for instance), a wave model 
has been developed by coupling the modules TOMAWAC and 
TELEMAC-2D. The coupling allows to take the effect of water 
depth variations on wave characteristics (energy and direction, 
in particular) into account. The 2D current model is based on a 
previous 2D version of Gironde XL (see [9]), which has been 
adapted – in version 8.2 – to the same mesh, DEM etc. as the 
3D model.  To this respect,  any bathymetric update  

performed in the 3D model is de facto taken into consideration 
in the wave model. Refraction, breaking, bottom friction, non-
linear wave-wave interactions (quadruplets and triplets), wind 
input and white-capping are activated in the spectral wave 
model. Offshore boundary conditions are defined as 
JONSWAP-cos2s directional spectra, whose characteristics are 
provided by the operational, regional (IBI) 0.05° Copernicus 
wave model, namely significant wave height (Hm0), peak period 
(Tp) and mean direction (θm). The model has been developed 
and validated at an early stage of the GIROS project timeline. 
Figure 4 and Figure 5 illustrate respectively some calibration 
tests comparing TOMAWAC-TELEMAC-2D Hm0 results with the 
WW3 model results provided on the IFREMER MARC 
operational forecasting platform (https://marc.ifremer.fr/) or 
with field data estimated by the CANDHIS buoy ‘01705’ 
deployed near Royan in 14m depth. The value of wave breaking 
coefficient (γ2) was adjusted in order to remain as close to the 
reference data as possible (with natural expected uncertainties 
due to bathymetry, model resolution etc.). For Copernicus 
offshore boundary conditions, an optimal value of γ2 was found 
in the range [0.3; 0.5].  

Initial conditions are defined by previous run for all 
variables.  

IV. OPERATIONAL FORECAST AND REANALYSIS 

A. Digital Architecture and Computational Environment 
The architecture of the digital twins is illustrated in Figure 6. 

The open-source code of GIROS and the digital models of the 
Gironde estuary are hosted by the regional NAOS (Nouvelle-
Aquitaine Open-Source) community repository GitLab. NAOS 
also hosts the GIROS digital twins website (https://jumeaux-
fleuve.naos-cluster.tech/), with the objective of sharing costs 
and benefiting from the NAOS’ community animation and 
communication. GitLab is the software forge that centralises, in 
a collaborative way (Version Control System), the development 

 

 

 
Figure 3. Architecture of the coupled hydro-sediment & water quality model implemented in GIROS along with data sources for boundary conditions 

97

https://magest.oasu.u-bordeaux.fr/
https://marc.ifremer.fr/
https://jumeaux-fleuve.naos-cluster.tech/
https://jumeaux-fleuve.naos-cluster.tech/


29th TELEMAC User Conference Karlsruhe, Germany, 12-13 October 2023 
 
 

 

        
Figure 4. (Top) MARC operational forcast for Hm0 near the mouth of the 

Gironde estuary on the 04/03/2019, 8.AM (France time); (Bottom) 
Corresponding TOMAWAC-TELEMAC-2D result with γ2 = 0.5 

 

 
Figure 5. Comparison of TOMAWAC-TELEMAC-2D Hm0 results with 
CANDHIS estimates in early March 2019 (01705 buoy near Royan) 

of the GIROS modules. From the user’s side, it can be used to 
visualise the default core models and the simulation folders. For 
example, at each new simulation request (either automatically or 
from user through the ’Study Lab’ module), the new calculation 
folder may be inspected through the GitLab application (see 
chapter II.E). Results can then be explored by JupyterLab 
notebook by using numerous example Python scripts in a 
library. 

The simulations are performed on an external platform 
called LISOS. This platform is built on the cloud computing 
service of Google, which was specifically designed to execute 
the many Telemac simulation requests related to GIROS using 
APIs and many virtual computation cores (parallel computing).  

The visual part of GIROS mainly rests on QGIS Server and 
QGIS web client 2 (QWC2). 

B. Lossy Data Compression 
Once a simulation is completed on LISOS, the GIROS 

system is informed: the output Selafin files are retrieved and  

 

 

 
Figure 6. Architecture and platforms of the Digital Twins of the Gironde (the presence of a cormorant means an action supervised by GIROS) 

γ2 = 0.5 
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processed to fill the GIROS database with the model results, 
although not directly. In view of optimizing the volume of data 
stored in NAOS, indeed, a lossy compression is applied to the 
raw data, which consists in selecting only a fraction of the 3D 
nodes (less than 15 000 over about 58 000 in both surface and 
bottom layers only) and resampling the results according to a 
specific scale for each variable (range and number of bins) at 1 h 
time step: at the end of the process, the volume of data is divided 
by more than 50. Such a procedure is perfectly adapted for result 
visualization in a webGIS environment (mapped data).  

C. Operational Model Running 
Simulations are run every day and every 30 days (trends) to 

feed the GIROS database. Each type of operational run is 
described below. 

1) Daily Forecast Run 
Every day D, the two core models are run over the period D-

1 to D+10. Coming back one day in the past allows to refresh 
previous predictions by prescribing boundaries with more 
reliable data (measurements or assimilated, ‘near real-time’ 
model data) and provide better initial conditions for the 10-day 
forecast. A specific back-end script downloads the available data 
(discharges from the Hub’Eau platform, MAGEST, Copernicus 
and atmospheric Open-Meteo data from respective websites 
etc.) using dedicated API requests, processes (conversions, 
operations, availability and ranging tests etc.) and formats them 
in order to produce the boundary and atmospheric files required 
by TELEMAC-3D, TELEMAC-2D and TOMAWAC. The data 
sources related to forecast modelling (Open-Meteo, Copernicus) 
allow at least 5-day ahead predictions while measurement data 
(Hub’Eau/HP, MAGEST) are extended over 10 days assuming 
no significant change at short term. As soon as the Telemac files 
are ready on the GitLab, a running request is sent to the LISOS 
platform in order to launch the simulation on a large number or 
virtual cores (parallel run). Each 11-day simulation takes less 
than 2 hours to complete. With an objective of digital 
responsibility, IT resources have been voluntarily reduced to 
daily operations. 

At the end of each daily run, the results at day D are stored 
as an initialisation file for the next day’s run. The bottom 
evolution at D is also taken into account by overwriting the 
BOTTOM variable in the geometry file. Bathymetric updates – 
if existing – are included in the model at the beginning of the 
simulation, as mentioned in chapter III.A. 

2) Monthly Forecast Run 
As for daily runs, a monthly run is launched every 30 days. 

In that case, only the 3D hydro-sediment & water quality model 
is used, which is run over the period D-30 to D+130. The goal 
of this run is twofold: First, providing “trend results” up to a 
minimum of 100 days ahead to GIROS users (through the 
‘Environment’ module) and to other GIROS modules (like 
‘Navigability’ and ‘Dredging’), and second temporarily 
providing and storing on LISOS large Selafin files – covering a 
little more than 5 sliding months – produced by TELEMAC-3D 
and useful for mid-term model results inspection. Also, this run 
allows to refresh the GIROS database on a monthly basis by 
overwriting the 30 past days. 

As boundary conditions need to be prescribed over about 4 
months ahead, seasonal trends have been analytically defined so 
that realistic values for river discharges, temperatures, dissolved 
oxygen etc. may be reproduced whatever the period of the year. 
Analytical laws based on simple sine formulae have been 
determined by fitting moving median or trend curves drawn 
from long-term HP, Copernicus, ERA5 or MAGEST data. An 
example is shown in Figure 7 and Figure 8 for oceanic and 
tributary dissolved oxygen respectively. Constant values are 
assumed for other variables like wind velocity, air pressure, etc. 
For the past 30 days, global model (Copernicus etc.) and 
measurements (MAGEST, HP) data are used to prescribe model 
boundary conditions, just as in the daily run case. 

 
Figure 7. Analytical modelling of seasonal variability (mobile median of 

Copernicus model data) of oceanic dissolved oxygen  

 
Figure 8. Analytical modelling of seasonal variability (mobile median) of 

dissolved oxygen in the tributaries (trend based on MAGEST data) 
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At the end of each monthly run, the results at day D are 
stored as an initialisation file for the next month’s run. The 
bottom evolution at D is also taken into account by overwriting 
the BOTTOM variable in the geometry file. Bathymetric 
updates – if existing – are included in the model at the beginning 
of the simulation, as mentioned in chapter III.A. 

3) Garonne 2050 
The Garonne 2050 simulation was run only once. As said in 

chapter II.D, this simulation highly depends on prospective 
assumptions related to year 2050. For river discharges, 
CEREMA [10] calculated hydrograms for 2050 in the Garonne 
and Dordogne rivers following two AR5 IPCC’s Representative 
Concentration Pathways (RCP 4.5 and 8.5, see [11]). Scenario 
RCP 4.5 was selected for the prescription of river discharge in 
Garonne 2050. The associated oceanic surge was also included 
in the offshore water level associated with a seal level rise by 
2050 of 0.165 m according to IPCC AR6 
(https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool). 
For the rest of the boundary conditions, a default choice was to 
consider the moving median value of each parameter (as shown 
before for seasonal trends) modified by prospective rise or 
publicly available reduction values (ex: +2°C in tributaries, 
+0.9°C in air temperature etc.). The other parameters were kept 
unchanged (namely salinity, ammoniacal and organic loads). 
The Garonne 2050 simulation starts on the 22/12/2049 to leave 
a 10-day spin-up time and results are produced on a daily basis.  

Let us remind, however, that these assumptions are a first 
attempt for simulating the behaviour of the Gironde estuary by 
2050 and shall be refined in the next steps of the GIROS 
development. 

V. USER ACCESS 
The GIROS website – in French – is accessible through the 

URL https://giros-fleuve.jumeaux-numeriques.fr/. At the time 
of writing, access to digital twins is restricted to the outcome 
evaluation community, especially forecasting. Soon, users will 
be able to contribute to the development of the next version of 

GIROS. Figure 9 gives a view of the access page and some 
modules. 

VI. FURTHER ACTIONS AND COMMUNITIES 
The GIROS Digital Twins have been created in an open-

source and collaborative way to respond to the needs of water 
stakeholders and to accelerate the territorial resilience against 
climate change. The next developments and actions shall 
involve relevant public organisations and users as the various 
specific communities listed below. 

A. Community Creation 
In late 2022, a first workshop was launched with first users, 

which allowed to start structuring the following communities: 
Technical experts, IT developments, Users, Decision-maker, 
Governance. Other workshops are planned to clarify the rules of 
the governance. 

The scientific community and technical experts – gathering 
all laboratories, consultancies and public institutions related to 
the Gironde estuary – will be in charge of maintaining and 
improving the core models – also encouraging the contribution 
of users – so that the quality and capacity of the models may be 
regularly enhanced. This collaborative work will also aim at 
providing a better understanding of the estuarine phenomena by 
constantly confronting model results to field data (mobile 
sensors, MAGEST network etc.). 

B. Governance 
A governance is necessary in particular to set the course for 

future developments, the means of supporting users and the 
priorities to be given to develop territorial resilience in the face 
of climate change. 

C. Pool Efforts and Sharing Results 
The replicability to other estuaries of the GIROS platform 

has already been demonstrated, in particular for a section of the 
Saint-Laurent River in Quebec, Canada, presented at the "Web 
à Quebec" event in May 2023.  

 

 
Figure 9. A view on the GIROS website and some modules 
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The results are already shared, via the regional structure 
NAOS, which actively participates in the animation of the 
communities. The choice of open source intellectual property for 
the tools will ultimately facilitate the creation of a dedicated 
structure, driven by a governance to be developed, in order to 
more easily pool efforts and move forward faster. 
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Abstract – The SCALDIS model is a reference model for the entire 
Scheldt estuary, built in TELEMAC-3D. This paper presents the 
methodology for the (ongoing) calibration of the new version of 
this model: SCALDIS 2020. The paper discusses methods for gap 
filling in water level timeseries, the quantification of mesh quality 
and systematic model skill assessment. The parallelisation 
performance on the HPC infrastructure of Flanders Hydraulics is 
also quantified. 

Keywords: Hydrodynamics, Scheldt estuary, Calibration, 
TELEMAC-3D 

I. INTRODUCTION 
The SCALDIS model is a reference model for the entire 

estuary of the Scheldt estuary, built in TELEMAC-3D [1]. The 
model was initially developed and calibrated for scenario 
analysis of measures in the Upper Sea Scheldt. Based on the 
availability of a new spatially covering bathymetry every 6 
years, an update cycle with that interval was proposed for a re- 
calibration of the model [2]. The first SCALDIS model was 
calibrated for 2013 [3], and a re-calibration was carried out for 
2019 [4]. 

This paper presents a major update of the SCALDIS model 
with specific attention to the generation of an optimized 
unstructured mesh and a revision of the type and the location of 
the open sea boundary condition. The model is optimised for 
calculation on the High Performance Computing (HPC) cluster 
of Flanders Hydraulics (FH). 

The model is being developed in TELEMAC v8p4r0. The 
calibration of SCALDIS 2020 is still ongoing; final results are 
expected in Q3 2023. 

II. MODEL DESCRIPTION 

A. Model goals 
The SCALDIS model is a reference model on which many 

different applications are based. [1] It provides the 
hydrodynamic input for sediment transport calculations (sand 
and mud). [2] The hydrodynamic results are also used to 
delineate habitats in the subtidal zone of the Sea Scheldt. In 
particular, the maximum flood current velocity defines robust 
boundary values for high and low dynamic subtidal zones. [3] 
The SCALDIS model is also used to evaluate the effect of flood 
control areas on the hydrodynamics in the Scheldt estuary. [4] 
Tracer dispersion experiments in the model are used to calibrate 

an ecosystem model. [5] The flow fields it produces are 
processed as a flow atlas, and are implemented in the shipping 
simulator of Flanders Hydraulics (FH). 

B. Model domain and grid 
SCALDIS 2020 consists of about 1 million elements per 

layer and 5 vertical interfaces. The length of element edges 
varies from 3 m at the upstream end of the tributaries to 160 m 
in the western Scheldt. The model domain covers the tidally 
influenced part of the Scheldt estuary (see Figure 1). 

 
Figure 1. Model domain 

Contrary to earlier versions of SCALDIS (2013 and 2019), 
SCALDIS 2020 does not include the Belgian Coastal Zone (part 
of the Southern North Sea) in its model domain. This is 
primarily because FH has developed SCALDIS COAST, a sister 
model that covers the coastal and North Sea domain [5]. Instead 
of an open boundary in the North Sea, the downstream boundary 
is now the transect between the (Dutch) measurement stations 
Cadzand and Westkapelle. 

All Flood Control Areas which are currently active or 
planned are included in the mesh of the SCALDIS 2020 model. 
During remeshing, the grid quality was monitored with in-house 
tools, as described in the methodology section IV.B on mesh 
quality. 

C. Boundary conditions 
The model is driven by water levels at the downstream 

boundary (type 5 4 4). The open sea boundary condition is 
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created by linearly interpolating the measured water level data 
between the two tide gauge stations: Cadzand and Westkapelle.  

The measured water level time series are not always 
perfectly continuous and may contain gaps (no-data values). 
These gaps need to be filled up before these timeseries can act 
as boundary conditions (see also the methodology section IV.A 
on gap filling). 

Time series of river discharge are imposed at the eight 
upstream boundaries of the model.  

D. Initial conditions 
The SCALDIS model is initialised using a hotstart condition. 

The hotstart condition is the result of a 2-days run. Together with 
the hotstart, the salinity is initialised from an interpolation of 
measurements. 

III. MEASUREMENT DATA 

A. Bathymetry 
Several topography and bathymetry datasets of the year 2020 

are used to update the SCALDIS model. These data have 
different resolution and reference levels. Some of these data 
overlap each other in some areas. In those cases, either the most 
recent dataset or the one with higher resolution is used for model 
bathymetry interpolation. Overlaps between datasets are 
checked for continuity in order to avoid vertical datum shifts 

 
Figure 2. The coverage of topo-bathymetric data used for construction of 

model bathymetry for the year 2020. 

B. Water level 
In 2020, water level data are available in 55 stations within 

model domain (Figure 3). These data are measured by either 
HIC (BE) or HMCZ (NL) every 10 minutes. Stations 
WestKapelle and Cadzand are used for the downstream 
boundary condition. Data from the other 53 stations are used for 
calibration and validation (see sections IV.C to E). 

C. Salinity 
Within the modeling domain, there are 13 salinity 

measurement stations. Salinity data are used for setting the 
initial condition, for defining the downstream boundary 
condition, and for validation of salinity in the domain.  

Since there are no measurements available in 2020 at the 
stations Vlakte van de Raan and Hoofdplaat that are located near 
the seaward boundary, the boundary condition for salinity at the 

downstream boundary has to be estimated. The average value of 
salinity at Vlakte van de Raan (located near the mouth of the 
estuary) is used as a constant downstream boundary condition 
for salinity. An average value of 32.5 PSU was calculated from 
a long timeseries of measurements (2007-2019). 

D. Stationary velocity measurements 
Continuous deep water velocity measurements for the year 

2020 are available at two locations: Lillo and Oosterweel. Other 
measurement data came from shallow water measurement 
campaigns in the preceding 5 years (2015-2020). The location 
of these measurements is shown in Figure 3. In total, data at 84 
temporary measurement stations are used in calibration or 
validation. Data at Baalhoek and Knuitershoek (2018) were 
kindly provided by RWS.  

 
Figure 3. Location of water level (yellow dots) and stationary current velocity 

measurements (2015-2020) (red dots) 

E. Sailed ADCP measurements 
In total there are 361 sailed ADCP campaigns available in 

the Scheldt estuary and Belgian Coast. In order to calibrate and 
validate the SCALDIS 2020 model, a selection was made among 
those measured in the recent 10 years. This selection was made 
using two criteria: the measurement transects should be 
distributed over the model domain and if a transect was 
measured multiple times, preference is given to the most recent 
measurement. In total, 44 campaigns are selected for model 
calibration, and 27 for model validation. 

IV. METHODS 

A. Gap filling 
Both previous SCALDIS models (2013 and 2019) were 

nested in the ZUNO model of the southern North Sea. The 
downside of nesting a model in another model is that any model 
error in the mother model (e.g. errors in tidal components or in 
surge) are imported over the boundary and contribute to the total 
error in the model domain. The upside is that modelled 
timeseries are continuous (they contain no gaps in time if no 
drying/wetting occurs at the boundary of the daughter model), 
which makes the derivation of boundary conditions more 
straightforward. 

With SCALDIS 2020, this argument is reversed. Since the 
model uses measured water levels as a downstream boundary 
condition, any gap in the measured timeseries needs to be 
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resolved. But on the upside, no model error on the water levels 
is imported at the downstream boundary. In Westkapelle, the 
gap duration ranges between 1.67 and 42.5 hours for 2020, while 
in Cadzand the gap durations are between 40 minutes and 42.5 
hours. 

Three different algorithms are identified that can fill the gaps 
of a tidal water level signal. They are briefly explained here. The 
methods (including a decision tree) are implemented in a Gap 
Filling Toolbox in Matlab at FH. 

1) Spline interpolation method 
In this method, a spline curve is fitted to the time series of 

the measured water level. If the gap duration is short, this 
interpolation method works well. As expected, the interpolation 
method is ill-suited to fill longer gaps (+4 hours). 

2) Comparable Tide (CT) method 
In this method, first the water level records over a period of 

24 hour before and 24 hour after the gap instance are selected. 
Then a long historical time series at the same station (or even a 
nearby station) is scanned to find the most comparable tidal 
condition. The statistical parameter used to compare these time 
series is RMSE0 (Bias corrected root mean square error). The 
gap is filled with the identified comparable tide and any bias at 
the beginning and end of each gap period is corrected to avoid 
discontinuity in the time series. This is similar to the comparable 
tide method that is implemented in the VIMM toolbox [6]. 

3) Harmonic method 
In this method, the amplitude and phase of tidal constituents 

are calculated by tidal harmonic analysis. These coefficients are 
then used to predict the time series of water level in the gap 
period. In order to have a smooth transition between the existing 
data points and the predicted values during the gap period, a bias 
correction step is also carried out. The harmonic method can 
predict the overall shape of the water level time series when the 
non-tidal signals (like surge) don’t vary too much over the 
duration of the gap. 

4) Discussion  
The best gap filling method for each specific gap is selected 

based on the gap duration. In order to determine a suitable 
decision tree, the performance of each gap filling method is 
evaluated systematically. Synthetic timeseries are produced by 
making an artificial gap in a continuous observed time series of 
water level. The artificial gap duration is varied in steps of 1 
hour between 1 and 48 hours. For each gap length, 50 synthetic 
timeseries are generated by creating a gap of the specific length 
at a random location in the timeseries. These gaps are then filled 
using the different methods above.  

The performance of the different gap filling methods for 
varying gap duration is shown in Figure 4. This figure shows the 
RMSE of the gap-filled timeseries to the original, continuous 
measurement. The continuous lines are the mean RMSE, the 
shaded regions show the area between 25th and 75th percentile 
of the RMSE values, and the scatter points show the individual 
data points. 

 
Figure 4. Accuracy of three different gap filling algorithms: Interpolation 

(green), Comparable tide (blue) and Harmonic analysis (red) 

The interpolation method works only for short gap events 
(<3h). Longer gaps can be better filled by applying either the 
comparable tide or the harmonic method. For medium-length 
gaps (3h – 20h), the CT method gives a lower error then the 
harmonic method. For longer gaps (+20h) the CT method and 
the harmonic analysis have a similar accuracy. The harmonic 
analysis method executes much faster though than the CT 
method. The runtime of the CT method also depends on the 
length of the long historical timeseries in which the search is 
performed. 

5) Decision tree  
The following decision tree is proposed to fill the gaps in 

both the Westkapelle and Cadzand stations. The thresholds 
between different algorithms are chosen somewhat arbitrarily 
based on the results discussed above. 

• Gap length less than 1 hour: Spline interpolation method 
• Gap length between 1 hour and 24 hours: Comparable 

tide method 
• Gap length between longer than 24 hours: Harmonic 

method 

B. Mesh Quality 
The quality of SCALDIS 2020 mesh is checked in 

MATLAB with the function Telemac_Mesh_Quality, which is 
part of the WL_Telemac toolbox. The following parameters are 
used to quantify the mesh quality: 

• Skewness: An angular measure of element quality with 
respect to the 60° angles of an equilateral triangular 
element (see eq. 1). The skewness of an ideal element is 
0 and the value for a bad element is 1. It's preferred to 
limit the skewness of elements to 0.5. 

 𝑜𝑜𝑘𝑘𝑒𝑒𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤𝑤𝑤  =  max �𝜃𝜃𝑠𝑠𝑜𝑜𝑥𝑥−𝜃𝜃𝑒𝑒
180−𝜃𝜃𝑒𝑒

, 𝜃𝜃𝑒𝑒−𝜃𝜃𝑠𝑠𝑖𝑖𝑜𝑜
𝜃𝜃𝑒𝑒

� (1) 

θmax: largest angle of the element 
θmin: smallest angle of the element 
θe: angle of the equilateral triangle (equal to 60 degree) 

 
• Edge length ratio: The ratio of the longest edge to the 

shortest edge of each element. Large aspect ratios 
increase the inaccuracy of the finite element 
representation, because they affect the convergence of 
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finite element solutions. The aspect ratio of an ideal 
element is 1. We aim to maintain it between 1 and 5. 

• Aspect ratio: Two times the ratio of the radius of the 
inscribed circle to the radius of the circumscribed circle, 
with a reporting threshold of 0.5. 

• Smoothness: The maximum ratio of the area of an 
element to the area of its neighbouring elements. This 
parameter represents the area change 
(1<Smoothness<1.5=good, 1.5<Smoothness<2.5=fair, 
Smoothness>5=poor) 

• Overconstrained elements: Triangular elements in 
which all three nodes are located on boundaries of the 
model. 

For the optimized mesh, 99.95% of elements has a good 
smoothness; 98% has a skewness lower than 0.5;  and 
99.99% has a good aspect ratio. 
 

 
 

 
Figure 5. Results of the mesh quality analysis. Top panel: location of elements 

with a critical aspect ratio; bottom panel: location of elements with fair 
smoothness 

C. Quantified model skill assessment and Cost function 
For a reference model with a broad possible set of 

applications, it is important to have a calibration strategy that is 
sufficiently broad in scope. In order to achieve this goal, the 
VIMM toolbox is used for the hydraulic model. It is in-house 
developed at FH and runs in MATLAB [6]. 

A weighted dimensionless cost function is calculated for 
each simulation to assess model performance. Each factor is a 
particular error statistic with the same unit as the measurements 
on which they are based. The cost function is made 
dimensionless by normalizing to the factor score in the reference 

run. The task of calibration is to minimize this objective 
function.  

 Cost = ∑ Factori
Factori,ref

Weightii  (2) 

Several parameters are selected as factors for the calculation 
of the cost function. [1] For the vertical tide, the RMSE (Root 
Mean Square Error) of the complete timeseries, as well as the 
RMSE of the level of high waters are taken into account. A 
vector difference is aggregated over 6 harmonic components. [2] 
For the horizontal tide, the RMAE (Root Mean Absolute Error) 
of sailed ADCP measurements and the RMSE of stationary 
velocity measurements are included as factors. Given the broad 
model goals (see II.A), horizontal and vertical tide are given the 
same total weight. Given that most model applications for 
SCALDIS are situated in Belgium, also a greater weight is 
attributed to the Sea Scheldt (Belgian part) than to the Western 
Scheldt (Dutch part). 

D. Calibration on roughness 
The Manning law was used to represent the bottom friction 

in SCALDIS 2013, while the Nikuradse law was applied in 
SCALDIS 2019. In SCALDIS 2013, the roughness in the 
Western and Sea Scheldt is between 0.012 and 0.023 s/m1/3. In 
SCALDIS 2019, the range of roughness height is between 
3.3327e-5 and 0.1 m. In order to compare the roughness of the 
SCALDIS 2019 and SCALDIS 2013 models, the Nikuradse 
roughness height is converted to a corresponding Manning 
value, using the average water depth along the thalweg.  

The previously calibrated values of bed roughness along the 
thalweg (from the river mouth to upstream Sea Scheldt) are 
visualized in Figure 5. 

 
Figure 6. Bed roughness values of SCALDIS 2013 and SCALDIS 2019 

models. The roughness of SCALDIS 2019 was converted from Nikuradse 
roughness height ks to Manning’s n 
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E. Calibration and Validation periods 
The SCALDIS 2020 model is calibrated and validated for 

different periods in the year 2020. This work is still ongoing. 
The periods are chosen in a way to cover storm, calm (normal), 
and high river discharge conditions in the Scheldt estuary. 

Calibration and validation data for water level, salinity and 
continuous velocity measurement stations are separated because 
the periods do not overlap. The velocity measurements in 
shallow stations, and the sailed ADCP measurements are 
distributed between calibration and validation, and over the 
different conditions. 

Table 1. Calibration periods 

Condition 
CALIBRATION 

Period in 2020 Duration [days] 

Calm 24 Jun to 8 Jul 14 days 

Storm 05 Feb to 04 Mar  28 days 

High upstream 
discharge 

09 Mar to 16 Mar  7 days 

 
Table 2. Validation periods 

Condition 
VALIDATION 

Period in 2020 Duration [days] 

Calm 16 Aug to 28 Aug 14 days 

Storm 29 Nov to 03 Dec 5 days 

High upstream 
discharge 

20 Dec to 31 Dec 11 days 

Salinity 01 Jan to 01 Jul 6 months 

 

V. PARALLELISATION PERFORMANCE 
The parallel performance of the model was tested on the 

Bernoulli queue of the HPC cluster at FH. It has 12 nodes with 
48 cores/node. Each node has 2 x AMD EPYC 7451 24-Core 
processors. The model was run for a simulation of 12h on 
different numbers of cores: 1, 12, 24, 48, 96, 144, 192, and 240 
cores. The time step is set to 3 seconds and the culvert function 
is active in this test. All the benchmark models are started from 
a hotstart, to avoid the effects of spin up on model speedup.  

The total runtime of a TELEMAC model comprises of 
initialization, partitioning, actual computation time, and I/O 
time. The runtime of each of the mentioned steps is reported 
separately. In order extend the output to the logfile with the 
timing of each step, the homere_telemac3d.f Fortran file is 
modified. The actual computation time is defined as the time 
elapsed from the moment that the computation starts to the 
moment that the last processor finishes execution. This step 
includes the initialization step (to allocate variables and arrays), 
solving the equations, and closing computation (deallocating 
variables), but excludes the time to merge the partitioned output 
files. 

The model performance is measured by three different 
factors: Speedup factor, Efficiency, and Cost. The speedup 
factor [-] is defined as the ratio of the simulation period (in our 

test case = 12 hours) to the actual computation time. It is shown 
in Figure 6. A speedup factor of 14 is considered to be a 
minimum for efficient model use (one spring-neap cycle 
calculated in a day). 

 𝑆𝑆𝑝𝑝𝑆𝑆𝑆𝑆𝑚𝑚𝑢𝑢𝑝𝑝 𝑓𝑓𝑎𝑎𝑐𝑐𝑤𝑤𝑜𝑜𝑓𝑓 =  𝑚𝑚𝑖𝑖𝑚𝑚𝑢𝑢𝑙𝑙𝑢𝑢𝑢𝑢𝑖𝑖𝑚𝑚𝑛𝑛 𝑢𝑢𝑢𝑢𝑓𝑓𝑝𝑝𝑝𝑝𝑢𝑢
𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 (3) 

 

Figure 7. Speedup factor for varying number of cores 

The efficiency [-] measures the fraction of time for which a 
core is usefully utilized. The efficiency of running a model on a 
single core is 1 by definition. It is calculated as: 

 𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝐸𝐸𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝑦𝑦 =  𝑚𝑚𝑠𝑠𝑠𝑠𝑖𝑖𝑢𝑢𝑙𝑙 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑢𝑢𝑝𝑝𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∗ 𝑛𝑛𝑛𝑛𝑛𝑛𝑏𝑏𝑛𝑛𝑟𝑟 𝑜𝑜𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 (4) 

The cost [h] scales with the number of credits that are used 
for a single simulation on a High Performance Cluster (HPC) 
and is calculated as follows:  

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚𝑟𝑟 ∗ 𝑛𝑛𝑛𝑛𝑛𝑛𝑜𝑜𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (5) 

Cost and efficiency of the model are shown as function of 
the number of cores in Figure 7. 

 

 

Figure 8. Cost and Efficiency for varying number of cores 
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CONCLUSIONS 
Since the actual calibration and validation of the Scaldis 

model is still ongoing, this paper focuses on methodological 
choices that can be of interest to the broader TELEMAC 
modelling community.  

Contrary to earlier versions of SCALDIS (2013 and 2019), 
SCALDIS 2020 will not include the Belgian Coastal Zone. This 
gives us the possibility to drive the model at its downstream end 
with water level measurements. Any gap in the measured 
timeseries needs to be resolved. This paper presents three 
possible algorithms for this task, with a validation and a decision 
tree dependant on the gap length.  

A set of parameters is proposed to objectively check the 
mesh quality: element skewness, edge length ratio, aspect ration, 
smoothness and the number of overconstrained elements. 

Since SCALDIS is a reference model of the Scheldt with a 
broad possible set of applications, it is being calibrated against a 
broad dataset of 55 water level stations, 13 salinity stations,  84 
temporary stations for velocity and 2 permanent ones, and 71 
sailed ADCP transects. The VIMM toolbox is used to perform 
the task of calculating the error statistics, and a weighted 
dimensionless cost function is calculated for each simulation to 
assess model performance. 

In order to determine the optimal number of cores to run this 
model on, the parallel performance of the model is testes and 
expressed in terms of speedup factor, efficiency and 
computational cost. 
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Abstract – With the increasing awareness of sea level rise, the 
Flemish Authorities initiated the Complex Project Kustvisie 
(CPKV) in order to start to define the overall long-term coastal 
defence strategy for the Belgian Coast together with all involved 
stakeholders. A flexible coastal model for the Belgian coast and 
Scheldt mouth area is needed to analyse the impact of sea level rise 
on the morphology of the coast, and to assess the efficiency of 
mitigation measures. An integral morphodynamic model for the 
whole Belgian Coast including the Western Scheldt mouth was 
built within the TELEMAC- MASCARET models suite. 

Keywords: Coastal modelling, Coastal protection, sediment 
transport 

I. INTRODUCTION 
The simulation of the long-term evolution of hydrodynamics 

and morphodynamics by state-of-the-art numerical modelling 
tools can give an important contribution to the strategic 
decision-making for the protection of the Belgian Coast from the 
climate change hazards. The SCALDIS-COAST model, 
developed in the present study, aspires to become a valuable tool 
for the assessment of potential coastal protection measures by 
predicting the morphological behaviour of the coast driven by 
the coupled action of currents and waves. 

 

II. SCALDISCOAST 

A. Model setup 
The model covers the entire Belgian coast and Scheldt 

mouth area, including the Dunkirk coast, a part of the Dutch 
coast and the Eastern Scheldt, Figure 1. In order to model the 
tidal wave propagation correctly, the Western Scheldt is 
included and the upper part of the Sea Scheldt and its tributary 
are modelled schematically.  

The computational grid is constructed by use of an advanced 
finite element mesh generator GMSH [4]. The mesh generator 
does not only allow for an automatic refinement in the vicinity 
of complex geometries, but also at steep gradients in the 
bathymetry. This way steep banks, gullies and navigation 
channels are accurately and efficiently represented in the model, 

Figure 2. The model resolution reaches from 750 m offshore to 
25 m along the Belgian coastline. The resolution in the Western 
Scheldt estuary varies between 125 to 225 m. In total, the 
computational mesh consists of 250 000 nodes connecting 
around 500 000 triangular elements. Along the coastline, the 
grid is aligned to the crest of the groins which are represented in 
the bathymetry in combination with a hard layer to prevent the 
erosion of these structures.  

 

 
Figure 1. Domain and bathymetry of the Scaldis-Coast model 
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Figure 2. Detail of the mesh: Coarse elements are used offshore and automatic 
grid refinement is used along the steep bathymetry gradients at the Flemisch 

banks in the zone of interest 

B. Tidal modelling 
Water levels and currents are resolved by TELEMAC-2D. 

Originally the model was built within version v7p2r2, but 
recently all modules have been updated to v8p4. The offshore 
boundary conditions of the Scaldis-Coast model come from the 
regional ZUNOv3 [8] model of the southern North Sea through 
nesting. Specifically, the nesting procedure consists of 
numerical simulations conducted at two levels: First a 
continental shelf model (CSM) is run in order to provide the 
boundary conditions of the second-level nested model (ZUNO), 
which includes the southern North Sea and the Channel. The 
model is forced by 10-minute time series of the water level and 
velocities calculated by the ZUNOv3 model. The subroutine 
bord.f of TELEMAC was modified properly to allocate water level 
and velocity values for each boundary node separately. At the 
upstream boundaries, measured flow discharges at eight 
tributaries and channels are imposed. For the wind forcing, the 
measured wind times series at the offshore measurement station 
Westhinder (located at the offshore boundary of the model) was 
applied uniformly over the model.  

The TELEMAC-2D model is validated against 25 tidal gauges 
along the Belgian coast and Wester Scheldt estuary, eight 
stationary velocity measurement station, and five sailed ADCP 
transects: in the vicinity of Zeebrugge port and the fairways, as 
well as along the Western Scheldt. It was found that the model 
performs well using a constant bed roughness coefficient 
(Manning’s law) of 0.022 m1/3/s. Only in the upper part of the 
Estuary, the coefficient is gradually reduced to 0.012  m1/3/s and 
an increased value is applied at the upstream schematized part 
of the model (0.04 m1/3/s). 

The RMSE of velocity magnitude is in general around 
0.15 m/s. However, the peak flood velocities seem to be 
underestimated in some of the considered locations. 

C. Waves 
The wave propagation and transformation from the offshore 

boundary towards the coast under the influence of tides and 
wind is modelled using the TOMAWAC module. The waves have 
a major impact on the coastal morphology of the foreshore and 
beach. They drive the littoral transport through wave induced 
currents and steer the sediment up. The wave asymmetry and 
wave-skewness, Stokes drift, undertow and surface rollers are 
the main mechanisms for cross-shore sediment transport. In 
order to include the effect of tide on wave propagation, the 
TOMAWAC model is coupled to the TELEMAC-2D hydrodynamic 
model which provides, the water depths and tidal currents. The 
coupling is a two-way coupling so that TELEMAC-2D on its turn 
can calculate the wave driven currents.  

Computationally, the wave transformation model is by far 
the most CPU time demanding module, and therefore one of the 
major limiting factors for long term morphodynamic model 
runs. Therefore, within the project a module TEL2TOM was 
developed to couple TOMAWAC with TELEMAC-2D on arbitrary 
meshes [1]. For the TOMAWAC run, the resolution was reduced 
by a factor two in the nearshore from 25 m to 50 m, and major 
parts of the Western and Eastern Scheldt estuaries were omitted. 
The total number of nodes is reduced from 273 000 to 138 000 
nodes and the number of triangular elements from more than 
500 000 to nearly 260 000, Figure 3. This way, the 
computational cost has been reduced by a factor two. For the 
wave propagation model a time step of 120 seconds and a 
coupling time with TELEMAC-2D of 30 minutes was used.  

The wave boundary conditions are derived from the offshore 
measurement station Westhinder, which is located on the model 
boundary. Westhinder is a fixed measurement station part of the 
monitoring network Flemish Banks (Meetnet Vlaamse Banken, 
MVB). A JONSWAP spectrum based on the significant wave 
height, peak wave period and wave direction is applied 
uniformly on the off-shore boundary. The measured wind speed 
and direction at Westhinder is applied uniformly over the entire 
domain.  

The wave model was validated against the data obtained 
within the Broersbank project [7]. In the Broersbank project, 
wave data was sampled at seven locations during the period 
between 2013 and 2017, Figure 4. The temporal resolution of 
the wave data reaches thirty minutes. The other six stations are 
temporary wave buoys placed for the duration of the Broersbank 
project. Since they are inside the model at different distances 
from the coast, they are particularly useful in validating the 
modelled wave propagation and transformation. For the 
validation, a seven-day period in November 2015 was selected 
including two storms, one from the Southwest on November 18, 
and one from the North on November 21.  

The transformation of the significant wave heights and mean 
wave period from offshore boundary station, Westhinder, to 
onshore, BRB1GB, are shown in Figure 5 and Figure 6. For 
comparison both the TEL2TOM coupling and the one-to-one 
fully coupled version of the model are added to the graph. The 
wave model predicts the measured wave height and wave period 
well. The TEL2TOM coupling has hardly any influence on the 
model quality at the nearshore, even though the resolution is 
reduced by a factor two. 
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Figure 3. Computational grid of the wave model 

 
Figure 4. Locations of the Westhinder fixed station (WHIDW1) and the six 

temporary wave buoys during the Broersbank project. 

 

 
Figure 5. Comparison of significant wave height from offshore to onshore 

with in blue the observed wave heights, in red the TEL2TOM coupled 
TELEMAC-2D – TOMAWAC model and in green the standard fully coupled 

TELEMAC-2D – TOMAWAC model version 

 
Figure 6. Comparison of mean wave period from offshore to onshore with in 
blue the observed wave periods, in red the TEL2TOM coupled TELEMAC-

2D – TOMAWAC model and in green the standard fully coupled TELEMAC-
2D – TOMAWAC model version 
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D. Sediment transport and morphodynamic model 
Finally the TELEMAC-2D hydraulic model and the 

TOMAWAC wave transformation model are coupled to the 
sediment transport and bed update model. In the first stage of the 
project this was the SISYPHE model, recently the model has been 
updated to GAIA.  

An input reduction technique named as ‘representative tide’ 
is implemented for the generation of simplified tidal forcing 
suitable for the long-term morphological simulations using a 
morphological acceleration factor of 10 to 20 (MORFAC). The 
reduction of hydrodynamic input data of a tide-dominated 
numerical model aims to reduce the computational cost by 
finding a satisfactory way to represent a long tidal period by only 
one (or a small number of) ‘representative’ tide(s). The concept 
of input data reduction in long-term morphological simulations 
under tidal action followed here, was proposed and successfully 
implemented by Latteux [7]. According to Latteux, this 
representative tide must lead to the same elementary (flood and 
ebb) and residual transport as the actual set of natural tides.  

The criterion for the selection of the representative tide of 
the considered year (2014) is the best agreement between the 
mean sediment transport, resulting from the tested 
representative tide and the one from the yearly water level time-
series. Specifically, the procedure includes to following steps: 

• The coupled hydrodynamic and sediment transport model 
is run for the considered simulation period of one year, 
imposing a frozen bottom, i.e. no bed updating. 

• The two components of the sediment transport rate, Qx and 
Qy (x and y directions) are calculated at every single node 
of the domain and summed at every time-step of the 
calculation. 

• The two components of the mean sediment transport rate, 
Qxmean and Qymean, are calculated by averaging the 
instantaneous sediment transport rates for each set of two 
consecutive tidal cycles covering the full year 2014.  

Finally, the set of two tides which best represents the magnitude 
(lowest RMSE) and the patterns (high correlation) of each of the 
yearly mean Qx and Qy components is selected. Note that two 
consecutive tides were chosen, because of the daily inequality in 
the tide, which lead to difference in the low water levels between 
two consecutive tides. This difference is less between the first 
and last low water in the selected period. 

Generally, analogue to the input reduction for the tide, also 
the wave input is reduced to a limited set of representative wave 
conditions in morphodynamic modelling. This is to allow a 
higher morphological acceleration factor necessary to simulate 
a long term morphodynamic evolution. The waves have a major 
impact on the shallow near- and on-shore bed evolution. The 
Belgian coast is characterised by a mean littoral transport from 
west to east. The annual alongshore transport will be used as 
validation parameter for the representative wave climate, i.e. the 
annual longshore transport modelled by a representative wave 
climate should be in close agreement to the brute force long term 
mean longshore transport. 

At first, a limited set of schematized wave conditions based 
on equal wave energy was derived from the measured wave data 
at Westhinder for a one-year period 2014-2015 and applied as 
boundary condition [6]. It was shown that the limited set of 
schematized wave conditions gave a similar annual net 
longshore transport for the selected period 2014-2015 as the full 
year timeseries of waves. However, when applying the method 
in the model to a pre-selected representative one-year period for 
which the derived schematized wave conditions were similar to 
the schematized ones obtained from a 10-year times series, it 
turned out the schematized wave conditions did not give the 
same annual net transport as the one-year timeseries. From this 
result, it was concluded that the method was not applicable for 
the Scaldis-Coast model. The main reason for this is that due to 
the size of the model, the wind generated waves inside the 
model, especially during western winds, are dominating the 
littoral transport. When reducing the wave input, a 
corresponding reduction of the wind input was needed as well. 

Figure 7. Modelled annual longshore transport rates along the Belgian coastline for ten consecutive years 2009-2018 with in cyan the mean transport rate over 
the 10-year period 
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However, it turned out that is was not appropriate to assume an 
identical direction for the wave and wind conditions in this 
study. 

Therefore, the model was run for 10-year brute force wind 
and wave conditions, and the mean annual net alongshore 
transport was derived, Figure 7. Next, a continuous period of one 
year observed wave and wind boundary conditions was selected, 
which represented the long term annual mean longshore 
transport best, namely November 2015 - November 2016, 
Figure 8. This period is called the representative year. For the 
morphodynamic runs, a MORFAC 10 is applied to the one year 
run in order to model the bed evolution over a 10 year period. In 
a later phase, the method is repeated to determine a 
representative half year period, which is applied in combination 
with MORFAC 20 to simulate a 10 year period. 

 
Different transport formulas and settings have been 

extensively tested. To evaluate the performance of the model a 
hindcast of the bed evolution after the extension of the outer port 
of Zeebrugge in 1986 has been used as testcase. Transport 
formulas that have been tested were Engelund & Hansen [3], 
which accounts for steady currents, and formulas that can 
account for coupled wave- and current-induced transport, i.e. 
those of Soulsby- Van Rijn [10], Van Rijn 2007, (which was 
specially implement for the use in this project) [12] and Bijker 
[2].  

The Engeland & Hansen formula tends to perform well at 
those locations with a tidally driven bed evolution, but does not 
take the effects of waves on the sediment transport into account, 
which is crucial in the near-shore area and the shallow areas like 
Vlakte van de Raan in the Scheldt mouth area. The Soulsby-Van 
Rijn and Van Rijn 2007 formulas tend to overestimate the 
magnitude of the morphological patterns substantially at deeper 
areas. Bijker’s formula presents many similarities with the 
formula of Engelund & Hansen, but is also capable of 
reproducing the morphological patterns close to the coastline 
when the wave effects are taken into account. Therefore the 

Bijkers formula was selected as a compromise between the 
tidally driven off-shore bed evolutions and the nearshore wave 
driven morphodynamics. The transport formula was further 
improved by:  

• Replacement of the default wave-current bed shear stress, 
τcw, formula in Bijker’s transport formula with the τcw 
formula proposed by Soulsby [10], known as the DATA2 
method and based on a fit to laboratory and field 
measurements: 

 τcw = τc∙{1 + 1.2[τw/(τc+τw)]3.2} (1) 

with τc the current shear stress and τw the maximum wave 
shear stress . 

• Replacement of the default (fixed) breaking wave parameter 
(b) in the Bijker’s transport formula with a spatio-temporal 
varying expression that depends on the wave height and 
water depth ratio Hw/h (Bijker, 1971): 

 b = 2 , Hw/h < 0.05 

 b = 2 + 3(Hw/h – 0.05) , 0.05 ≤ Hw/h < 0.4 (2) 

 b = 5 , 0.4 ≤ Hw/h 

• Minimum depth for bed load equal to 0.1 m (instead of 0.01 
m) 

The concept of the active bed layer with two sediment 
classes (200 and 500µm) is applied to mimic a spatially varying 
grainsize. Briefly, the steps followed for the calculation of bed 
morphology evolution, in case of sediment mixtures, are: 

• Sediment transport rates are computed separately for each 
class by use of one of the provided bed (or total) load 
transport formulas 

• The Exner equation is solved for each sediment class 

• The total bed evolution is calculated by summing the 
individual bed evolutions of each class 
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• At the end of each time-step the new bed composition of the 
active layer is computed, ensuring the mass conservation of 
each class. The new composition is simply calculated based 
on the ratio of the evolution of each sediment class over the 
total evolution within one time-step. 

However, in order to achieve a spatially-varying d50 
transport calculation in the ScaldisCoast model, the concept of 
equivalent sediment transport is implemented. The number of 
classes in the active bed layer is limited, in this case to two 
classes, a fine and a coarse class, even though the Continental 
Shelf is characterized by a broad range of classes. The initial 
composition of the active layer is calculated in such a way that 
the total transport of the two classes togethers is equivalent to 
the transport rate of the actual in situ d50 grain size. 

Furthermore, the formula for deviation (correction of 
sediment transport direction due to slope effect) by Talmon et 
al. (1995) is used instead of the default one (Koch and Flokstra 
[5]) 

 tan a = tan δ – Τ(∂Ζf/∂n) (3) 

 T = 1/(β2√θ) (4) 

with β2=0.85, a is the direction of bed load transport with respect 
to the flow direction, δ is the direction of bottom shear stress 
with respect to the flow direction, Ζ f is the bed level, n is the 
coordinate along the axis perpendicular to the flow and θ the 
Shields number, i.e. the dimensionless shear stress as a 
combination of the current shear stress and the maximum wave 
shear stress: 

 θ = θc + 0.5θw (5) 

 

III. CALIBRATION AND VALIDATION  

A. Calibration test case: Hindcast port of Zeebugge 
For the calibration of the model the 10 years bed evolution 

after the extension of the outer port of Zeebrugge was used. The 
extension of the port was finished in 1986. By that time the port 
was extended about 3 km seaward. In the decades after the 
extension, severe erosion took place northwest and north of the 
breakwaters and along the fairway to the port, Pas van het Zand. 
The eroded sediments are mainly deposed at the shallow bank 
east of the port: Paardemarkt, and just east of the eastern dam: 
Bay of Heist. Figure 9 shows the observed sedimentation and 
erosion patterns between 1986 and 1996.  

Figure 10 shows the modelled bed evolution around the port 
of Zeebrugge between 1986 and 1996. Qualitatively one can 
notice that the erosion pattern at the entrance of the port (pit) is 
more or less captured by the model. Strong sedimentation east 
of the port at Paardemarkt (and the surroundings are) is 
predicted by the model as well. However, the pattern differs 
from the observed sedimentation and erosion patterns. The 
strong accumulation of sediments at Bay of Heist, in the axillary 
between the eastern dam and the beach, is not observed in the 
model. Instead, the sediment tends to accumulate a bit more off-
shore east of the eastern harbor breakwater. This has been 
observed in other models in the past as well [13]. This 
discrepancy can be attributed to possible differences in the 
composition of the transferred material, which in reality contains 

a large fraction of mud, which is currently missing in the model. 
In Figure 10 accumulation of sand can be observed in the 
fairway to the port, Pas van het Zand, and the channel towards 
the Scheldt estuary. This is because no dredging is included in 
the hindcast. The maintenance dredging of the channels has been 
added later on to the model for simulation of the present 
conditions using the Nestor module. A quantitative comparison 
between the observed and modelled volume changes in the 
surrounding of the port is made in Table I. The predicted 
volumes correspond well to the observed values for the erosion 
areas, but the volume deposited on the east is captured a bit 
worse by the model. 

 

 
Figure 9. Bathymetric evolution in the first decade after  the extension of the 

outer port in 1986 

 
Figure 10. Modelled bed evolution 1986-1996 

 

Table I Observed and modelled volume changes in the polygons of Figure 10 

Polygon 
Volume change 1986-1996 

(106 m³) 
Modelled Observed 

Erosion area western breakwater -8.0 -7.4 

Erosion area East of the entrance channel -9.6 -9.0 

Sedimentation zone east of the port +20.1 +14.5 

 

B. Validation case: Ciara winter storm February 2020 
In February 2020 a single storm event caused an 

instantaneous sedimentation of the Blankenberge marina access 
channel. For the preparation of the regular dredging works 
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planned at the end of the winter, the marina entrance and 
foreshore were surveyed on February 6th, which is only three 
days before the storm. Shortly after the storm, on February 14th, 
the survey was repeated, Figure 11. Together with the 
hydrodynamic and meteorologic measurements of Meetnet 
Vlaamse Banken, this forms a valuable dataset for model 
validation. 

For this case the model is driven by hydrodynamic boundary 
conditions from the regional ZUNO model [8]. Wave and wind 
boundaries are taken from the measurement station Westhinder 
and applied to the model. No extra model calibration or 
refinement of the mesh in the vicinity of the marina entrance 
channel was done, Figure 12.  

The pre- and post-storm bathymetric surveys allow to 
accurately calculate the bed evolution during the storm event. 
The observed and modelled bed evolution are compared in 
Figure 13. The sedimentation-erosion patters not only show a 
good qualitative agreement, but also quantitative there is a good 
agreement: 44 200 m³ modelled sedimentation versus 43 800 m³ 
observed. It is understood that the sedimentation of the channel 
is mainly driven by the littoral alongshore transport. The case 
shows that the model is capable of representing alongshore 
littoral transport processes accurately.  

  
Figure 11. Pre- and post-storm bathymetric surveys 

 
Figure 12. Detail of the ScaldisCoast mesh at the Blankenberge marina 

entrance channel 

 

  
Figure 13. Observed (left) and modelled (right) bed evolution of the 

Blankenberge marina entrance channel during storm Ciara February 2020 

IV. CONCLUSIONS AND FURTHER RESEARCH 
An integral morphodynamic model was built for the Belgian 

coast. The model is capable of modelling long term, decadal 
scale, bed evolutions, but single storm events are also 
represented well in the model, at least when the morphological 
processes are mainly driven by longshore transport processes.  

Wave-driven currents are only driven by radiation stresses in 
the current version of the model. Stokes drift, as well as effects 
of wave asymmetry and boundary layer streaming are not 
modelled. This means that the model misses cross-shore 
processes. The implementation of cross-shore processes is 
currently under investigation based on the work in [14,15]. The 
main transport process along the Belgian coast is the longshore 
transport from west to east. However, cross-shore processes do 
play a role during storm events and for the long-term natural 
feeding of the beach during periods of mild wave conditions. 
Notice however, that the latter are difficult to calibrate because 
lack of direct and accurate measurements of these processes in 
situ. 

Only sand fractions are modelled. No sand-mud interaction 
or less erosive clay layers are modelled yet. Mainly in the 
vicinity of Zeebrugge clay layers are present (Holocene Clay). 
The extension of the model to sand-mud is another topic of 
investigation. 
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Abstract – A waves, currents and sediment model is implemented 
in openTELEMAC to simulate morphodynamic changes on the 
East Coast of Florida, USA. This model produces temporal and 
spatially varying data for an external software to simulate the 
exposure and mobilization of UXO and DMM. 

The model retrieves its boundary conditions from global climate 
(ECMWF ERA-5 reanalysis) and ocean currents (HYCOM GoM 
regional analysis) models, thus providing a link between mesoscale 
dynamics and local conditions. Comparison between the model 
boundary forcings, model results and field measurements during 
the passage of Hurricane Matthew (October 2016) indicate that 
the model can simulate the hydrodynamics of the area. 
Comparisons with available LiDAR data also indicate that the 
model agrees with erosion and deposition patterns observed along 
the beach. Lastly, the model was run using conditions for an entire 
year, which produced a suitably long dataset for undertaking 
UXO and DMM mobilization studies. 

Keywords: morphodynamics, currents, waves, storms. 

I. INTRODUCTION 
Comprehensive morphodynamics datasets, with high spatial 

and temporal resolution, are necessary for the assessment of 
exposure and mobilization of unexploded ordnance (UXO) and 
discarded military munitions (DMM) in contaminated coastal 
areas. However, such datasets are expensive and difficult to 
obtain, especially in the underwater environment, because they 
require the deployment of specialized measuring equipment to 
cover extensive areas for prolonged periods of time [1], and for 
as long as metocean conditions allow safe access. 

The work presented here is to provide a modelled 
morphodynamics dataset valid to perform UXO and DMM 
exposure and mobilization analysis. It generates space-time-
variable hydrodynamics, sediment fluxes and bed elevation 
changes from a meso-scale numerical model that add to the 
available localised environmental measurement data of the 
study area near Fort Pierce in Florida, USA. 

Hydrodynamics and morphodynamics of the East Coast of 
Florida have been simulated for the entire year of 2016. These 
simulations include the effects of Hurricane Matthew (October 
2016), which left major beach and dune erosion and structural 
damages along the East Coast of the United States [2], [3]. 
Model results are also presented through monthly averages to 
describe the overall physics of the study area. The main 
variables of these monthly assessments are the significant wave 

height and peak period, the mean current velocities, and the total 
bed evolution. 

II. MATERIALS AND METHODS 

A.  Model discretizations 
TELEMAC (v8p3r2) was used in this work to predict 

temporal and spatially varying outputs for key parameters 
including: bed level changes, currents, sea level variations and 
wave characteristics. The model setup consisted of the 
TELEMAC-2D, TOMAWAC and GAIA fully-coupled 
modelling system, where TELEMAC-2D calculates 
hydrodynamics, TOMAWAC the waves variables, and GAIA 
the morphodynamics [4]. 

The spatial discretization enclosed the coast between Port St. 
Lucie and Cape Canaveral (see Figure 1). It included the 
Atlantic Ocean waters between the shoreline and approximately 
40 km offshore; the Indian River and Banana River lagoons; as 
well as the tidal inlets of Port St. Lucie, Fort Pierce and 
Sebastian connecting those lagoons to the shoreface. 

The model bathymetry was linearly interpolated from the 
‘2016 USACE NCMP Topobathy Lidar DEM: Florida East 
Coast’ dataset, which is resolved at a pixel size of 0.0315’’ x 
0.0315’’ (approximately 0.87 m x 0.87 m) [5]. The bottom 
elevation is given in NAVD88. 

The spectral discretization (of the waves module) included 
30 frequencies and 24 directions. The discretization frequencies 
were geometrically distributed with a step that follows the 
distribution: 𝑓𝑓𝑛𝑛 = 𝑓𝑓1𝑞𝑞n−1. With 𝑓𝑓𝑛𝑛 being the 𝑎𝑎𝑢𝑢ℎ discretization 
frequency, 𝑓𝑓1 the first frequency bin (0.04 Hz) and 𝑞𝑞 = 1.1 the 
frequential ratio. 

The waves calculations were carried out on a coarser mesh 
to the morphodynamic model, which did not include the Indian 
River Estuary (see Figure 2). This was coupled to TELEMAC 
through the TEL2TOM functionality [6]. 

B. Model setup 
The model setup provided a link between global-scale 

atmospheric and hydrodynamics processes with county-scale 
morphodynamics (see Figure 2). Free surface water elevations 
(NAVD88) and flow velocity components were retrieved from 
the HYbrid Coordinate Ocean Model (HYCOM) [7], GoM 
regional analysis (experiment _32.5) [8], and imposed onto the 
TELEMAC-2D model open boundary nodes. 
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Figure 1. Model spatial discretization (top left). Available tide measurements (top right). Available wave measurements (middle). Sebastian Inlet (bottom 
left). Fort Pierce Inlet (bottom middle). St. Lucie Inlet (Bottom right). 
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Figure 2. Model layout. Boundary conditions were retrieved from global currents (HYCOM), wind, air pressure and waves (ERA5) models. These were 
imposed on the open boundaries (blue lines) of the TELEMAC-2D and TOMAWAC models, which modeled local conditions of the East Coast of Florida. 
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Spatially varying wind velocities and atmospheric pressure 
from the European Centre for Medium-Range Weather 
Forecasts (ECMWF) ERA5 dataset were imposed over each 
mesh node of the TELEMAC-2D and TOMAWAC models. 

The offshore wave boundary conditions were also retrieved 
from the ERA5 dataset. The wave energy was imposed on the 
boundaries as a two-dimensional wave variance spectrum, 
variable in time and space, discretised over 30 frequencies and 
24 directions. 

Because the HYCOM and ERA5 grids were coarser than the 
TELEMAC model meshes (see Figure 2), new sets of 
FORTRAN procedures were developed, and others adapted, to 
interpolate in space and time the free surface levels, flow 
velocities and wind conditions onto the TELEMAC and 
TOMAWAC meshes. Figure 3 shows new code that was 
developed to downscale HYCOM currents onto TELEMAC-
2D. The workflow is as follows: 

1. Before starting the simulation: The boundary 
hydrodynamic file from HYCOM (GOMl0.04 -expt_32.5) 
was downloaded and converted to SELAFIN format. 

2. Throughout the simulation: 

a. Subroutine BORD calls the new code, providing 
the current time and the model mesh. 

b. IMPOSE_BND_TELEMAC retrieves the model 
geometry and calls INTERP_BND_VALUES. 

c. INTERP_BND_VALUES interpolates, in time 
and space, the depth values for the simulation’s 
boundary nodes. 

d. The interpolated depth is passed back to BORD, 
and from there on to the TELEMAC time loop. 

 

The METEO subroutine of TELEMAC-2D, and the 
VENUTI subroutine of TOMAWAC, were adapted in a similar 
fashion to what is shown in Figure 3, but with the goal of 
downscaling wind velocity components. 

The initial sediment bed composition was implemented from 
Florida’s Regional Offshore Sand Source Inventory (ROSSI) 
database [9] and usSEABED [10] (core samples shown on 
Figure 1). Sediment fluxes and bed evolution were calculated 
with Soulsby-van Rijn’s bedload formula and the Exner 
equation as defined by Soulsby [11]. The characteristics sizes of 
the modelled sediment fractions are provided in Table I. 

Table I Discrete sediment classes used to simulate morphodynamics of the 
region 

Sediment 
class number 

Grain size 
(mm) 

Classification 

1 0.05  Silt (non-cohesive) 

2 0.15 Fine sand 

3 0.30 Medium sand 

4 0.60 Coarse sand 

 

 

Figure 3. Flow of information between subroutine BORD and the new 
set of FORTRAN procedures for currents boundary conditions. 

 

Table II Comparison of HYCOM timeseries and measurements at Trident Pier 
Port Canaveral 

Variable RMSE WS 

Free surface 0.24 m 0.89 

Wind speed 2.90 m/s 0.88 

Wind direction 42.59 °  

III. RESULTS 
The period used for validation was between 01/10/2016 and 

10/10/2016, which covers the extreme conditions caused by the 
passage of Hurricane Matthew through the East Coast of the 
USA. 

A. Assessment of the boundary forcing data 
The HYCOM and measured timeseries of free surface water 

elevation, at the Trident Pier station, are in agreement (see 
Figure 4 and Table II). Underestimation of the surge caused by 
Matthew are caused by HYCOM’s low spatial resolution, and 
the fact that the measuring device is placed inside of Port 
Canaveral. Thus HYCOM does not properly represent the 
processes taking place at a sub-grid scale (e.g. tide 
transformation and secondary currents). The RMSE (0.24 m) 
and the Willmott [12] skill score (WS: 0.89) of HYCOM, with 
respect to the measurements is good. 

Regarding the imposed winds, there is a good match between 
the ERA5 data and the available wind measurements (Figure 4, 
middle and bottom panels). For the wind speed, the RMSE and 
the skill score are 2.9 m/s and 0.83 respectively. For the wind 
direction, the RMSE and the skill score are 42.59° degrees and 
0.98 respectively (Table II), and the seemingly large RMSE is 
explained by oscillation between 0° and 360°, which are nil in 
reality. 

B. Validation of modelled hydrodynamics 
The model predictions compare well with observations of 

the free surface level and wave integrated variables (Figure 4 top 
panel, Figure 5 and Table III).  
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The modelled free surface (Figure 4 top panel) closely 
follows the available measurement. The peak water level is 
reached during flood tide and both measurements and 
TELEMAC-2D model results achieve a similar elevation of 0.85 
m. However, soon after the end of the ebbing tide (07/10/2016 
11:00), the model results suddenly drop, causing 
underestimation of approximately 0.5 m. After twelve hours 
from the surge drop, the modelled free surface stabilizes and it 
starts matching again with the measurements. This discrepancy 
was also seen in the HYCOM forcing, thus it is an instability 
inherited from the boundary conditions. Despite this 
discrepancy, the TELEMAC-2D model has better error statistics 
than the HYCOM forcing (see Table II and Table III). Its RMSE 
(0.12 m) is lower than that of HYCOM (0.24 m).  

Deviations regarding the wave variables are less acute (see 
Figure 5). The significant wave height of both the model and the 
measurements are in phase and their signals overlap during most 
of the analysed period. The difference is a noticeable 
underestimation of the peak wave height (07/10/2016 05:00) by 
the model. The underestimation is as high as 2.3 m, with the 
modelled peak reaching 4.5 m and the Waverider buoy of Fort 
Pierce showing a last reading of 6.8 m. We hypothesize that this 
deviation is caused by the mesh resolution of ERA5, the reduced 
number of frequencies and directions in TOMAWAC, excessive 

model energy dissipation by the changing sediment bed and the 
coupled flow in the form of friction and radiation stresses, as 
well as by instabilities in the measurements just before the buoy 
was dragged by the storm. 

Table III Error statistics analysis between model prediction and observations 

Variable Location RMSE WS 

Free surface Trident Pier 
Port Canaveral  0.12 m 0.90 

Significant 
wave height 

Fort Pierce 

0.27 m 0.97 

Peak wave 
period 1.89 s 0.51 

Mean wave 
direction 17.33 ° 0.53 

 
 

 

 

 

Figure 4. Comparison of imposed, modelled and measured conditions at the Trident Pier station, Port Canaveral, Florida, during Hurricane Matthew. Top: free 
surface water level (NAVD88). Middle: wind speed. Bottom: wind direction. 
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Figure 5. Comparison of modelled and measured wave conditions at the Fort Pierce station, Florida, during Hurricane Matthew. Top: significant wave 
height. Middle: peak wave period. Bottom: mean wave direction. 

 

Figure 6. Qualitative comparison of measured bed elevation changes and modelled bed evolution.. 
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Figure 7. Quantitative comparison of longshore bed evolution from measurements and model results. Top, bed evolution profile, the solid lines are the 
zonal average and the shaded areas are the standard deviation. Bottom, local coordinates and sample polygons used to calculate the zonal statistics with 

bathymetry in metres. 

 

Figure 8. Comparison of modelled and measured wave conditions at the Fort Pierce station, Florida, throughout 2016. Top: significant wave height. 
Middle: peak wave period. Bottom: mean wave direction. 
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Figure 9. Monthly total bed evolution modelled for 2016 
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The peak wave period and the mean wave direction are 
overall within the range of the measurements (see Figure 5, 
middle and bottom rows). The deviations of these modelled 
variables are not systematic since overestimation and 
underestimation take place alternately and over very short 
periods of time. These seemingly random errors are caused by 
the lower spectral resolution of the model (30 frequencies, 24 
directions), compared to that of the measurements which is  

much more refined (64 frequencies, and 240 directions with 1.5° 
per direction bin). 

The wave statistics (Table III) indicate a more than sufficient 
capability of the model to reproduce overall conditions of 
Hurricane Matthew. The significant wave height has a RMSE of 
0.27 m and a skill score of 0.97. The peak wave period and the 
mean wave direction have RMSE values of 1.89 s and 17.33 ° 
respectively, and their skill scores are 0.51 and 0.53 
respectively. 

C. Qualitative verification of the modelled bed-evolution 
Qualitative comparison with available LiDAR data [5, 13], 

indicates that the model agrees with erosion and deposition 
patterns observed along the beach and over offshore sand bars 
and shoals (Figure 6). The bed evolution patterns, of both the 
model and the measurements, are characteristic of beach 
lowering, bedform migration and erosion of shoal areas. 

D. Quantitative verification of the modelled bed-evolution 
Figure 7 (top) presents a quantitative comparison of the 

post-Matthew measured and modelled bed elevation changes 
along the shoreline. These profiles have been drawn from the 
zonal averages (solid lines) and standard deviations (shaded 
areas) of pixels falling within rectangular sample polygons 
drawn along the shoreline (see Figure 7, bottom). The sample 
polygons are spaced at intervals of 90 m and have a cross-shore 
length of 300 m, their centroids are aligned with the coastline 
and their longest edges protrude 150 m onshore and 150 m 
offshore. 

From Figure 7, the model results in general are within the 
range of the variability in the measurements. The mean bed  
evolution along the shoreline is -0.12 m for the measurements 
and -0.09 m for the model results. The standard deviations are 
0.24 m and 0.27 m for measurements and model results 
respectively, which is also in agreement with the shoreline 
changes for the region reported by [14]. 

E. Characterization of simulated 2016 monthly 
morphodynamics 
After setting up and validating the model, it was run for the 

whole year of 2016 (Figure 8) to generate a space-time varying 
dataset of hydrodynamics and morphodynamics of the East 
Coast of Florida. 

Waves are the main factor affecting hydrodynamics along 
East Florida, these are driven by tropical storms (north eastern) 
and other wind and swell events, which results in a highly 
dynamic system [15]. Waves vary seasonally, with the strongest 
event being Hurricane Matthew (October), followed by smaller 
events taking place during autumn (see Figure 8, top panel). The 
average significant wave heights are about 0.5 m in summer, 
increasing to about 1 m in autumn, winter and spring. During 

storms, the significant wave height can increase to 2 m in 
summer (e.g., during June 2016); 2.5 m in winter and spring; 
and 4.5 m during the autumn. 

For all the simulated months of 2016 the peak wave period 
oscillated between wind waves (5 s) and swell (10 s) (Fig. 8, 
bottom panel). The wave direction is consistent throughout the 
year, and most of the waves come from the sector between 
northeast and east (Fig. 8, bottom panel) with an average 
direction of 76 °. 

The largest morphodynamics changes of 2016 occur during 
Hurricane Matthew (October), followed by significant changes, 
although of lower magnitude and extension, throughout the rest 
of the autumn season (November and December), during winter 
(January, February and December) and during April of 2016. 
The areas where most elevation changes occur are the beach and 
shoals ridges located within a distance of approximately 2 km 
from the beach (see Figure 9).  

IV. CONCLUSION 
A large scale model of the East Coast of Florida was 

implemented. It is able to link mesoscale metocean processes 
with local scale hydrodynamics and morphodynamics. 

The model satisfactorily reproduces the free surface 
elevation and integrated wave variables of the area, despite 
short-term deviations caused by the rough storm dynamics 
caused by Hurricane Matthew. 

The model is also able to simulate the bed evolution well. 
Quantitative comparison with available LiDAR data indicates 
that the modelled bed evolution values are in the same range as 
measurements along the beach. 

Finally, a hydrodynamics and morphodynamics dataset was 
generated from the model for an entire year. This provides a 
suitable dataset to perform long term UXO mobilization studies. 
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Abstract – Wave energy resources as a renewable source of energy, 
has been constantly appraised in the context of the global 
green/blue energy transition. To ensure a success development of 
wave energy projects, one of the first steps is to acquire an 
accurate assessment of wave energy resources using advanced 
modelling techniques and long-term reliable databases. 

This study focuses on the wave energy resource assessment of the 
North Sea region where a significant potential of development is 
detected. To this, an improved version of TOMAWAC model, a 3rd 
generation wave-model has been used. More detailed attention 
was given to the Belgian Part of the North Sea (BPNS) to feed a 
reliable online wave energy database with a proper resolution. A 
validated inhouse water level database has been implemented into 
the model, integrating the variation of water level impact on the 
wave propagation, especially in shallower areas. These 
improvements speed up the numerical simulations and presents to 
be computationally more effective, which proves crucial in terms 
of large-scale metocean conditions evaluation. The model results 
have been calibrated and validated against in-situ measurements 
at both nearshore and offshore positions, and the validated model 
has been applied to generate a 20-year (2001-2020) hourly 
metocean condition for North Sea, with a geometric resolution of 
500-600 meters near the Belgian coast. The model results have 
been transformed into an online WEC database for the ocean 
energy at the North Sea. 
 

Keywords: Wave modelling, Metocean conditions, North Sea, Wave 
Energy Resources.  

 

I. INTRODUCTION 
The ocean is host to a variety of human activities, spanning 

from tourism, coastal infrastructure, navigation to fisheries and 
more.  In recent years, climate change and sea level rise have 
increased largely the frequency of coastal flooding and coastal 
erosion, posing a continuous threat for economic and human 
life. As such, amongst the efforts to restore the balanced earth 
environment and seeking a durable development, scientists 
have been searching for renewable clean energy, such as solar 
energy, wave energy and ocean energy. New devices and 
technologies are being developed to generate electricity from 
waves, tides, as well as offshore wind farms. With an identified 
resource in the range of 1000 TWh of wave energy and around 
150 TWh of tidal energy annually, ocean energy is the largest 
unknown untapped renewable energy in Europe, and it is 

expected to provide 10% of the EU’s power demand by 2050 
[1].  
 

In terms of wave energy exploitation, the North Sea had been 
long overlooked due to its perceived ‘lower’ energy resource; 
however, it has been pointed out in [2] that the wave conditions 
for North Sea are moderate to high and more importantly, they 
are more easily accessible thanks to the low distance to coasts.  
An essential step towards a reliable estimation of the ocean 
energy is an accurate assessment of the metocean conditions. 
Three main ways are exploited, include: in-situ measurements, 
satellite data as well as numerical models. The in-situ 
measurements are usually for data collection at limited number 
of locations and cannot be extrapolated to cover a larger 
domain, moreover, gaps in data are observed, especially during 
severe weather conditions; the satellite data become more 
promising in recent years, although they are still limited for the 
moment by data quality, especially in the near shore region [3]. 
Large scale numerical models have been widely used: they 
provide metocean data with high temporal- and spatial-
resolution, with the precondition that the model performance 
has been tested, validated with existing measurements.  

 
In [2], SWAN has been used for generating a 38-year wave 

database of North Sea, focusing mainly on the Dutch coast. In 
building up the model, a better parameterization, especially in 
terms of wind generation and whitecapping, was sought for.  

 
In the current study, a highly-efficient 3rd generation spectral 

wave model (updated TOMAWAC) has been exploited for 
simulating the wave conditions on North Sea, with a focus on 
the Belgian coast. A modelling improvement has been 
performed, that the water level variations have been 
incorporated into the wave propagation simulation. 
Consequently, the influence of tidal variation, the storm surge 
has been accounted for.  This is very relevant for the North sea 
since the water level remains shallow for a large part near the 
coast. The tidal level for the North Sea reaches up to more than 
4 meters, leading to a non-negligible effect of water level 
modulation on the wave propagation. This effect is even more 
pronounced closer to the Belgian coast, where tidal banks with 
water depth of 15-20 meters are present. As a matter of fact, it 
has been pointed out in  [4] that the wave-current interaction 
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can lead to a variation of wave energy by up to 30%, especially 
in the shallower zone.   

 
To fully take the wave-current interaction into account, a 

more comprehensive approach would be exploitation of a full 
TELEMAC-TOMAWAC coupling, nevertheless, it is too time 
consuming. In this study, we have incorporated the influence of 
water level to the wave propagation thanks to a pre-computed 
reliable database for hydrodynamics in the North Sea.  A 20-
year metocean conditions for the North sea have been 
generated. This database can also serve as a useful tool for other 
offshore and nearshore ocean applications, for example, the 
extracted wave characteristics can be used to compute the 
working availability in terms of weather conditions for a certain 
area.  The metocean data has been also translated to an online 
wave energy database.  
 

II. STUDY AREA 
The Belgian Part of the North Sea covers approximately 

3,500 km2 and extends up to 87 km offshore from the coast 
(Figure 1). There are currently several renewable energy 
projects active in a series of concession areas of in total 225 km² 
along the Dutch-Belgian maritime border, primarily consisting 
of offshore wind parks. However, the concessions also contain 
various pilot projects, notably a planned 5MW wave energy 
project to be developed by Otary, a major stakeholder in 
offshore renewables in Belgium. Further concessions are 
planned for a total additional area of 281 km² to be made 
available between 2020 and 20261. The further expansion of 
offshore wind concessions falls into the framework of a planned 
increase in capacity from approximately 2.3 GW to 4 GW by 
2030. 

 

The possibility of integrating offshore wind and wave power in 
a combined format allows for maximized power output from 
the available energy resources. Given the large area currently 
dedicated to offshore wind which will more than double by 

                                                           
1 https://economie.fgov.be/en/themes/energy/belgian-offshore-wind-energy-4 

2026 it is key to identify the most suitable technologies 
available for potential application in new and existing 
concessions. 

 

III. METHODOLOGY 

A. Model description  
TOMAWAC (TELEMAC-based Operational Model 

Addressing Wave Action Computation) is a scientific software 
which models the changes, both in the time and in the spatial 
domain, of the power spectrum of wind-driven waves and wave 
agitation for applications in the oceanic domain, in the 
intracontinental seas as well as in the coastal zone. The model 
uses the finite elements formalism for discretizing the sea 
domain; it is based on the computational subroutines of the 
TELEMAC system.  

 
TOMAWAC is a 3rd generation spectral wave model, which 

solves the wave action balance equation:  
 

𝜕𝜕𝐹𝐹(𝜃𝜃,𝜎𝜎)
𝜕𝜕𝑤𝑤

+ 
𝜕𝜕𝑐𝑐𝑗𝑗𝑁𝑁(𝜃𝜃,𝜎𝜎)

𝜕𝜕𝑥𝑥𝑗𝑗
= 𝑆𝑆 

 
Where 𝑁𝑁 is the wave action, it is defined as: 𝑁𝑁 = 𝐸𝐸/𝜎𝜎, with 𝜎𝜎 
the wave frequency; 𝜃𝜃 is the wave propagation direction; 𝑐𝑐𝑗𝑗 is 
the propagation velocity of the wave energy along the four 
dimensions ( 𝑥𝑥,𝑦𝑦,𝜃𝜃,  and 𝜎𝜎) ; 𝑆𝑆  represents all the source and 
sink terms that parametrize different physical processes 
accounting for wave energy production and dissipation; in 
TOMAWAC, the following aspects have been taken into 
account:  
 

𝑆𝑆 = 𝑆𝑆𝑖𝑖𝑛𝑛 + 𝑆𝑆𝑢𝑢𝑚𝑚 + 𝑆𝑆𝑛𝑛𝑙𝑙 + 𝑆𝑆𝑏𝑏𝑓𝑓 + 𝑆𝑆𝑏𝑏𝑓𝑓 + 𝑆𝑆𝑢𝑢𝑡𝑡 + 𝑆𝑆𝑢𝑢𝑚𝑚,𝑐𝑐𝑢𝑢𝑐𝑐 + 𝑆𝑆𝑣𝑣𝑢𝑢𝑔𝑔 
 

Where:  𝑆𝑆𝑖𝑖𝑛𝑛  is the wind-driven wave generation; 𝑆𝑆𝑢𝑢𝑚𝑚 is the 
whitecapping-induced energy dissipation; 𝑆𝑆𝑛𝑛𝑙𝑙 is the non-linear 
quadruplet interactions; 𝑆𝑆𝑏𝑏𝑓𝑓  and  𝑆𝑆𝑏𝑏𝑓𝑓  are the bottom friction-
induced and breaking-induced wave energy dissipation, they 
are more important for shallower near-coastal regions; 𝑆𝑆𝑢𝑢𝑡𝑡  is 
the non-linear triad interaction; 𝑆𝑆𝑢𝑢𝑚𝑚,𝑐𝑐𝑢𝑢𝑐𝑐  is the enhanced wave 
breaking dissipation by currents and 𝑆𝑆𝑣𝑣𝑢𝑢𝑔𝑔 is the dissipation due 
to vegetation. These source and sink terms have been 
numerically parameterised and integrated in the model (the 
dissipation due to vegetation has been left out).   
 

In TOMAWAC, unstructured grid has been exploited, it can 
be used as a stand-alone wave prediction tool; meanwhile, it 
offers the possibility to be coupled to TELEMAC for a full wave-
current simulation: this method, accounts for more 
comprehensive physical processes, demonstrates to be 
computationally expensive. In this study, pre-stored water 
levels [5], [6] have been read at each time step, integrating the 
influence of the water levels without largely increasing the 
computational cost of the wave model.  

Figure 1 Map of BPNS and current offshore wind concessions. 
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B. Numerical scheme 
TOMAWAC exploits a fractional time step; for the advection, 

the method of characteristics is used, which presents to be fast 
and unconditionally stable, yet it poses issues in forms of the 
numerical diffusion and loss of energy conservation; for the 
source terms, a sub-time step has been applied for rapidly 
varying processes (depth-induced breaking and triad 
interactions). The method leads to a time-step restriction for 
accuracy reasons, which substantially increases the 
computational cost.  

 
To overcome these limitations, a new architecture of 

TOMAWAC has been introduced [7]. The current numerical 
scheme has been optimised in the following aspects: (1) A 
second order spatial advection scheme has been implemented; 
it decreases the numerical diffusion and presents to be energy-
conservative. (2) For the source terms, a separation has been 
made between the slow and fast physical processes, where 
different time steps have been applied. As such, the 
computation time has been reduced substantially. One is 
referred to [7] for a more comprehensive discussion of the 
methods and results.  In this study, this updated version of 
TOMAWAC had been applied.  

 

C. Model inputs  
1) Geometry and grid  
In this study, the computation domain covers largely the 

North Sea. In the West, it reaches to the intersection point of 
English Channel and Celtic Sea, comprising of the whole 
English channel, extending further to the whole east coastline 
of UK; in the South, it comprises of the Northern coastline of 
France, Belgium, Netherlands and Germany; the east side 
covers the West Coastline of Norway and Sweden until 
Gothenburg and then it extends to the coastline of Denmark.  

The whole domain covers roughly 500,000 km2 area. The 
bathymetric data come from the EMODNET database, 
combined with a more refined Belgian coast coming from the 
Bathymetry of the Belgian Continental Shelf (Flemish 
Authorities, Agency of Maritime & Coastal Services, Coastal 
division, Gridding Ghent University, Renard Centre of Marine 
Geology). The simulated domain and final bathymetry are 
shown in Figure 2. 

 
 

 
Figure 3 Computational grid for the wave model. The unstructured grid has 

been refined closer to the Belgian coast. 

 
For the computational grid, a non-homogeneous 

unstructured triangular grid has been applied: the mesh size 
presents to be coarser to the northern side open sea, with a rough 
size of 20km, it is refined for the Belgian coast and the mesh 
size reduces to 400m. There are in total 30395 nodes and 60615 
elements (Figure 3).    

 
2) Wind  
Wind is a main driver behind the energy source of locally 

generated ocean waves. A well-chosen wind source is an 
essential segment of a highly performant ocean wave models. 
Wind data are usually provided by institutional or 
governmental bodies, in which different re-analysis techniques 
and various atmospheric models have been exploited. In this 
study, two wind sources, ERA5 and CFSR, have been 
considered and their performances have been compared.  

CFSR wind data exhibiting higher spatial resolution, and it 
captures well the peak of waves. However, for wider domain, 
the use of re-analysis CFSR data may lead to higher scatter [2].  
Given the primary goal of this study is to yield reliable wave 
energy estimation, especially for the Belgian coast, both wind 
source performances were compared with a focus closer to the 
coast.  

 
3) Spectral wave boundary condition  

The boundary condition for waves has been extracted from the 
ECMWF data (ERA5), which had been reconstructed by the 
WAve Model (WAM). It had been imposed mainly at the North 
and West side of the domain boundary. At each boundary node, 
significant wave height, peak period and wave main 
propagation direction were used to construct the synthetic 
JONSWAP spectrum. The spectral wave boundary condition is 
essential for introducing the swell waves into the wave 
estimation, which was mainly generated and propagated from 
the North Atlantic Ocean and the Norwegian sea. This part of 
the boundary condition has been validated by comparing the 
modelled 1D spectrum to the measurements.   
 

4) Tide and water level variation  
In this study, the influence of hydrodynamics environments has 
been integrated. Instead of a fully coupled wave-
hydrodynamics model, which requires heavy computational 
cost, results of a pre-constructed hydrodynamics database 
(North Sea Metocean Database for hydrodynamics: [5]) have 
been read at each time step of the wave model.  The North Sea 
metocean Database for hydrodynamics has been constructed 

Figure 2 Geometry and coverage of the simulation domain. The mesh is 
created in latitude and longitude to account for the Earth's curvature.  
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based on a long-term simulation of in-house iCSM model for 
26 years from 1995 to 2020. The iCSM is a tidal surge model 
developed in TELEMAC-2D, focusing on the continental shelf of 
the North Sea. The model has been systematically calibrated 
and validated on water level and velocities for both ordinary 
and extreme events [5]. The model shows reliable ability to 
precisely reproduce the hydrodynamics in the North Sea. As 
such, this pre-stored database has provided valuable 
hydrodynamical information for this wave model. 

IV. MODEL RESULTS 

A. Calibrations and verification of the model 
The model calibration involved two different periods: 

December 2013 (including Sinterklaas storm event) and in 
winter 2017. Both periods were marked by significant wave 
heights that exceeded 3.0 m height. To compare the wave height 
and wave period between the model results and available 
measurement over the North Sea, several points were selected, 
ranging from Belgian nearshore positions (Bol Van Heist) to 
North Sea offshore positions (Ekofisk) illustrated in Figure 4 
and Table I. This approach facilitated a comprehensive 
evaluation of the model performance across varying distances 
from the coast. 

 
Table I Points where the measurements and the numerical results have been 

compared. 

 

Bathymetric treatment, wind sources, mesh resolution, 
wave propagation method, and water level impact were tested 
and evaluated during the calibration procedure. A summary of 
model setting has been listed in Table II. Note that the optimal 
whitecapping dissipation coefficient for CFSR is concluded to 
be 4.5, while for ERA5, it is found to be a lower value of 3.0.  
 

The model performance was assessed using several 
statistical indicators, including bias, Root Mean Square Error 
(RMSE), Scatter Index (SI), and the correlation coefficient (R). 
In the context of wave simulation, a low SI of ≤ 25 − 30% 
indicating that the general trends have been captured; 𝑅𝑅 is the 
Pearson correlation coefficient. It is computed as the ratio 
between the covariance of two variables and the product of their 
standard deviations; it measures the linear correlation between 
two sets of data. Therefore, a correlation coefficient of 1 
corresponds to data points lying exactly on a line. For wave 
energy, for a model to be reliable a correlation coefficient 
higher than 0.9 is required. In Table III, Table IV, Table V and 
Table VI, model and measurement comparisons for both the 
December 2013 and the winter 2017 period are summarized.  

 
Our final objective for constructing a wave database is to 

evaluate the potential of WEC near the Belgian coast, therefore, 
more weights have been put at points closer to the Belgian 
coast. Different sources of measurements data have been 
exploited and they are listed below:  

(1) Wave data at BolVanHeist, WestHinder:  
Monitoring Network Flemish Banks (Meetnet 
Vlaamse Banken) 

(2) Wave data at EuroPlatform, A12, K13:  
Rijkswaterstaat waterinfo (wave 
characteristics) Rijkswaterstaat Waterinfo (rws.nl) 

(3) Wave data at Ekofisk: 
FROST : https://frost.met.no/index.html 

(4) Wave spectrum at EuroPlatForm: Dutch 
Rijkswaterstaat. 

Table II Final parameters used in setting up the model. 
Parameters name Value 

Time step [s] 600 
Minimal frequency [Hz] 0.03 
Number of frequencies 36 
Number of directions 36 

Implicitation coefficient for source 
terms 

0.55 

Limiter for refraction velocity [7] Only for directions 
Numbers of iterations for small 

scale processes  
10 

Number of iterations for advection 1 
Linear wave growth 1, Cavaleri & Malanotte-Rizzoli 

formulation 
White capping dissipation  Yes  
White capping dissipation 

coefficient 
4.5 for CFSR, 3.0 for ERA5 

Depth-induced breaking dissipation 10, see [7] 
Number of iterations for the source 

terms 
1 

Number of breaking time steps 10 
 
 
 

 A12 Bol 
Van 
Heist 

Euro-
plat-
form 

K13 WestH
inder 

Ekofisk 

Lat. 55.38 51.40 51.98 53.22 51.38 56.54 

Lon. 3.80 3.22 3.42 3.22 2.43 3.22 

Figure 4 Geographical representation of points where the measurements and 
the modelling results have been compared. 
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Table III Statistical assessments for significant wave height for December 2013. 
 Bol van Heist Westhinder Europlatform A12 Ekofisk 
 ERA5 CFSR ERA5 CFSR ERA5 CFSR ERA5 CFSR ERA5 CFSR 

Bias [m] -0.13 -0.08 -0.09 0.11 -0.09 0.08 - - -0.02 0.12 
RMSE [m] 0.25 0.25 0.29 0.35 0.49 0.41 - - 0.44 0.90 

SI [%] 35% 30% 22% 23% 22% 22% - - 13% 24% 
R [-] 0.93 0.93 0.92 0.93 0.96 0.95 - - 0.96 0.89 

 
 

Table IV Statistical assessments for Tm02 for December 2013. 
 Bol van Heist Westhinder Europlatform A12 Ekofisk 
 ERA5 CFSR ERA5 CFSR ERA5 CFSR ERA5 CFSR ERA5 CFSR 

Bias [m] 0.57 0.47 -0.15 0.06 -0.31 -0.05 -0.05 0.34 - - 
RMSE [m] 0.98 0.76 0.55 0.57 0.61 0.68 0.59 1.19 - - 

SI [%] 20% 23% 14% 13% 14% 14% 12% 18% - - 
R [-] 0.71 0.78 0.79 0.79 0.74 0.78 0.92 0.79 - - 

 
 

Table V Statistical assessments of the significant wave height for winter 2017. 
 Bol van Heist Westhinder Europlatform K13 A12 
 ERA5 CFSR ERA5 CFSR ERA5 CFSR ERA5 CFSR ERA5 CFSR 

Bias [m] -0.17 -0.12 -0.04 0.04 -0.04 0.06 0.06 0.07 0.32 0.30 
RMSE [m] 0.27 0.25 0.23 0.25 0.29 0.33 0.32 0.43 0.67 0.66 

SI [%] 32% 28% 17% 17% 15% 18% 16% 21% 24% 24% 
R [-] 0.91 0.92 0.94 0.94 0.95 0.92 0.93 0.88 0.84 0.84 

 
 

Table VI Statistical assessments of Tm02 for winter 2017. 
 Bol van Heist Westhinder Europlatform K13 A12 
 ERA5 CFSR ERA5 CFSR ERA5 CFSR ERA5 CFSR ERA5 CFSR 

Bias [m] 0.17 0.15 -0.03 0.09 -0.15 0.10 -0.16 0.09 -0.09 0.20 
RMSE [m] 0.77 0.75 0.44 0.45 0.47 0.48 0.56 0.52 1.0 1.0 

SI [%] 17% 17% 10% 10% 11% 10%  12% 12% 16% 16% 
R [-] 0.71 0.72 0.83 0.84 0.80 0.85 0.72 0.80 0.65 0.77 

 
 

From the model performance shown in these tables, it is 
seen that overall, the performance of two wind sources is very 
similar. At offshore points, the CFSR model over-estimate the 
wave energy (positive bias) while with ERA5 wind, a general 
underestimation for storm conditions has been observed.  At 
nearshore stations, both wind sources generate a wave energy 
that slightly underestimate the measured wave height.   
 

 
Figure 5 Bias plot for significant wave height for December 2013: from left to 

right the distance to the shore increases. 

 

 
Figure 6 Bias plot for significant wave height for winter 2017: from left to 

right the distance to the shore increases. 

In general, a better performance of ERA5 wind at offshore 
positions was observed. For instance, at A12 location, for the 
Sinterklaas storm event, the 𝑇𝑇𝑚𝑚02 has been better captured by 
ERA5 than the CFSR. At location Ekofisk, a better capture of 
wave energy has also been represented by ERA5. However, at 
nearshore point (Bol Van Heist), CFSR outperforms ERA5 
wind. The tendency becomes obvious in Figure 5 and Figure 6. 
In both figures, the bias for significant wave height has been 
plotted, the distance to shore increases from left to right. It is 
seen that ERA5 generally performs better at offshore whilst 
opposite can be concluded for CFSR. For buoy position A12 
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which is situated the farthest from the coast, each wind 
generates a bias that reaches roughly 30 cm for winter 2017.  
Given the main attention of this project focusing more on the 
nearshore positions, that most of the WEC will be placed near 
the coastline, thus the quality of nearshore wave energy 
computation is important. Moreover, CFSR wind performs 
better for extreme values. For the WEC, it is important to have 
well-captured extreme values to determine the workability of 
the device. As such, CFSR wind has been chosen for further 
construction of the model, bearing in mind that for offshore 
positions, the results await to be improved.   

 
Apart from the wind sources and the spectral results, other 

parameters, including time step, wave breaking and 
whitecapping parameters have also been well calibrated and the 
highest performance parameters have been chosen.  The 
performance of the final model has been verified not only in 
terms of the bulk statistical parameters (for an example of wave 
height and period plot over time at WestHinder, see Figure 8), 
but also in terms of the spectral results. In Figure 7, measured 
and simulated 1D spectrum (with CFSR model) has been 
compared at a nearshore position: Europlatform. Two time 
instants have been chosen, including the peak of the storm, 
where wind generated waves are dominant (on top); nearly 
equally partitioned wind waves and swell for relatively strong 
wave (below). From these comparisons, it is seen that not only 
the locally generated wind waves have been well captured, but 
the sea swell, which are propagated from offshore boundary are 
also well reproduced, especially its energy partition and 
distribution over the frequency.   

 

 

 

 

 

 

 

 
B. Validation and production runs  

With the final parameters being determined, we had used 
the model for hindcasting another independent period from 
April to August 2018 for the validation of the model. This 
period has been chosen for its calmer sea state, with a highest 
wave reaches at nearshore less than 2 meters. Results at the 
various locations have been listed in Table VII and  Table VIII. 
It is seen that the bias and RMSE are well bounded, and a lower 
index of SI has been produced, especially for 𝑇𝑇𝑚𝑚02 . The 
correlation numbers for R for significant wave height are found 
to be more than 0.9, it is lower for the wave period. The 
observation is consistent with beforehand, that using CFSR 
wind over-estimates the wave energy at offshore points, at its 
performance improves when approaching the coast.  
 

A general satisfying performance of the model can be 
concluded. This well-calibrated model has been used to 
generate a North Sea metocean database for 20 years (2001-
2020). A general performance of the models has been evaluated 
by computing the statistics at nearshore points (WestHinder) 
for the data availability. The detailed errors for significant wave 
height have been listed in Table IX. An average bias of -1cm is 
found, marking the high performance of TOMAWAC model in 
reproducing the wave energy over a long period of time. It is 
also noted that the average RMSE is around 20cm, with a high 
correlation number of > 0.95. These statistical indicators prove 
the reliability of the constructed database in terms of the wave 
energy estimation and its potential for offering a first insight 

Figure 8 1D spectrum comparison between the Tomawac 
model and measurements at EuroPlatform. 

Figure 7 Significant wave height and Tm02 comparison between measurements 
and modelled results for Sinterklaas storm. 
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into the use of clean ocean energy.  This database not only 
offers a first impression of the local wave and wind conditions 
for a specific period, but also can provide a general wave 
condition at specific points for a long period of time. For 
example, in Figure 9, the wave rose at Bol Van Heist for 20 
years has been reproduced. During most of the period, wave 
energy presents to be in calmer state. The highest waves travel 
most to East or Southeast direction. Based on this database, it 
is also possible to extract a seasonal or monthly wave energy 
and direction fluctuation, providing valuable benchmark for the 
workability of ocean platforms for the North Sea. 
 
Table VII  Statistical assessments for model performance for April to August 

2018: significant wave height. 

 
 
Table VIII Statistical assessments for model performance for April to August 

2018: Tm02. 

 
 

Table IX Errors calculated for 20 years (2001-2020) for significant wave 
height at WestHinder. 

 
 

 
Figure 9 wave rose at BVH for 20 years. 

 

V. CONCLUSIONS 
In the current study, we have constructed a semi-coupled 

(hydrodynamics and waves) model for the North Sea, focusing 
on Belgian coast. The performance of the model has been 
evaluated using several reliable statistical parameters. Two 
wind sources have been compared: ERA5 wind and CFSR 
wind. The performances of two wind sources are very similar; 
in general, ERA5 wind has been found to yield a better result 
regarding wave energy and period at offshore whilst at 
nearshore, CFSR wind outer-performs ERA.  Both winds have 
been found to underestimate the wave energy at nearshore 
points, especially at the peak of the storm.  Due to the higher 
performances of CFSR close to the coast, we have constructed 
the model using this wind source. 

  
The model has been run for 20 years (2001-2020: each year 

individually for storage and data accessibility reasons). This 
database offers large potential. It can serve as a basic database 
for projects that are relevant to the areas and providing a first 
and fast evaluation of wave energy in terms of 
seasonal/monthly and yearly changes. It brings valuable 
insights into the feasibility of WEC at nearshore coastlines, 
where the wave energy potential has been currently largely 
overlooked. As a matter of fact, the results of these runs have 
been converted onto WEC database and presents to be available 
online (https://sinapps.imdcapps.be/).  
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Abstract – A TELEMAC-3D model coupled with Gaia has been 

developed for the Maroni estuary located in French Guiana. One 
of the unusual characteristics of the Guaina estuaries is the 
episodic presence of huge coastal mud banks near their mouth. 
These mud banks constitute a source of fine sediment and the fluid 
mud is able to damp the wave propagation. The wave action is 
included in the model in both an uncoupled and a coupled way. 
Sensitivity studies have been performed on the vertical turbulence 
models and on the wave damping term. Finally the model is 
applied to explore seasonal variations in the saline intrusion and 
turbidity maximum. 

Keywords: cohesive sediment, Gaia, wave-mud interactions, 
estuary 

I. INTRODUCTION 
Estuaries located along the Guiana coastline are under the 

influence of the Amazon estuary. A part of the Amazonian 
turbid plume is transported alongshore towards French Guiana 
[1]. Between the Approurague and Ayapoque estuaries, the 
turbid plume is transformed into huge coastal mud banks 10 km 
in width, 30 km in length, 5 to 10 m in depth and migrating 
about 1-2 km/year [2].  Such a volume of fluid mud is able to 
completely damp wave propagation whereas waves can still 
reach the shoreline located between mud banks where the mud 
is more consolidated [3,4]. Once a mud bank approaches an 
estuarine mouth, it constitutes a source of fine sediment 
potentially transported by the combined action of wave and 
tidal current into the central part of the neighbouring estuary.  
The attenuation of the wave due to the mud bank has been 
integrated into spectral wave models [5,6] via the 
implementation of an additional source term into WavewatchIII 
or Swan. Abascal Zorrilla [7] has developed a 2D numerical 
model of the Mahury estuary. The model is based on a coupling 
between TELEMAC-2D, TOMAWAC and SISYPHE. TOMAWAC 
has been modified to integrate the Ng (2000) formulation [8] to 
apply the wave damping effect as proposed by [5]. Do et al [9] 
have built a 3D model of the Maroni estuary based using 
TELEMAC-3D. The model was used to analyse the seasonal 
variation in the hydrodynamic pattern of stratification and 
residual currents. 

In the present study, the TELEMAC-3D model of the Maroni 
is coupled with GAIA. Wave influence is considered in both an 

uncoupled way and a coupled way. The hydro-sedimentary 
model is used to determine the main characteristic of the 
turbidity maximum and the sediment exchanges between the 
coastal area and the downstream part of the estuary.  

Some characteristics of the Maroni estuary are first 
presented in section 2 and the set-up of the numerical model is 
detailed in section 3. A sensitivity analysis is then performed 
on the turbulence models and different sediment parameters. 
The model is finally exploited to explore the sediment 
dynamics and the wave coupling strategy. 

II. CASE STUDY 
The Maroni river is 677 km long with a catchment area of 

60,930 km². In the estuarine area, its width is 700-900 m near 
Apatou (100 km upstream from the mouth Fig.1a) and up to 
4,000-5,000 m between kilometric point (KP) 10 and 23 (Fig. 
1b). Small tributaries, mostly on the right bank, flow into the 
estuary and some islands built from alluvial deposits are present 
upstream of Crique Vache (Fig.1b).  

 
Figure 1a The Maroni estuary 
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Figure 1b The Maroni estuary, showing kilometre points and key 

locations 

The climate is equatorial and within the intertropical 
convergence zone. Well contrasted seasonal variations are 
characterised by a high river discharge from the end of 
December to July and a low river discharge from August to 
December. Trade-winds are weak and characterised by a quasi-
constant direction of about 10°–15° (direction from the north) 
throughout the year [3]. River discharge is estimated by 
Direction de l’Equipement, de l’Aménagement et du logement 
(DEAL) at Apatou via a rating curve. The mean annual 
discharge reaches 1700 m3/s with lower values down to 100 
m3/s during the low flow periods and higher values up to 5000 
m3/s during the high flow periods. 

Bed material samples have been collected by Jouanneau and 
Pujos [10] during the low river discharge (November 1984) and 
high river discharge periods (May 1985). From their analysis, 
it appears that the upstream part of the estuary (upstream of St 
Laurent) is composed of coarse sand whereas fine materials are 
found near the mouth.  

The tide propagates up to 100 km upstream inland until a 
natural weir at Apatou. No continuous tidal gauge is installed 
inside the Maroni estuary, although water levels are recorded at 
three locations by the Port Authorities during two months each 
year. 

III. MODEL SET UP 

A. Hydrodynamic Module – TELEMAC-3D 
The computational domain extends over 90 km in width and 

97 km in length for the maritime part. Inland, the domain 
extends until the limit of tide propagation where observed river 
discharge is available. The distance between nodes of the 
horizontal mesh resolution decreases from 2.5 km in the coastal 
zone to 120 m inside the central part of the estuary, to 50 m in 
the navigation channel or in the tributaries and down to about 
10 m around islands. 

The horizontal mesh contains about 48000 nodes. For the 
vertical mesh, 8 vertical planes are used with a finer resolution 
near the bottom. The distribution of vertical mesh layers from 
bottom to water surface have been defined as a percentage of 
the water depth as follows: 0, 0.075, 0.15, 0.3, 0.5, 0.7, 0.85 and 
1.0. 

 
Figure 2 The model mesh 

The computational domain contains six open boundaries. 
Upstream, daily fresh river discharges are forced for Maroni 
and Mana rivers whereas constant discharges are imposed for 
Crique Rouge, Crique Vache and Crique Coswine. Offshore, 
tidal levels and currents are imposed using atlases of the 
Amazon shelf from Oregon State University. The offshore 
imposed salinity is 35 PSU. A time step of 20 s is used for each 
case investigated.  

The bathymetry interpolated onto the model mesh combines 
a number of different datasets: DTM of the French Guiana shelf 
from the Shom, bathymetries collected by CNRS and DEAL in 
the downstream estuary in October 2017.  

For the vertical turbulence, two approaches are tested: (1) 
Prandtl mixing length model combined with Lehfeldt and Bloss 
[11] damping functions and (2) the multilayer mixing length 
model (MML) developed by Walter et al [12] on the Loire 
estuary.   

B. Sediment Module – GAIA 
During a bathymetric survey in October 2017, bed samples 

were collected to determine the sediment composition. The bed 
samples have been interpolated onto the mesh (Fig. 3) using a 
working variable (SEDMIX17).   

 
Figure 3 The sediment composition 
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Offshore the bed material is composed of fine marine sand 
(SEDMIX17=10). Upstream the sand is coarser 
(SEDMIX17>12.5).  In the central part, the sediment is 
composed of sand-mud mixture (SEDMIX17 ranging from 0 to 
7.5) or fluid mud (SEDMIX17<0). For the initial condition of 
the sediment concentration, a satellite image from Abascal 
Zorrilla et al [13] has been used (Figure 4). This image is also 
used to determine the location of the coastal mud bank. 

In GAIA, the bed composition is divided into 4 classes: one 
coarse sand, one fine sand and two mud classes (one from 
upstream and one for the coastal mud) The initial percentage of 
the different classes is defined according the SEDMIX17 
variable. Sand is transported by total transport equation 
(Soulbsy van Rijn). Consolidation and flocculation are 
considered for the cohesive material. The van Leussen 
formulation is used for flocculation. Mud sliding is also 
considered. Three zones of constant bed friction are defined: 
coastal area, central part and upstream with Nikuradse bed 
roughness (ks) ranging from 0.1 to 0.5 m. Locally when the 
thickness of the fluid mud is larger than 0.2 m, a reduced 
friction is applied (ks=10-5 m). 

 
Figure 4 Initial condition of the suspended sediment 

 

C. Wave Module – TOMAWAC 
TOMAWAC is applied in both an uncoupled and a coupled 

way. For the uncoupled implementation, first a simulation is 
launched with TELEMAC-2D coupled with TOMAWAC (using 25 
frequencies and 36 directions). The offshore boundary is 
extracted from a large-scale Wavewatch III model. The results 
of the wave module are then read by TELEMAC-3D as an 
external forcing. The wave module serves here to mainly 
integrate the influence of the waves on the bed shear stress and 
associated sedimentation rate. To mimic the damping effect due 
to fluid mud, the shear stress due to the wave action is added to 
the current shear stress only when the fluid mud thickness is 
lower than 0.2 m. 

For the coupled implementation, the same discretization in 
frequency and direction is used. The wave action influences the 

shear stress and the current pattern. Two simulations are 
performed with the triple way coupling: with or without the 
source term of the wave damping due to the muddy bed. The 
Ng [8] formulation has been implemented in TOMAWAC. GAIA 
provides TOMAWAC with information related to the thickness 
of the fluid mud and the mean concentration (density) of the 
deposit. 

IV. RESULTS 

A. Influence of the vertical turbulence model 
The hydrological year from October 2017 to October 2018 

has been simulated. Water level measurements are available at 
two stations Saint Laurent (KP 49) and Crique Vache (KP 31) 
in October-November 2017. 

The comparison between measured and computed tidal 
range estimated for each tide  is shown in Figure 5. 

 

 
Figure 5 Tide propagation comparison at Saint Laurant (SLM) and 

Crique Vache (VACH) for the Prandtl mixing length with damping function 
(top) and MML (bottom). 

The differences between modelled and measured tides are 
below 12 cm. For the configuration using Prandt mixing length 
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model with damping functions, tidal water levels are less 
correctly predicted at Crique Vache than at Saint Laurent. The 
tide propagation at the two stations is slightly better predicted 
with the configuration based on the MML model.  

For an along-channel profile (Fig 1b), the residual currents 
have been predicted during the dry and wet season. For the wet 
season, the residual currents are mostly directed downstream 
with the two turbulence models. More differences in residual 
flow direction are noticed for the dry season (Fig. 6). 

 

 
Figure 6 Residual currents during the dry season for Prandtl mixing length 

with damping (top) and MML (bottom). Positive velocities are oriented 
downstream and negative velocities are oriented upstream. 

With the configuration based on Prandtl mixing length 
model with damping, some residual currents oriented upstream 
are detected between KP 10 and 20. Such conditions are 
favourable for transport of mud from the mud bank to the 
central part of the estuary. With the MML, upstream oriented 
residual currents extend over a larger area KP 7.5 to 25 and 
affect a larger part of the water column. The presence of a two 
layers behaviour (Do et al. [9]) is better captured. In the wet 
season, the MML also captures an upstream residual current in 
the first 5 kilometres (not shown here). 

B. Seasonal variations of the turbidity maximum and of the 
residual fluxes 
The model parameterized with the MML is used to simulate 

three different hydrological years from October 2016 to 
November 2018 (a year for each simulation). Time variations 
of the residual sediment fluxes, salinity and suspended 
sediment for the hydrologic year 2017-2018 are shown in 
Figures 7 and 8. The variations are extracted at KP 10, 16, 22 
and 28. 

 
Figure 7 Time variation of residual fluxes along a hydrological year 

At the surface, residual sediment fluxes are oriented 
downstream for the whole year. Until day 100, upstream 
residual sediment fluxes are observed at the bottom between PK 
10 and 22 for river discharge (Q) lower than 1000 m3/s.  
Between day 100 and 200 (1000<Q<3000 m3/s), the fluxes are 
oriented mainly downstream. Input of sediment is then 
observed but only at KP 10 during the peak of the dry season 
(Q> 4000 m3/s)  

 
Figure 8 Time variation of the concentration, salinity and flow rate 

Similarly, SPM is high from KP 16 to 28 for discharges 
lower than 1000 m3/s. Salinity at KP 28 still reaches levels 
higher than 1.  Between days 100 and 200, salinity at KP 22 
progressively decreases and the turbidity maximum migrates 
between KP 16 to 10. After day 200, the turbidity maximum is 
located at around KP 5. At the upstream stations, the sediment 
load is mainly advected with small tidal variability. 

The migration of the turbidity maximum is illustrated for 
the 2016-2017 hydrological year in Figure 9. This hydrological 
year is characterised by a low discharge (300 m3/s) during the 
dry season. 
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Figure 9 Migration of the turbidity maximum: residual SPM (MES in French) 

for modelled discharges of 300 m3/s (top) and 4000 m3/s (bottom) 

For the pronounced dry season, the residual SPM reaches 
maximum values between Crique Coswine and Crique Vache. 
High values are however also reached in the upstream part near 
Saint Laurent. Conversely during the wet season, the turbid 
plume has shifted downstream of Crique Coswine, up to the 
mouth. 

A. Coupled versus uncoupled implementations 
In terms of computational time, the simulation of a 

hydrological year takes one CPU day on the Cerema cluster (48 
nodes) for the uncoupled method. However, neglecting the 
influence of the bed change on the wave propagation is a crude 
assumption for such a dynamic area. Despite this, it sounds 
reasonable to perform, with the uncoupled methodology, 
preliminary sensitivity studies mainly on some upstream 
processes. To investigate the influence of the uncoupled 
approximation, two further simulations have been performed 
using the triple way coupling. The computational time increases 
up to 15 CPU days to simulate 40 days. The time steps of 
TELEMAC-3D and TOMAWAC have been reduced to ensure 
stability. The high computational time comes from slow 
convergence of TOMAWAC probably due to significant 
bathymetric changes near the navigation channel. 

The mean suspended concentration near the bottom (over 
40 days) is plotted in Figure 10 for uncoupled waves and for 
coupled waves with and without the damping term. It should be 
kept in mind that the analysed period corresponds to the dry 
season with lower wave activities. 

Figure10a shows the turbid plume with the uncoupled 
methodology for the waves. With the wave coupling (Fig 10b), 
the coastal plume is more elongated just in front of the Mana 
and concentration levels are higher in the deeper coastal zone. 

 

 

 

 
Figure 10 Influence of the damping term on the turbid plume for (a) 

uncoupled waves, (b) coupled waves without damping term, and (c) coupled 
waves with damping term. The isovalue of Hs=0.3m is plotted for the 

damping term model result (black line), and without the damping term (purple 
dashed line). Wave time series are extracted at the point marked by a triangle. 

The addition of the damping term (Fig 10c) leads to higher 
concentrations in the estuary mouth. In Figure 10c, the isoline 
for significant wave height (Hs) of 0.3m is plotted separately 

(c) 

(b) 

(a) 
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for the two coupled simulations. This isoline is 3 km away from 
the shore with the damping term. Without the damping term, 
the isoline moves nearer to the estuarine beach. The effect of 
the damping term appears to act quite locally but on the key 
area where the sediment exchange between the coastal mud 
bank and the navigation channel happens. Time series of the 
wave height, with and without the damping term, are illustrated 
on Figure 11. 

 
Figure 11 Time series of the wave heights with the coupled waves method 

For the first 25 days, the modelled wave height is 
completely damped by the fluid mud presence. Once the fluid 
mud has been eroded (or consolidated), the wave propagates as 
without the damping term until the next significant fluid mud 
deposition event. After day 25, the behaviour is reversed since 
the wave height is higher than without the damping term. This 
is probably due to a bed modification. In the developed 
approach described here, one important process is missing: the 
fluidization of the mud by wave action. Wave action can 
deconsolidated older bed deposits and the way to integrate this 
process needs to be investigated. 

V. CONCLUSIONS AND PERSPECTIVES 
A 3D numerical model of the Maroni estuary has been built 

to investigate the development of the estuarine turbidity 
maximum and its connection with the coastal sediment plume. 
Using TELEMAC-3D coupled with GAIA, wave influence has 
been integrated as an external forging (uncoupled) using a 
previously calculated wave field from TOMAWAC.  
Consolidation, flocculation and sliding processes are integrated 
for the cohesive sediment whereas total transport is selected for 
sandy material.  

The model predicts residual currents in the upstream 
direction during dry season conditions which are likely to be 
the key mechanism by which mud is transported from the 
coastal mudbanks up the estuary. A sensitivity study on the 
vertical turbulence model has pointed out that the MML model 
displays a more pronounced two layer flow with more intense 
residual currents and associated saline and mud transport fluxes 
near the bottom. The model has then been applied to determine 
the seasonal variation of the saline intrusion and the migration 
of the turbidity maximum. 

Preliminary results using triple-way coupling (TELEMAC-
3D, GAIA and TOMAWAC) highlight the importance of the 
damping term on the wave propagation and the development of 
the turbid plume. Some efforts are however needed to optimise 
the coupling with TOMAWAC in order to reduce the 
computational time and thus be able to simulate the whole 

hydrological year. In the near future, the model will be used to 
test the different recent coupling approaches for TOMAWAC (i.e. 
the tel2tom and tomawac3d options).  Research efforts are still 
needed to integrate the full interaction between the wave and 
the mud dynamics, such as including the potential for 
fluidisation of the mud layer by wave action. 
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Abstract – In offshore wind farms, storm surge and waves caused 
by typhoons can have a strong influence on the morphology of the 
seabed. These tropical cyclones can severely affect wind power 
foundations, leading to scour processes around piles, which, in 
turn, may affect the instability of structures. In this study, a three-
way coupled model (hydrodynamic, wave, and sediment transport 
processes) was implemented to study sediment transport and the 
evolution of the bed around the piles under the influence of 
typhoons and storm surge. Numerical simulations were conducted 
using the modules TELEMAC-2D, TELEMAC-3D, TOMAWAC and 
GAIA in the open TELEMAC system. Based on the data obtained 
from the analysis of existing databases, a historical typhoon was 
reconstructed using Fujita-Takahashi air pressure model and 
Jelesnianski wind velocity model. The numerical model was 
established by considering several different time and space scales. 
At the oceanic-scale, a hydrodynamic model was built to consider 
tide, wind effect, white capping and non-linear transfer effects. 
Within the scope of the wind farm, a middle-scale model has been 
established to focus on the seabed evolution under the influence of 
tides and waves using the simulation results of the oceanic-scale 
model as forcing input at the model boundaries. Finally, a local-
scale model was established for each pile foundation to simulate 
the evolution of scour pits. Simulation results of the multi-scale 
model with and without storm surge are also compared. The 
numerical results showed that sediment transport is generally 
enhanced by the storm surge, and the evolutions of the seabed and 
local scour are strongly influenced by the effect of the typhoon. 

Keywords: hydrodynamic-wave-sediment coupled model, storm 
surge, multi-scale model, TELEMAC 

I. INTRODUCTION 
As a clean and renewable energy source, offshore wind 

power is an important approach to the generation of electricity 
in bodies of water. During the passage of a typhoon, with the 
change of air pressure and extreme wind velocity, it is prone to 
generate a storm surge that influences the water level and brings 
significant strong waves. The hydrodynamic and wave 
conditions will change drastically under such extreme weather, 
and will have a direct impact on the morphodynamics of the 
seabed around pile foundations, cause erosion and pose a serious 
threat to the safety and stability of the pile foundations. 

Various studies have investigated the characteristics of 
storm surges and strong waves caused by typhoon, confirming 
their patterns and the extreme impacts on the state of the sea 
(e.g., [1], [2]). The sediment transport under the influence of 

tropical cyclones has been discussed by numerous researchers, 
that the effect of a typhoon usually triggers significant changes 
in solid discharge, sediment distribution and seabed of coastal 
area (e.g., [3], [4]).  

The main objective of this work is to investigate the 
sediment transport around an offshore wind farm under storm 
surge caused by a typhoon. This numerical study was carried out 
by implementing a multi-scale coupled model approach in both 
2D and 3D. The modules TELEMAC-2D and TELEMAC-3D were 
used to compute the hydrodynamic conditions under storm 
surge. The waves under atmospheric effect were calculated by 
TOMAWAC. The module GAIA was used to simulate the 
evolution of seabed and scour pits. In the following sections, the 
study methodology is described, followed with model 
construction and validation. Finally, the simulation results are 
discussed. 

II. METHODOLOGY 

A. Typhoon Model 
Tropical cyclones or typhoons feature a strong, circular wind 

field and a minimum pressure at the centre of the storm. Low 
pressure and extreme wind speed are the main reasons of violent 
changes in hydrodynamic and wave conditions. The typhoon 
model is used to reconstruct the wind field of typhoon, 
characterised by the key elements such as pressure, wind 
velocity and direction. The pressure of typhoon is given by the 
Fujita-Takahashi[6] model:   

𝑃𝑃(𝑓𝑓) = 𝑃𝑃∞ − 𝑃𝑃∞−𝑃𝑃0

�1+� 𝑟𝑟
𝑅𝑅0
�
2

, 0 ≤ 𝑓𝑓 < 2𝑅𝑅0 (1) 

𝑃𝑃(𝑓𝑓) = 𝑃𝑃∞ − 𝑃𝑃∞−𝑃𝑃0
1+ 𝑟𝑟

𝑅𝑅0

, 2𝑅𝑅0 ≤ 𝑓𝑓 < ∞  (2) 

where r is the radius,  𝑃𝑃∞  is the pressure at infinite, 𝑃𝑃0  is the 
central pressure and 𝑅𝑅0 is the radius of maximum wind speed 
which is given by the following semi-empirical formula:  

𝑅𝑅0 = 28.52𝑤𝑤ℎ[0.00873(𝜑𝜑 − 28)] + 12.22 exp �𝑃𝑃0−𝑃𝑃∞
33.86

� +
0.2𝑉𝑉𝑚𝑚 + 𝑀𝑀   (3) 

where 𝜑𝜑 is latitude, 𝑉𝑉𝑚𝑚 denotes typhoon movement velocity and 
𝑀𝑀 is a constant. 

The gradient wind field 𝑉𝑉𝑔𝑔 is calculated as follows: 
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𝑉𝑉𝑔𝑔(𝑓𝑓) = −0.5𝑓𝑓𝑓𝑓 + �(0.5𝑓𝑓𝑓𝑓)2 + 𝑓𝑓
𝜌𝜌𝑜𝑜

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 (4) 

where 𝑓𝑓 denotes the constant of Coriolis and 𝜌𝜌𝑢𝑢 is the density of 
air. 

The movement wind field is given by Jelesnianski’s 
model[7]: 

𝑉𝑉𝑢𝑢(𝑓𝑓) = 𝑉𝑉𝑚𝑚 �
𝑓𝑓

𝑅𝑅0+𝑓𝑓
� , 0 ≤ 𝑓𝑓 < 𝑅𝑅0  (5) 

𝑉𝑉𝑢𝑢(𝑓𝑓) = 𝑉𝑉𝑚𝑚 �
𝑅𝑅0

𝑅𝑅0+𝑓𝑓
� ,𝑅𝑅0 ≤ 𝑓𝑓 < ∞  (6) 

The wind field generated by the typhoon model can only 
reflect the atmospheric conditions within a certain region and 
period. A background wind field covers the entire domain and 
for the period of interest. However, it could underestimate the 
intensity of typhoon. Therefore, a superposition of wind fields is 
necessary, where the typhoon wind field is considered inside the 
impact area of the typhoon, and the region outside this area is 
controlled by the background wind field. The superposition with 
the background wind filed by Climate Forecast System 
Reanalysis (CFSR)[8] allows for considering the complete 
atmospheric conditions in TELEMAC and TOMAWAC. 

B. Hydrodynamics  
The hydrodynamic conditions are computed by the modules 

TELEMAC-2D and TELEMAC-3D. The calculation of storm surge 
takes into account astronomical tides and meteorological effects 
in real time, namely the wind field and the pressure field under 
the effect of typhoon. The hydrodynamic conditions, such as 
water level and flow velocity, are obtained by solving the 
Reynolds-Averaged Navier-Stokes equations (3D) and the 
shallow-water equations (2D). 

C. Wave Propagation 
Using the TOMAWAC module, the calculation of wave 

transformation and propagation is based on the third-generation 
wave spectrum variance analysis method[9]. It considers the 
effect of wind, bottom friction, white capping, wave breaking, 
and non-linear transfers, and eventually calculates the wave 
elements such as the wave field and the wave action force caused 
by the typhoon. 

D. Sediment Transport 
The GAIA module allows the study of coastal sediment 

transport and morphological changes in the seabed. The van Rijn 
sediment transport formula[13] is used to compute the solid 
discharge. The slope effect formulation by Koch and 
Flokstra[14] is considered to compute the magnitude of 
sediment transport. Based on the hydrodynamic conditions and 
wave conditions generated by the modules briefly described 
above, the sediment transport process and seabed evolution are 
simulated[10]. 

III. MODEL CONSTRUCTION 

A. Study Area 
The study area is located in the east coast of China as shown 

in Figure 1, covering the China Yellow Sea and the East China 
Sea. The offshore wind farm is in the east of Jiangsu province 
and was built on the radial sand ridge in the South Yellow Sea. 

This radial sand is characterised by its complex morphology and 
tide conditions[5]. Thought abundant in wind power resources 
and favourable of a number of offshore wind farms, the area is 
constantly impacted by the presence of typhoon, especially 
during summer and autumn, which puts the wind farms into a 
risky situation. Strong variations of the seabed and scour could 
occur around the wind farm under storm surge caused by a 
typhoon. Thus, both the region around the wind farm and the 
areas around each pile foundation are to be studied.  

 
Figure 1. Study area of the multi-scale coupled model 

B. Grid Generation 
In this multi-scale coupled model, different meshes were 

used.  

The oceanic scale model is shown in Figure 1. It covers an 
area of approximately 960 km from north to south, 500 km from 
offshore to the coast. The model has 189257 elements, with the 
resolution ranges from 250 m to 10 km. This mesh is applied in 
simulations both in hydrodynamics and wave propagation. 

 In the wind farm scale model, with a computational domain 
of about 120 × 100 km2, two sets of grids are used. The mesh 
used for the hydrodynamics and morphodynamics simulation 
has 740669 elements, with typical edge length ranging from 500 
m to 2 km and refined to 5 m over an area of 100 × 100 m2 
around each pile. The mesh used for wave propagation 
simulations contains 36162 elements, with typical edge length 
varying from 500 m to 2 km. 

Finally, a refined mesh has been built at pile scale, consisting 
of a computational domain covering a squared-shape area of 100 
× 100 m2 around the pile, with resolution of 0.25 m at the wall 
of pile and 1 m on the boundary of mesh. The number of 
elements is between 30647 and 31175 as the diameter of piles 
changes. Additionally, a double precision format is adopted for 
each mesh. 

C. Model Setup 
1) General 

The bathymetry of the domain consists two types of sources: 
the GEneral Bathymetric Chart of the Oceans (GEBCO)[11] and 
the bathymetric field survey data around the piles. The tidal 
conditions forced on the boundaries are provided by the Oregon 
State University Tidal Prediction Model (TPXO9-atlas)[12]. 
The database Climate Forecast System Reanalysis (CFSR)[8] is 
used for the background wind field and the tropical cyclone 
track from National Meteorological Centre of China (NMC) is 
used for the typhoon model. The complete atmospheric 
conditions are read in TELEMAC-2D and shared with TOMAWAC 
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to generate waves. The reference cases in which the effect of 
typhoon is not taken into account are in the absence of 
atmospheric conditions. Given by in-situ measurements, the 
sediment is mainly composed of silt with a particle size of about 
0.25 mm, a porosity of 0.7, and a density of 1960 kg/m3. On each 
scale, the simulation period is the same 5 days when the typhoon 
passes over the study area. 

2) Oceanic scale model 
In the oceanic scale model, hydrodynamics and wave 

propagation are simulated by the coupling between TELEMAC-
2D and TOMAWAC. The TPXO tidal conditions are applied on 
boundaries. Wind and air pressure are considered in the 
simulations. In wave propagation simulation, various source and 
sink terms are considered, including wind, strong current, 
bottom friction, white capping, breaking and non-linear transfers 
between frequencies. The BAJ configuration is used to improve 
the performance of wave generation and dissipation. A set of 
coordinates within this oceanic scale and at the same time 
located on the offshore boundaries of the wind farm scale model 
are given to write the spectra which describe the wave states, the 
spectra will be imposed into the wave propagation simulation in 
wind farm scale. 

3) Wind farm scale model 
The wind farm scale model is used to compute the 

hydrodynamics, wave propagation and morphodynamics by a 
three-way modelling approach. Tidal and atmospheric 
conditions are applied by the same way as on the oceanic scale. 
The wave spectra obtained from the simulation in oceanic scale 
then are imposed at the offshore boundaries before the 
simulation of wave propagation. The same source and sink terms 
as those on the oceanic scale are considered. In the GAIA 
module, the van Rijn sediment transport formula is adopted. The 
evolution of seabed under storm surge in wind farm scale 
obtained is to be analysed. The hydrodynamic conditions that 
contain the flow velocity and water level for each pile 
foundation under the effect of a typhoon obtained in the wind 
farm scale model are transferred to the pile foundation scale 
model. 

4) Pile foundation scale model 
Hydrodynamics and morphodynamics coupled simulations 

are conducted for pile foundation in the local scale. The 
hydrodynamic conditions calculated in the previous wind farm 
scale model are extracted based on the pile foundation model, 
and the hydrodynamic conditions are imposed in TELEMAC-3D. 
The bathymetry of each pile foundation model is projected from 
the survey data of each scour pit. 20 layers are considered along 
the vertical direction. The k-epsilon model is adopted as the 
turbulence model for both the horizontal and vertical directions. 
The results of the evolution of scour pit obtained in pile 
foundation scale model is to be analysed. In this study, we focus 
on the results of foundation 1 and foundation 2 shown in 
Figure 8. 

D. Model validation 
The hydrodynamic state formed by tides and the influence 

of waves have a direct driving effect on the transport of 
sediment, and considering that typhoons can bring storm surges, 
quantitative analyse of the calculation error of the tide 
calculation is necessary. Therefore, two error parameters, mean 

error and root mean square error, are introduced to analyse the 
accuracy and rationality of the model calculation results. The 
two error parameters are calculated formulas: 

𝑀𝑀𝑒𝑒𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 = 𝐵𝐵𝐼𝐼𝑁𝑁𝑆𝑆 = 1
𝑛𝑛
∑(𝑥𝑥𝑚𝑚𝑖𝑖 − 𝑥𝑥𝑚𝑚𝑜𝑜) (7) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑞𝑞𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠 𝑒𝑒𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 = 𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸 = �1
𝑛𝑛
∑(𝑥𝑥𝑚𝑚𝑖𝑖 − 𝑥𝑥𝑚𝑚𝑜𝑜)2 

 (8) 

where, 𝑛𝑛 represents the quantity of data points, 𝑥𝑥𝑚𝑚𝑖𝑖  represents 
the modelled values, 𝑥𝑥𝑚𝑚𝑜𝑜  represent the observed values at the 
stations. 

 
Figure 2. Locations of stations A, B and C, unit in degree 

The tidal verification is based on the comparison between 
simulated and observed water level at station A, which is close 
to the study area, shown in Figure 2 in March 2021, which are 
compared and verified with the publicly available tidal data of 
this station. The model uses the TPXO Pacific Tidal Database as 
the input of tide. The calculated tidal water levels in Figure 3 
show a consistent period with the tidal data of station A. The 
tidal range and the high and low tide level correspond with the 
tidal data of station A, with mean errors of 0.184 m and root-
mean-square errors of 0.443 m. The model is capable of 
effectively reflecting the tidal dynamics of the marine area. 

 
Figure 3. Water level validation, station A, March 2021 

Figure 4 shows the comparison between simulated and 
measured significative wave height and mean period at the 
station B shown in Figure 2, in Jiangsu Province, in January 
2012. The values of the significant wave height match well, and 
the time series tendency of the significant wave height is 
consistent, with mean errors and root-mean-square errors being 
equal to -0.036 m and 0.158 m, respectively. The mean period 
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of wave is consistent with observation data with mean and root-
mean-square errors being equal to -0.390 s and 1.695 s, 
respectively.  

In summary, the comparison between the simulated and 
observed values confirms that this model is able to provide a 
relatively reasonable description of tidal and wave propagation 
of this area. 

 
(a) Significant wave height 

 
(b) Mean period 

Figure 4. Wave validation, station B, January 2012: (a) Significant wave 
height; (b) Mean period 

Verification of typhoon, storm surge and wave processes are 
based on the typhoon In-fa (No. 2106). The maximum wind 
velocity calculated by the typhoon model is close to 35 m/s, 
which is consistent with the meteorological data recorded. As 
shown in Figure 5, a comparison of the simulated and observed 
tide level of storm surge processes before and after the passage 
of typhoon In-fa at station C. Figure 5 shows a significant 
increase in water level when the typhoon made landfall on July 
25, 2021 and the simulated tide level is in good agreement with 
the measured tidal level. From the Figure 6, it is observed that 
both the wave field calculated by the model and the significant 
wave height are consistent with the changes in wind field 
intensity (vector arrows) and the movement path of the typhoon. 
The comparison and verification of the above data indicate that 
the model has the ability to describe satisfactorily the physical 
processes of hydrodynamics and wave propagation in the sea 
area affected by typhoons, and thus these factors can be 
considered in the sediment transport simulations. 

 
Figure 5. Storm surge validation, station C, during the passage of the typhoon 

In-fa 

 
Figure 6. Wave field during typhoon In-fa 

IV. TYPHOON SCENARIO 
In this study, the multi-scale coupled simulations were 

conducted with the scenario of typhoon Muifa (No. 2212). The 
National Meteorological Centre of China identified Typhoon 
Muifa as having formed in the northwest Pacific Ocean on the 
morning of September 8th 2022, gradually gaining strength. It 
was later identified as having made landfall on Zhoushan, 
Zhejiang (East coast of China) on the evening of September 14th, 
as a strong typhoon, then headed northwest and it gradually 
degraded into a tropical storm. On the evening of September 
16th, typhoon Muifa stopped being numbered by the National 
Meteorological Centre of China. Muifa became the first typhoon 
to land in East China in 2022 as well as the strongest one. The 
maximum wind velocity near the centre of typhoon Muifa 
reached level 14 (42 m/s), and the lowest central pressure was 
960 hectopascals. It brought significant strong winds and rains 
to East China and Northeast China. Figure 7 shows the track of 
typhoon Muifa. A set of reference cases without typhoon were 
simulated in the absence of meteorological conditions at the 
same period. The locations to be focused on in the study are 
shown in Figure 8. 

 
Figure 7. Track of the passage of the typhoon Muifa 
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V. RESULTS AND DISCUSSION 

 
Figure 8. Locations and references of the study area, E: East side of wind 

farm, W: West side of wind farm, 1: Foundation 1, 2: Foundation 2, Red line: 
study profile. 

A. Storm Surge under Typhoon 
Simulations were conducted from 11th to 16th September 

2022, and the typhoon Muifa passed over the study area at the 
90th to 110th hour of the simulation. The water level was 
extracted at two locations situate respectively at east and west of 
the wind farm and denoted as E and W in Figure 8. The rise of 
water level was obtained by differencing the water level under 
storm surge by the reference water level in the absence of 
atmospheric conditions. the curves in Figure 9 show the rise of 
water level under storm surge at east and west of the wind farm. 
The rises of water level at the two locations increases as the 
typhoon gets closer and reaches the maximum value over 1 
meter at around 95 h, then with the departure of typhoon, the rise 
of water level drops below zero with the minimum value of -
0.41 m at 103 h at the west side of the wind farm. 

 
Figure 9. Rise of water level under storm surge during the passage of the 

typhoon Muifa 

B. Wave Conditions under Typhoon 
Figure 10 shows the effect of typhoon Muifa on the wave 

propagation (wave height, mean period and mean direction). 
The maximum wave height can reach 2.6 m at the east side of 

the wind farm, while at the west side the maximum wave height 
is around 1.5 m as the water is shallower. The evolution of mean 
period increases from approximately 3 s in normal state to 6-7 s 
when the typhoon approaches. Before the storm approaches, the 
wave direction is close to 250 deg, and it turns out to be around 
the direction of 50 deg under the effect of cyclone track and wind 
direction. The higher wave height infers the higher energy of 
water, where greater forces and more violent hydrodynamic and 
wave conditions present.  

(a) Significant wave height 

(b) Mean period 

(c) Mean direction 
Figure 10. Effect of typhoon Muifa on wave propagation: (a) significant wave 

height; (b) mean period; (c) mean direction. 

C. Effect of Typhoon on Seabed Evolution 
The evolution of seabed is computed by internal coupling of 

hydrodynamics-wave-sediment computations with TELEMAC-
2D, TOMAWAC and GAIA. The results with/without the effect of 
typhoon are compared. 

Figure 11(a) shows the bed evolution under the effect of a 
typhoon at 120 h, where the colour red refers to the increase of 
seabed and the colour blue refers to decrease of seabed. Some 
differences are observed between the cases with typhoon and 
without typhoon (Figure 11(b)), where the increase and decrease 
took place at similar locations. The layer of seabed evolution 
with typhoon differenced by the layer without typhoon at 120 h 
is shown in Figure 12. The presence of the typhoon influences 
both the sediment erosion and deposition of the seabed in the 
study area. The difference in bed evolution is generally limited 
within ±0.5 m comparing with the case without the effect of a 
typhoon. Table I indicates that 99.98% of the domain has the 
difference of bed evolution between -1 and 1 meter with/without 
typhoon, and the difference of bed evolution within ±0.5 m 
covers 99.77% of the area. 
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(a) With typhoon 

 
(b) Without typhoon 

Figure 11. Bed evolution at 120 h 

 
Figure 12. Difference of bed evolution with/without the passage of the 

typhoon at 120 h 

Table I Area ratio within range of the difference of bed evolution  

Difference of Evolution (m) ±1 ±0.5 ±0.25 

Ratio of area (%) 99.98 99.77 97.92 

 

To better understand the impact of typhoon on sediment 
transport, the solid discharge is studied along the slice crossing 
the wind farm as shown in Figure 8. At 95 h, the position of 
cyclone is the closest to the study domain and Figure 13 shows 
that the effect of typhoon facilitates greatly the transport of solid. 
The solid discharge increases up to 21 kg/s under the effect of 
typhoon while it is lower than 6 kg/s at the absence of typhoon.  
As mentioned above, the higher energy of water, the greater 
forces and more violent hydrodynamic and wave conditions 
present, enhancing the transport of sediment and the migration 
of the seabed. 

 
Figure 13. Solid discharge along the profile indicated in Figure 8 at 95 h 

D. Effect of Typhoon on Local Scour  
The initial bathymetry and the evolution of local scour 

around the pile foundation are considered from a field survey 
performed in the study area, with resolution of 2.5 m. In this 
study, the results of two pile foundations are discussed. 

Figure 14(a) and (b) show the difference of bed evolution of 
foundation 1 and 2 with/without typhoon with time, 
respectively. It is found that both the increase and decrease of 
morphology were enhanced under the effect of typhoon, 
especially the area close to the pile. 
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(a) Foundation 1 (b) Foundation 2 

Figure 14. Difference of foundation bed evolution with/without typhoon at 
different times 

Figure 15 shows the comparison of the scour maximum 
depth evolution with or without typhoon. Before 60 h, as the 
tropical cyclone is far from the piles, the evolutions of scour are 
basically the same for the 2 scenarios. During 60 h and 100 h, 
the typhoon approaches and its impact starts to take effect. The 
depth of scour pit has increased up to 0.47% for foundation 1 
and 0.06% for foundation 2. At around 95 h, when the typhoon 
is passing through the site, the depth of scour pit with typhoon 
experiences a rapid swich of state, which agrees with the 
difference of bed evolution shown in Figure 14. After the 
passage of typhoon at 95 h, the difference of bed evolution is 
less significant. 

 

 
(a) Foundation 1 

 
(b) Foundation 2 

Figure 15. Evolution of scour pits depth and radius with/without typhoon, see 
profile location in Figure 8 

VI. CONCLUSION 
The investigation on the sediment transport under storm 

surge is numerically carried out for seabed of wind farm and the 
scour of pile foundations, based on the multi-scale coupled 
simulations using the modules TELEMAC-2D, TELEMAC-3D, 
TOMAWAC and GAIA. Numerical results were compared with a 
set of typhoon-free reference cases. During the passage of 
typhoon Muifa, meteorological conditions have led to an 
increase in water in the study area. Changes in the wave 
conditions were caused by the typhoon. Both the increase 
(sediment deposition) and the decrease (sediment erosion) of the 
seabed are facilitated by the effect of typhoon-induced storm 
surge, while they are generally limited within 0.5 m due to the 
short duration of action. Hydrodynamic and wave conditions 
have strengthened solid transport during the typhoon period. The 
influence of storm surge on the evolution of the scour is mainly 
concentrated on the zone close to the pile, affecting the depth of 
the local scour. Although the difference is slight compared to 
cases without a typhoon, the rapid impact could be risky for the 
long-term safety of the wind farm. Therefore, the long-term 
trends in sediment transport for offshore wind farms need to be 
studied in further research.  
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Abstract – The wide continental shelf of the Southwest Atlantic 
Ocean receives substantial continental freshwater discharge and 
suspended sediment from Rio de La Plata and Patos Lagoon 
estuaries, which define its sedimentary behavior. Although the 
overall distribution has predominantly sandy deposits, the 
mudbelt connecting Brazil and Uruguay is an important bottom 
feature still poorly understood. Our work investigates the 
contribution of suspended sediment from each basin to the 
deposition and erosion patterns observed in the area, as well as the 
impact of extreme events in the observed patterns. We employ the 
GAIA morphodynamic model coupled to the hydrodynamic 
module TELEMAC-3D and the wave module TOMAWAC, of the 
open TELEMAC-MASCARET system. The models are forced by 
river discharge and sediment in suspension in the continental 
liquid boundaries, wind data at the air-water interface, currents, 
tides, and wave spectra at the offshore liquid boundary, and have 
been fully calibrated and validated. Preliminary results of a 75-
days long simulation in winter conditions indicate that suspended 
sediments from Rio de La Plata can spread over the southern coast 
of Brazil during intense storms, but the wave action limits this 
spreading by constricting the plume closer to the estuarine area. 
The spreading of the Patos Lagoon plume was also constricted by 
the wave action, with lower peaks of sediment in suspension 
associated with wave heights higher than 2 m. Further long-term 
simulations will contribute to the identification of the role of each 
different forcing and will improve the understanding of present 
deposition patterns and provide resources for adaptation to future 
climate changes. 

Keywords: Suspended sediment transport, hydrodynamic, inner 
shelf, wave-induced current. 

 

I. INTRODUCTION 
Coastal and transitional waters connect continental and 

oceanic systems in the river-estuary-ocean continuum. The 
flows exhibit complex responses to anthropogenic pressures and 
climate changes, which overlap with the natural variability of 
the systems. Globally, human activities related to land use and 
dam construction, as well as climate changes, have rapidly 

altered the flow of freshwater and sediment from rivers to the 
ocean [1,2,3]. 

The Southwest Atlantic Ocean Continental Shelf (SWACS) 
(figure 1) is strongly influenced by river discharge, particularly 
from the plumes of the Rio de La Plata and Patos Lagoon. In the 
drainage basins of these systems, there have been predominantly 
increasing trends in both discharge and suspended sediment 
concentration [4] for the period that measurements are available 
(~1940 – present), and a shift towards a wetter hydrological 
regime [5]. The increased suspended sediment concentration in 
rivers of the Southern Hemisphere is linked to expansion of the 
agricultural activities and to increasing precipitation rates, 
which enhances soil erosion in the river basins. Besides changes 
in freshwater and sediment input, other significant forcing 
factors for sediment dynamics, such as increased wind velocity 
[6,7] and wave energy [8], have also occurred. Wave action is 
an important factor in sediment dynamics, especially during 
storm conditions, at depths of up to -120 m [9,10]. 

In this context, where most of the forcings that influence the 
sediment dynamics are changing, it is expected that the sediment 
dynamics are also being impacted by anthropogenic activities 
and climate changes. Therefore, it is essential to apply modeling 
systems that simulate hydrodynamic, morphodynamic, and 
wave processes in a coupled manner to represent the effects of 
these changes on sediment dynamics. In this article, we present 
the first insights on how the wave action changes the currents 
near the coast, and the dynamics of cohesive sediment in 
suspension in the study region. 

 

II. METHODS 
The numerical domain comprises the SWACS, between 28°S 
and 40°S, and the Rio de La Plata and Patos Lagoon estuaries. It 
has a total of 46043 nodes for each horizontal plane, and 11 
vertical levels equally spaced in sigma coordinates. The 
horizontal resolution is of 250 m by the coast and increases 
progressively to 5000 m, at the continental shelf break. Near the 
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jetties the spatial resolution is set to 50 m, and 150 m in the 
estuarine zones.     

Bathymetry data was obtained from nautical charts, GEBCO 
and previous surveys conducted by the Laboratorio de 
Oceanografia Costeira e Estuarina and the Laboratorio de 
Oceanografia Geologica of the Universidade Federal do Rio 
Grande. The location and composition of the bottom deposits 
were obtained from [11].  

Both suspension and bedload transport are simulated in this 
study. Two classes of cohesive sediment (COH1 and COH2) and 
two classes of fine sand (NCOH1 and NCOH2) are taken in 
consideration for suspension. COH1 and NCOH1 classes are 
imposed at the Río de La Plata tributary, whereas COH2 and 
NCOH2 are imposed at the Patos Lagoon tributaries. For the 
bottom deposits, 2 states of consolidation of mud on the bottom 
are considered for modern and relict mud deposits, with 3 mud 
layers with τe = 0,015 Pa, 0,15 Pa and 1,5 Pa.  

Current velocity, salinity and temperature were imposed in 
the oceanic northern and southern boundaries of the mesh. 
uTidak harmonics were obtained from the TPXO model (version 
7.2) to force current velocities, whereas salinity and temperature 
fields were obtaied from HYCOM. Wave average period, 
significant height and average direction were obtained from 
ERA-5 and imposed at the oceanic boundaries. The wind action 
was imposed using ERA-5 hourly data. Freshwater discharge 
time series from Rio de La Plata and the main tributaries of Patos 
Lagoon were used to force the continental liquid boundaries. 

 

Figure 1. Map of the study site, showing the numerical domain and 
bathymetry and the location of Río de La Plata and Patos Lagoon. The circles 

P1, P2 and P3 indicate the sites where time series were extracted, and the 
squares indicate the calibration and validation sites. 

The open TELEMAC-MASCARET software has been 
previously employed in the study area and extensively calibrated 
and validated for the Patos Lagoon and Rio de La Plata estuary 
and the adjacent continental shelf. We adopted a 
parameterization similar to that used by [12,13] and [9]. A 

further calibration exercise was conducted for the coefficient of 
wind influence, by comparing simulated and observational times 
series of the current velocity components u and v, in the site 
indicated as CAL in Fig. 1. Current velocity obtained in the site 
indicated as VAL were used to validate the model results.  

The hydrodynamics, waves and morphodynamics were 
simulated first by coupling the TELEMAC-3D and GAIA 
modules (simulation HM). Subsequently a new simulation was 
performed with TELEMAC-3D, GAIA and TOMAWAC fully 
coupled (simulation WHM).  Both simulations were carried out 
considering the same boundary conditions, covering the period 
01 July 2006 to 15 September 2006. 

 

III. RESULTS 
 

A. Calibration and validation of the model 
 

The coefficient of wind influence was tuned by comparing 
modeled time series of the u and v components of currents at 
surface (-3 m) and bottom (-10 m) with current data measured 
in the site indicated as CAL (see fig 1). Nine simulations were 
carried out using different coefficients, and the best 
combination of RMSE, R and Bias was achieved by the one 
using the coefficient varying with velocity (according to the 
Institute of Oceanographic Sciences - United Kingdom 
formula). The values of RMSE = 0.1, R = 0.74 and Bias = 0.01 
obtained are comparable to those obtained by [12,13] for the 
SWACS. The validation was performed at the site indicated as 
VAL (Fig. 1), by comparing current velocity measured data 
with modeling results, resulting in RMSE = 0.3, R = 0.73 and 
Bias = 0.04. 
 

B. Spatial patterns of currents and SSC 
 

Figures 2 and 3 show the temporal average of the fields of 
currents, and cohesive suspended sediment concentration in the 
study area respectively, obtained by the HM simulation. Figures 
4 and 5 present the temporal average of the fields of currents, 
and cohesive suspended sediment concentration obtained by the 
WHM.  

Results indicate that waves influence the vertically-
averaged currents, especially near the mouth of the Patos 
Lagoon estuary. There, the average velocities are reduced and 
the direction is slightly modified. Directly beside the jetties, the 
current directions are turned toward the coast, whereas the 
waves turn the directions more toward north far from the coast. 
Regarding the average distribution of cohesive sediments, the 
WHM results show that the wave action limits the spreading of 
the sediment plumes. The concentration of suspended cohesive 
sediments is reduced along the coastline in the WHM 
simulation, compared with the HM simulation results, whereas 
the concentration is increased in both estuarine zones.  
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Figure 2. Average fields of velocity for the entire study area (upper pannel) 

and for the vicinity of the Patos Lagoon estuary mouth (lower pannel), 
obtained by the simulation HM. 

 

 
Figure 3. Average field of cohesive suspended sediment concentration 

(SSC) obtained by the simulation HM. 

 
Figure 4. Average fields of velocity for the entire study area (upper pannel) 

and for the vicinity of the Patos Lagoon estuary mouth (lower pannel), obtained 
by the simulation WHM. 

 

 

Figure 5. Average field of cohesive suspended sediment concentration (SSC) 
obtained by the simulation WHM. 
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C. Temporal behaviour of currents, SSC and bottom shear 
stress associated with the  wave action 
 
Time series of the current velocities, SSC, bottom shear 

stress and bottom evolution were extracted at the locations P1, 
P2 and P3 (see Fig. 1), to investigate their temporal behaviour. 
P1, P2 and P3 are located on the -20 m isobath, and equally 
spaced between the Rio de La Plata and Patos Lagoon estuaries 
mouths. Considering that the Rio de La Plata plume spreads 
predominantly to the north, and that the Patos Lagoon plume 
spreads predominantly to the south, this is expected to be the 
region with highest SSC.   

P1 presented a net evolution of -0.15 m, whereas P2 -0.125 
m and P3 0.025 m. Figures 4, 5 and 6 present the time series of 
bottom shear stress, total suspended sediment concentration, u 
component of current velocity and v component of current 
velocity, in P1, P2 and P3 respectively. Bottom shear stress 
increases in all locations in the WHM simulation, and more 
pronouncedly at P2.  

Figure 9 presents the wave height (WSH), period (WPP) and 
direction (WMD), and the radiation forces in x and y directions 
(X-RF and Y-RF), extracted for each location (P1, P2 and P3). 
The wave results indicate that events with higher waves were 
more frequent after the end of July, and implied in higher 
radiation force peaks in both directions. During most of the 
time, the wave directions are similar in P2 and P3. However, 
the long jetties in the Patos Lagoon mouth causes wave 
diffraction, which causes modifications in the wave direction in 
P3.  

  

 
Figure 6. Time series of bottom shear stress (A), SSC (B), W-E current 
velocity (C) and S-N current velocity (D) extracted at P1, from the HM 

(black) and WHM (grey) simulations 

 
Figure 7. Time series of bottom shear stress (A), SSC (B), W-E current 
velocity (C) and S-N current velocity (D) extracted at P2, from the HM 

(black) and WHM (grey) simulations 

 
Figure 8. Time series of bottom shear stress (A), SSC (B), W-E current 
velocity (C) and S-N current velocity (D) extracted at P3, from the HM 

(black) and WHM (grey) simulations 
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Figure 9. Time series of wave height (WSH), period (WPP) and direction 
(WMD), and the radiation forces in x and y directions (X-RF and Y-RF), 

extracted  in P1, P2 and P3.  

The temporal behaviour of SSC suggests that the wave-
induced currents counteracts the currents generated by wind, 
tide and river discharge. P1 is closer to the Rio de La Plata 
estuary, and presents higher SSC in the WHM simulation, 
despite that the velocities are not reduced. However, current 
velocities are lower in the WHM simulation in P2, and SSC are 
higher when compared to the HM simulation. This behaviour 
indicates that the Rio de La Plata plume is constricted by the 
wave action.  

In P3, the lower SSC peaks in the WHM simulation is 
associated with wave heights larger than 2 m, occurring after the 
end of July (late winter), whereas lower SSC are observed 
during July (early winter). This temporal behaviour indicates 
that the SSC plumes are constricted towards the coast with 
higher waves.   

 

IV.  DISCUSSION AND CONCLUSIONS 
The results of these 75-days simulations showed that the 

wave action limits the spreading of the suspended sediment 
coastal plumes in the SWACS. The smaller current velocities 
and the slight deflection of their directions towards the coast in 
the WHM simulation resulted in lower SSC along the inner 
continental shelf, and higher SSC in the estuarine zones. The 
wave-induced current dams the continental discharge towards 
the coast, preventing the export of larger loads of fine suspended 
sediments.   

Few studies have approached the effects of gravity waves on 
the behaviour of coastal plumes. [14] similarly observed that 
small scale freshwater plumes are constricted near the shoreline 
by the wave action, keeping the coastal plume within the surf 
zone, in Southern California. For the Columbia River plume, 
[15] showed that the wave action displaced the coastal plume in 
the wave propagation direction.      

Apart from the direct effect that the radiation force implied 
by the wave action causes in the purely hydrodynamic-driven 
currents, it is important to note that lateral density gradients in 
the plume front are also disturbed by the waves. Such gradients 
are one of the forcings that cause plume expansion [16], and the 
extra mixing provided by wave action may reduce the lateral 
gradients too. However, further analyses are required to better 
address this effect. 

The mesh horizontal resolution adopted in this study allows 
for the general representation of the wave-induced currents and 
wave-currents interactions in a regional spatial scale.  However, 
finer spatial resolution is required to investigate the formation 
and evolution of bed forms, deposits and processes that occur 
at smaller spatial scales. Moreover, longer simulation periods 
are required to address the role of waves on the morphodynamic 
processes.  

The first evaluation of the coupled TELEMAC-3D, 
TOMAWAC and GAIA showed that waves impact the current 
fields in the study area, resulting in a slight shift in the current 
directions towards the coast and regions with reduced 
velocities. Such changes impacted the behaviour of the Rio de 
La Plata and Patos Lagoon suspended sediment coastal plumes, 
causing reduced spreading of both plumes over the continental 
shelf during winter conditions. These preliminary results 
contribute to the implementation of a modelling framework that 
will allow simulating long-term patterns and trends of sediment 
transport, including erosion and deposition rates in the study 
area, taking into consideration the role of currents driven by 
wind, density, tides and waves. 
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Abstract – The numerical morphodynamic model GAIA predicts 
bed changes due to hydrodynamics by means of empirical sand 
transport formulae. The physical transport processes in the near 
shore, particularly the wave related processes, which are 
important during storms, are still poorly represented by the 
majority of the available transport formulae. Wave related 
processes become important in shallow waters, where currents are 
relatively small and waves undergo shape changes. As a 
consequence of the lack of wave related processes in the sand 
transport formulae, sand bar formation and migration cannot  be 
modelled yet in TELEMAC. To address this, wave related 
transport processes were implemented in GAIA using the semi-
unsteady sand transport formula of [11], known as the SANTOSS 
formula. The novelty of this formula, compared to  other existing 
sand transport formulae in GAIA, is that SANTOSS calculates the 
sand transport rate accounting for wave non-linearity without the 
need of a phase-resolving wave model. The formula, implemented 
in a fully coupled 2D model (TELEMAC2D-TOMAWAC-GAIA), 
was tested against in situ measurements, showing good agreement 
with the measurements. 

Keywords: Near-shore processes, Wave-induced transport rate, 
Wave skewness. 

I. INTRODUCTION 
Understanding and prediction of sand transport driven by 

waves and currents is fundamental to predict changes in the 
coastline, or seabed, in response to the impact of human activity 
or meteorological events such as storms. Coastal practitioners 
use large-scale morphodynamic models such as GAIA  [10] to 
predict bed changes due to hydrodynamics by means of 
empirical sand transport formulae. However, the nearshore 
physical transport processes, particularly the wave related 
processes, are still poorly represented by the majority of the 
available transport formulae. Wave induced transport processes 
become important during storm events, particularly in shallow 
waters where currents are relatively weak and wave skewness 
generates a net transport rate. As a consequence of the lack of 
wave related processes in the sand transport formulae, sand bar 
formation and migration cannot at present be accurately 
captured using GAIA. 

Semi-unsteady practical formulae improve the capability of 
numerical models to include wave-related transport processes. 
These are based on the “half-cycle” concept of [1] which 
considers separately the processes of entrainment, transport, and 
settling of the sand particles during each half-cycle. By doing 
so, the formulae calculate the amount of sand transported during 
each half-cycle, accounting for the sand carried over from one 

half-cycle to the next because of phase-lag effects, resulting in 
net transport either with or against the wave direction depending 
on the size and asymmetry of the waves. 

Here, the semi-unsteady sand transport formula of [11], 
known as the SANTOSS formula, is implemented in the coupled 
GAIA morphological module of the TELEMAC system. The 
performance of the implementation was assessed against in-situ 
transport rate measurements using a real world test case. 

II. WAVE DRIVEN SAND TRANSPORT  

A.  Definition of wave skewness and asymmetry. 
Waves propagating toward shores change shape. In deep 

waters, waves are generally symmetrical and sinusoidally 
shaped. Travelling towards the shore, wave celerity and 
wavelength decrease while wave height increases. This process, 
called wave shoaling, leads to steeper wave crests of short 
duration and longer duration flatter wave troughs. These 
changes in wave shape are mirrored in the orbital velocities 
beneath the water surface (Figure 1).  

 

Figure 1. Change in orbital flow for waves in different water depths. 

Figure 1 shows hypothetical near-bed orbital flow velocities 
over the wave period, for a wave travelling towards shore. In 
deep water the orbital flow is very small with the flow-crest 
period very similar the flow-trough period. As the wave 
propagates into shallower water the shoaling effect causes the 
two half-cycles to differ. The flow crest has a shorter duration 
with a large crest velocity (umax), while the trough half cycle has 
a longer duration but smaller (negative) velocities (umin). This 
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effect is more evident for a wave in shallow waters. This 
difference in maximum half-cycle velocities is often referred to 
as velocity skewness (Sk), which can be calculated as follows: 

 𝑆𝑆𝑘𝑘 = 𝑢𝑢𝑠𝑠𝑜𝑜𝑥𝑥    
𝑢𝑢𝑠𝑠𝑜𝑜𝑥𝑥+𝑢𝑢𝑠𝑠𝑖𝑖𝑜𝑜

  (1) 

In addition, as the wave height increases during shoaling, waves 
become progressively more forward leaning until they become 
too steep and break. This forward leaning of the wave during the 
wave crest leads to a shorter “acceleration” time between flow 
reversal and maximum velocity (Tcu) compared to the 
“deceleration” time between umax and subsequent flow reversal 
(Tc -Tcu). The opposite happens under the wave trough where it 
now takes longer to reach maximum (negative) velocity. This 
difference in acceleration duration between the two half-cycles 
is referred to velocity asymmetry. 

B. Sand bed response to orbital flow 
Sand particles on the seabed start moving and generate 

transport when the mobilising force on a particle due to the bed 
shear stress exceeds the stabilising force due to gravity, often 
parameterised using the Shields formula [8] written as: 

 𝜃𝜃 =  𝜏𝜏𝑏𝑏 
(𝑚𝑚−1)𝜌𝜌𝑔𝑔𝑢𝑢50

  (2) 

where 𝜏𝜏𝑏𝑏 is the bottom shear stress, s is the ratio of sand and 
water density, ρ is the water density, and d50 is the median sand 
size. According to [6], rolling grain ripples grow in size until 
equilibrium is reached with the flow, generating vortex ripples 
for 0.05<θ<0.8. Sand transport over rippled beds occurs mainly 
through vortex-ejection, which for sinusoidally reversing flow 
conditions can be briefly described as follows. As the flow 
accelerates over the rippled bed, a small vortex begins to form 
and grow on the lee side entraining sand from the ripple trough 
and lee side (Figure 2); at the time of flow reversal (B) the sand 
laden vortex moves over the ripple lee side and gets ejected into 
the flow. When the flow changes direction, the vortex moves 
over the ripple and dissipates in the flow. As a consequence, 
water flows between the ripple crest and the departing vortex 
causing erosion of the ripple side (C). 

 

Figure 2. Vortex-ejection transport process over a rippled bed. Sand 
particles are not drawn to simplify the sketch. 𝜆𝜆 is the ripple length defined 

as the distance between two successive crests and 𝜂𝜂 is the ripple height 
defined as the distance between the crest and the trough. The horizontal 

arrows represent the orbital flow direction and magnitude 

As the flow accelerates in the negative direction the vortex 
dissipates in the flow while the suspended sand particles are 
transported and another vortex forms on the stoss side of the 
ripple (D). For sinusoidal orbital flows the vortex generation and 
ejection process are identical for the two half-cycles, hence the 
wave-averaged or “net” sediment transport is zero. For velocity 
skewed flows, however, the hydrodynamics are different in 
magnitude and duration during the two half-cycles which 
generates an asymmetry in vortex processes between the two 
sides of the ripple resulting in a non-zero net transport rate.  

For energetic orbital flows, θ> 0.8, the ripples are washed 
away and the sand is transported in a thin, high concentration, 
layer near the bed, called sheet-flow. Coarse sand in sheet-flow 
layers show a positive (in the direction of the flow crest) net 
transport rate, because their concentration is in phase with the 
orbital flow. Fine sands (d50<0.2 mm) are usually entrained high 
into suspension during the first high velocity half-cycle and, 
owing to their small settling velocity, they remain in suspension 
to be transported in the opposite direction to the crest during the 
second half-cycle. The changes in suspended concentrations of 
fine sands typically `lag' behind the maximum orbital velocity. 
This so-called phase-lag effect is responsible for reducing the 
net transport rate of finer sands, or even reversing the net 
transport against the direction of the wave crest [2]. 

III. A NEW SEMI-UNSTEADY FORMULA IN GAIA 

A. The SANTOSS formula 
The semi-unsteady sand transport formula of [11], known as 

the SANTOSS formula, is implemented in GAIA. The 
SANTOSS formula reads as follows: 

Φ =
�𝜃𝜃𝑐𝑐𝑇𝑇𝑐𝑐�Ω𝑐𝑐𝑐𝑐+

𝑇𝑇𝑐𝑐
2𝑇𝑇𝑐𝑐𝑐𝑐

Ω𝑐𝑐𝑐𝑐�
𝜃𝜃𝑐𝑐

|𝜃𝜃𝑐𝑐|+�𝜃𝜃𝑡𝑡𝑇𝑇𝑡𝑡(Ω𝑡𝑡𝑡𝑡+
𝑇𝑇𝑡𝑡

2𝑇𝑇𝑡𝑡𝑡𝑡
Ω𝑡𝑡𝑡𝑡) 𝜃𝜃𝑡𝑡�𝜃𝜃𝑡𝑡�

𝑇𝑇
 (3) 

where Φ = 𝑞𝑞𝑚𝑚/�(𝑜𝑜 − 1)𝑔𝑔𝑚𝑚503  is the non-dimensional transport 
rate, 𝜃𝜃𝑖𝑖 (with i=c for the flow crest and i=t for the flow trough) 
is the wave half-cycle Shields parameter generated by the 
combined waves and current hydrodynamics; Ωii represents the 
sand load entrained and transported during the i half-flow cycle; 
and the terms Ω𝑖𝑖𝑗𝑗  represent the sand load entrained during the i 
half-flow cycle, and transported during the following j half-flow 
cycle. The sand loads are calculated as follows: 

 Ω𝑖𝑖 = �11(|𝜃𝜃𝑖𝑖|− 𝜃𝜃𝑐𝑐𝑓𝑓)1.2     if  𝜃𝜃𝑖𝑖 > 𝜃𝜃𝑐𝑐𝑓𝑓 
0                                  if  𝜃𝜃𝑖𝑖 ≤ 𝜃𝜃𝑐𝑐𝑓𝑓   (4) 

where 𝜃𝜃𝑐𝑐𝑓𝑓 is the critical Shields parameter. While the sand 
load Ω𝑖𝑖𝑖𝑖  and Ω𝑖𝑖𝑗𝑗  are calculated as follows: 

 Ω𝑖𝑖𝑖𝑖 = �
Ω𝑖𝑖                                  if  𝑃𝑃𝑖𝑖 ≤ 1 
1
𝑃𝑃𝑖𝑖
Ω𝑖𝑖                              if  𝑃𝑃𝑖𝑖 > 1   (5) 

 Ω𝑖𝑖𝑗𝑗 = �
0                                  if  𝑃𝑃𝑖𝑖 ≤ 1 
�1 − 1

𝑃𝑃𝑖𝑖
�Ω𝑖𝑖                 if  𝑃𝑃𝑖𝑖 > 1   (6) 

With 𝑃𝑃𝑖𝑖 the phase lag parameter: 
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 𝑃𝑃𝑖𝑖  = 8.2 �1−1.7 𝑢𝑢𝐶𝐶� 
𝑐𝑐𝑤𝑤

� 𝑓𝑓𝐶𝐶
2(𝑇𝑇𝐶𝐶−𝑇𝑇𝐶𝐶𝑖𝑖)𝑤𝑤𝑜𝑜

        (7) 

Where 𝑐𝑐𝑤𝑤 is the wave celerity, (1 − 1.7 𝑢𝑢𝚤𝚤� )/𝑐𝑐𝑤𝑤 accounts for the 
influence of horizontal sand advection by progressive wave, and 
𝑓𝑓𝑖𝑖/2(𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑖𝑖𝑖𝑖)𝑤𝑤𝑚𝑚 represents the ratio between the half-cycle sand 
stirring height, r i, and the settling distance within the half-cycle. 
The sand stirring height is the ripple height or the sheet-flow 
layer thickness depending on the regime of transport. 

The novelty of this formula and its implementation, 
compared to all other existing sand transport formulae currently 
in GAIA, is that it calculates the sand transport rate in the 
direction of the combined wave and current velocity, taking into 
account the maximum velocities of both wave crest and trough. 
Moreover, the formula accounts for the estimated wave 
skewness in orbital flow without the need of a phase-resolving 
wave model. The formula accounts for wave induced sand 
transport processes such as: (i) phase-lag between the sand 
concentration and the flow velocity, which is important for 
rippled beds and fine sands in sheet-flow conditions, (ii) wave 
non-linearity effects such as wave skewness and asymmetry, 
(iii) the effects of boundary layer streaming and (iv) sand 
advection effects (i.e. transport in the wave direction for 
symmetric waves). 

B. Implementation in GAIA 
Morphodynamic changes can be predicted with the 

TELEMAC-MASCARET morphodynamic suite, so-called 
GAIA [10]. In GAIA numerical simulations of sediment 
transport processes in rivers, coastal seas and transitional waters 
can be performed by integrating several modules accounting for 
different physical mechanisms, acting according their 
characteristic time response. In GAIA the influence of the waves 
on sediment transport is accounted for in the transport formulae 
using the wave orbital velocity Uw [10]. The transport formulae 
currently implemented in GAIA are mostly “quasi-steady” 
transport formulae which assume that the suspended sand 
concentration is in phase with the flow, and hence ignore any 
phase-lag effects. This approach performs well for coarse 
sediments and tidal current dominated hydrodynamics. 
However, these formulae do not perform well for fine sands and 
wave dominated hydrodynamics.  

Using a semi-unsteady formulae would be an improvement 
in such situations because the amount of sand transported during 
each wave half-cycle is accounted for (as explained in the 
previous section). As well as dealing with fine sands and wave-
dominated hydrodynamics, semi-unsteady formulae also 
perform well for coarse sand in tidal dominated hydrodynamics. 
It should be noted that GAIA does include an implementation of 
the Dibajnia & Watanabe formula [1], which is semi-unsteady, 
but the direction of the transport is presently forced in the 
direction of the currents. Furthermore, the formula of Dibajnia 
& Watanabe does not account for flow acceleration nor for 
horizontal sand advection by progressive wave (i.e., 
symmetrical waves do not produce a net transport rate according 
to the formula of Dibajnia & Watanabe).  

Because the only functioning sand transport formulae available 
in GAIA are quasi-steady, the accuracy of morphodynamic 

simulations is presently limited in coastal situations where the 
hydrodynamics are wave dominated, especially during storms.  

To improve GAIA’s capability to predict morphodynamic 
changes in coastal areas, the formula of [3] was implemented to 
calculate the orbital flow timeseries. A key advantage of how 
this formula has been implemented is that it uses  common wave 
spectral parameters to determine the orbital flow skewness and 
hydrodynamics. An example of near bed orbital flow generated 
with the formula of [3] can be seen in Figure 1. This removes 
the requirement to couple GAIA with a phase-resolving wave 
model and hence could potentially allow the formula to be 
applied to very large scale morphological models with minimal 
computational overhead. The current authors could find no other 
2DH model in the literature which applies this methodology. 

SANTOSS uses this information on wave orbital flow 
hydrodynamics, together with the depth-averaged current 
velocities calculated by TELEMAC2D, to calculate the 
transport rates. 

IV. SANTOSS PERFORMANCE 

A. Application to Poole and Christchurch bays 
To test the capability of the SANTOSS formula, HR 

Wallingford’s model of Poole and Christchurch bays, described 
in [4], was adopted. The main differences with the original 
model are the followings: 

• Smaller computational mesh 
• TEL2TOM, instead of direct coupling with 

TOMAWAC 
• Use of GAIA instead of SISYPHE  
• Constant sediment size with d50=0.15 mm, instead of 

a sediment size map 

The new model was forced with the original model 
hydrodynamic result, the same atmospheric boundary 
conditions, and same wave spectra of the original model (see 
[4]). The computational model mesh of the edited model is 
presented in Figure 3(a), while its bathymetry is shown in Figure 
3(b) together with nine locations were AWAC measurements 
were taken during the period of December 2017. 

Transport rate measurements were obtained at these AWAC 
locations as the product of the suspended concentration profile 
of the fine sand and the wave averaged velocity profile. As 
discussed in [4], the seabed is characterised by different 
sediment sizes, whereas the present model only uses a fine sand 
with d50=0.15 mm. However, this simplification of the 
characteristic seabed is considered sufficient since 
measurements are representative of the fine sand in the bed. It 
may however lead to some over-estimation of the transport rates 
as more fine sand is available in the model than in reality. 

B. Results 
Figure 4(a) and Figure 4(b) show the instantaneous sediment 

transport during the first and second storm of December 2017, 
respectively. The figures also show the current speed vectors in 
black, the near bed orbital velocity Uw along the wave direction 
in blue, and in orange the transport rate resulting from the 
combined wave and current hydrodynamic.  
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In Figure 4(a), the current speed and orbital velocity Uw have 
similar magnitude but current and waves are almost in opposite 
direction. Therefore, the resultant sediment transport rate is 
generally small (qs<50 mm2/s), despite the relatively large wave 
height. The transport rate increases along the coastline (i.e., for 
bathymetry smaller than -5 m) because the current speed 
decreases while Uw increases due to wave shoaling. During the 
second storm (Figure 4(b)), the current and waves are almost in 
the same direction. As a consequence, the resultant transport rate 
in the bay is higher than during the first storm (qs>50 mm2/s), 
despite Hs being similar, and qs is neither in the direction of the 
current nor in the direction of the waves. 

Figure 5 shows, as an example, the comparison between 
measurements and model results at point S6. The model 
correctly predicts both the hydrodynamics and the waves (i.e. Hs 
and Tp), as expected. The predicted transport rates are also in 
similar good agreement. The transport increases as the wave 
height increases, matching the magnitude of the measurements. 
The third plot in Figure 5 shows the modelled wave skewness 
on the right-hand axes (dashed black line). Wave skewness 
increases for large wave heights reaching values of 0.65 during 
the storms, meaning that waves are strongly non-linear, thus 
wave induced transport processes are important in the 
calculation of the transport rates. 

Figure 6 shows the comparison between the measured and 
predicted transport rates at all measurement locations. 
Measurements were not available at S8 for the modelled period. 
The agreement is generally within a factor of two for the 
majority of the points except S2, S4 and S7. At points S4 and S7 
the predicted transport rate is larger than the measured one. 
However, at these locations the seabed is characterised by coarse 
sediments (d50>1.0mm), reducing the availability of fine sand 
whereas the model assumes a bed of fine sand. Therefore, the 
overprediction at S4 and S7 can be explained by the reduced 
sand availability.  

At point S2 the waves, currents and transport rates are 
generally small (qs<50 mm2/s) and the measured transport rates 

are probably related to fine silt and clay particles originating 
from Poole Harbour to the west of the measurement point. 

V. FUTURE WORK 
The sediment transport model GAIA is now capable of 

accounting for wave induced transport rates and therefore has an 
improved capability for predicting near shore sand transport. To 
further investigate its new capability, the next step will be to use 
GAIA to model the sand bar migration during both storms and 
“calm” wave conditions. Validation of a fully-coupled model 
(TELEMAC2D, TOMAWAC, GAIA) will be carried out using 
measurements taken at Duck, North Caroline (U.S.A), in 1994 
(Figure 7(e)). The model results will be compared against 
measurements of water elevation, wave height, undertow 
current, and sand bar morphology. 

VI. CONCLUSIONS 
The semi-unsteady sand transport formula, SANTOSS, has 

been implemented in GAIA, the sediment transport module of 
openTELEMAC. The novelty of this formula and its 
implementation, compared to other existing sand transport 
formulae currently functioning in GAIA, is that it accounts for 
the estimated skewness in the orbital flow without needing a 
coupled phase-resolving wave module and can therefore be 
applied in 2DH simulations with low computational overhead. 
This improves the capability of GAIA to predict sand transport 
rates in the near shore region, where waves become asymmetric 
due to shoaling and produce net transport rates that are not 
necessarily aligned with the flow direction. 

The newly implemented SANTOSS formula was tested 
against in-situ transport rate measurements taken in Poole-
Christchurch bay (see [4]). The modelled transport rates showed 
good agreement with the measurements and clearly showed the 
influence of the waves in the transport rate magnitude and 
direction, especially in the near shore region. Further validation 
will follow in the near future with another real test case study 
applied to the measurements of Duck 1994, North Caroline, 
(U.S.A.). 

(a) (b) 

  

Figure 3. (a) Computational mesh; (b) Model bathymetry and location of the measurement points S1 to S9  
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(a) 

 

(b) 

 

Figure 4. –  Instantaneous sediment transport during the first storm. Black arrows represent the current speed; blue arrows represent the 
orbital velocity Uw and the orange arrows the transport rate. Significant wave height at S6 represented in the top left plot (units in 

metres). (a) first storm, (b) second storm. 
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Figure 5. –  Comparison between measurements and model results. Tp is the peak wave period. Location S6. 
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Figure 6. –  Comparison between measured and predicted transport rates at the measurement locations. The solid line represents the 1:1 
relationship, while the dashed lines represent 1:2 and 2:1. Measurements are not available at S8 for the modelled period.. 
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Figure 7. –  (a) to (d) measured morphology before and after storm events. 
(e) measured significant wave height. Taken from [7]. 
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Abstract – ARTEMIS is a tool that is often used to calculate the wave 
field in a harbour based on the mild slope equation. Special 
boundary conditions exist in ARTEMIS to include the (partial) 
reflections of wave on structures like breakwaters or groynes. 
However, ARTEMIS currently has two limitations that are 
addressed in this paper:  
1. ARTEMIS cannot take account of the transmission of wave 

energy through porous structures,  
2. ARTEMIS cannot be used to generate long time series of wave 

conditions for calibration or extreme value analysis. 
Therefore, in this paper, first an adaptation to ARTEMIS is 
presented, which allows the transmission of wave energy through 
permeable structures. This is implemented as an extra 
functionality on the model boundaries that determines which 
fraction of the incoming wave potential is to be transmitted to 
another nearby node on the boundary (depending on the user-
defined transmission coefficients). This feature is compatible with 
reflection of the incoming wave energy. Schematic test cases are 
shown that demonstrate the correct function of this module. 
Then a method is presented, which allows the generation of long 
time series of wave conditions inside harbours. It uses the time 
series of wave spectra at the boundary of the ARTEMIS model (for 
example obtained from a wave transformation model like 
TOMAWAC) and the results of a large set (order 10000) of 
monochromatic ARTEMIS wave runs. The applicability of this 
method is demonstrated with the calibration of an ARTEMIS wave 
model against wave data measured in a marina. 

Keywords: ARTEMIS, Wave, Harbour agitation, Transmission, 
Wave time series 

I. INTRODUCTION 
ARTEMIS is a numerical model that is often used to calculate 

the wave field in a harbour based on the mild slope equation. 
Using this equation, the effects of refraction, diffraction and 
propagation of waves can be taken into account. Special 
boundary conditions exist in ARTEMIS to include the (partial) 
reflections of wave on structures like breakwaters or groynes. 
However, ARTEMIS cannot yet account for the transmission of 
wave energy through porous structures. The implementation of 
transmission would allow many new applications of ARTEMIS, 
including the simulation of floating breakwater and porous 
structures. 

The mild slope equation is does not have any time 
dependency. Therefore ARTEMIS is typically used to calculate 
the wave conditions given a single set of wave boundary 
conditions.. While it is in principle possible to perform 
independent ARTEMIS simulations for each moment in time, 
the computational costs of doing so would be prohibitively 
expensive. This makes it difficult to obtain time series of wave 
conditions, for example for calibration purposes. 

Therefore, the objectives of this paper are twofold: 

1. To implement a new functionality to allow wave 
transmission through structures to be simulated in ARTEMIS, 

2. To develop a methodology for obtaining time series of wave 
data from ARTEMIS, with reasonable calculation times. 

The first part of this paper deals with the implementation of 
wave transmission. The section starts with a theoretical 
explanation of the physics involved and is followed by details of 
the implementation in ARTEMIS. Verification tests are presented 
to show that the correct behaviour is obtained. In a second part, 
a methodology is presented to generate time series of wave 
conditions using ARTEMIS and wave spectra at the boundary of 
the ARTEMIS model. This methodology is applied for the 
calibration and validation against wave data inside a marina. The 
paper ends with some brief conclusions. 

II. IMPLEMENTATION OF WAVE TRANSMISSION 

A. Theoretical background 
In ARTEMIS, the mild slope equation [1] is solved for the 

wave potential Φ. The potential is a complex variable, such that 
the amplitude and phase of the wave are both considered. The 
transmitted potential is Φ t is obtained from the incoming wave 
potential Φi by: 

 Φ𝑢𝑢 = 𝑇𝑇Φi. (1) 

Here T is the transmission coefficient. The current 
implementation assumes that there is no phase shift of the waves 
(this might be added relatively straightforwardly in a future 
update), and that the direction of the transmitted wave is equal 
to the direction of the incoming wave. The magnitude of the 
reflected wave potential Φ𝑓𝑓  is given: 
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 |Φ𝑓𝑓| = 𝑅𝑅|Φi|. (2) 

Here R is the reflection coefficient. The reflected waves have 
a different direction to that of the incoming waves. Note that in 
ARTEMIS, a phase shift can also be applied to the reflected wave 
potential. 

In order to have energy conservation, the reflection and 
transmission coefficients need to be chosen such that: 

 𝑇𝑇2 + 𝑅𝑅2 ≤ 1. (3) 

B. Implementation in ARTEMIS 
The transmission is always applied between two nodes, that 

are on a transmissive boundary (defined by the code 2 1 1 in the 
.cli file see section II.D). We will call the node with the incident 
wave the source node; and the node where the transmitted wave 
is released the receiver node. The method is designed for 
infinitely thin structures in the first instance. Source and receiver 
nodes may be located at a distance of 0 m from each other . So 
there are two nodes at the same place, but they are separated 
topologically, because there is no mesh edge connecting them. 
The limiting assumption in the current implementation is that 
the source and receiver nodes need to be closer than a threshold 
distance. In order to implement the transmission of waves in 
ARTEMIS, the following algorithm is used: 

1. During the initialization step, a corresponding source node is 
searched for each receiver node on a transmission boundary. 
This source node is taken to be the first node within a 
distance to the receiver node that is smaller than the 
threshold distance specified in the .cas file (Figure 1).  

2. At each iteration in the loop for automatic calculation of 
TETAP, the incoming potential at a source node is 
multiplied with the transmission coefficient (1), and this is 
added to the potential at the receiver node.  

 
Figure 1 Connections in the mesh, through which waves are transmitted. 

The current implementation only works on a single 
processor. The parallelisation of this algorithm will be 
implemented in the future.  

C. Validation tests 
In order to verify the correct implementation of the wave 

transmission feature, a schematic test case was made. It consists 
of two basins with a width of 400 m and a length of 100 m each, 
and a depth of 5 m. The mesh resolution is 4 m (Figure 2). The 
two basins are separated by a 2-m thick wall. There are two very 
small opening connecting the two basins; an initial test showed 
that the wave energy penetrating through this opening is limited. 
Monochromatic waves are prescribed on the left boundary, with 
a wave height of 1 m and a wave period of 5 s. These waves 
have a wavelength of 30 m. With a mesh resolution of 4 m, 7.5 
nodes define a wavelength, which is sufficient. The direct solver 
is used. Wave dissipation is neglected. 

 
Figure 2 Mesh used in the schematic test case. 

Different cases were studied, changing transmission 
coefficients, reflection coefficients and the incoming wave 
direction. In Figure 3, the wave height is plotted along the 
centre line (y=0) for a case with R = 0.5 (on the left side of the 
wall) and T = 0.5 (on the right side of the wall) with a wave 
angle of 0 degrees at the boundary (cartesian convention), i.e. 
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waves propagating from left to right, parallel to the centre line 
of the basins. The waves in the left basin (partially) reflect 
against the wall. In the right basin, the wave height is 0.5 m, 
which corresponds to the expected value (incoming waves of 
1.0 m multiplied by a transmission coefficient T of 0.5). 
 

 
Figure 3 Wave height along the centre line of the basins for waves of 0 

degrees, R = 0.5 (left side of the wall), and T= 0.5 (right side of the wall). 

A second case was tested, also with a wave angle of 0 degrees 
at the open boundary, with a transmission coefficient T of 1.0 
(fully transmissive), hence R = 0 at the structure (on both sides). 
At the right boundary, a reflection coefficient of R=0.5 is 
applied. The wave height at the centre line is shown in Figure 4. 
This figure shows a standing wave in both basins, caused by 
reflections off the right boundary. The full transmission lets the 
waves propagate from either side. This is needed to get the 
correct standing wave patterns. There is a small discontinuity 
in wave height at the location of the wall. This might be related 
to the thickness of the structure separating the two basins (2 m), 
to neglecting the phase difference between both sides of the 
structure, or a combination of the two. Changing the mesh, such 
that the wall becomes thinner, might reduce this discontinuity. 
 

 
Figure 4 Wave height along the centre line of the basins for waves of 0 
degrees, T= 1.0 (both sides of the wall), and R = 0.5 (right boundary). 

 
The results of a case with waves at 30 degrees, a transmission 
coefficient of T = 1.0 (fully transmissive), and a reflection 
coefficient of R= 0 (no reflection) is shown in Figure 5. In this 
case, we see that the waves pass through the structure without 

change in wave direction and wave height (as if the structure 
were not there). This is the expected behaviour. 

 
Figure 5 Wave height and wave direction for a case with waves at an angle of 

30 degrees, T = 1.0 and R = 0.0. 

Results from the three examples presented here are in line with 
the expected behaviour of the wave transmission through a 
structure. Therefore, it can be concluded that the wave 
transmission is correctly implemented in ARTEMIS. 

D. User procedure 
In order to use the wave transmission feature, the following 

steps need to be taken: 

1. Adapt the mesh in such way that at the boundary, in which 
one want to apply wave transmission there are two nodes at 
a short distance from each other (Figure 1). The wave energy 
will transferred between these two nodes. This distance 
between these nodes needs to be smaller than the distance 
between the node and the closest node on the boundary. This 
requirement is similar to that when using weirs and culverts 
in TELEMAC-2D and TELEMAC-3D. 

2. Set the maximum distance between pairs of nodes to be 
connected, using the keyword in the .cas file: 
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3. Use AUTOMATIC TETAP CALCULATION : YES in the 
.cas file (with a minimum of two iterations), to make sure 
that sub-iterations are used. 

4. Adapt the .cli file. For a boundary with transmission, a new 
code (2 1 1) is needed on both sides of the transmitting 
boundary in the first three columns of the .cli file (Figure 6). 

5. Add the transmission coefficient in column 9 of the .cli file. 
Note that this is consistent with the definition of the 
reflection coefficient (RP) and reflection phase shift 
(ALFAP) in columns 7 and 6. Therefore, it is possible to 
define different reflection and transmission coefficients on 
each side of the structure, thus allowing to model a complex 
structure. Thus in this implementation, reflection works on 
boundaries with code (2 2 2) as well as with (2 1 1), but only 
the latter always transmission of wave energy. 

 
Figure 6 Extract of a .cli file, which contains a transmissive boundary.  

 

III. GENERATION OF LONG TIME SERIES OF WAVE 
CONDITIONS IN ARTEMIS 

A. Methodology 
In many practical applications, one is interested in obtaining 

long time series of wave conditions including the effects of 
refraction, reflection, transmission and diffraction. Possible 
applications include statistical analysis of extreme values, which 
is often required for design purposes. In principle, it is possible 
to do so in ARTEMIS, by calculating the wave field for every set 
of conditions (water depth, wave height, wave period and wave 
direction at the boundary of the ARTEMIS model). However, in 
practice, this is too computationally expensive to do in real 
cases. Therefore, a new methodology is presented in this paper, 
which is faster. It has the additional benefit that the output 
spectral resolution can be much higher than in a standalone 
ARTEMIS simulation where resolution is typically reduced in 
favour of computational efficiency. 

In the absence of dissipation terms (depth induced wave 
breaking and bottom friction), the processes modelled in 
ARTEMIS are linear. Therefore, the superposition principle 
applies. Whether or not the dissipation of wave energy can be 
neglected is case dependent. However, in many practical 
applications, which deal with the wave field inside ports and 
harbours, the water depth is relatively deep and neglecting the 
wave dissipation is justified. 

The new methodology uses the linearity of ARTEMIS to 
reconstruct spectra in the ARTEMIS model domain from spectral 
input of data (Figure 7). Thereto the following steps are 
performed: 

1. A time series of wave data (ideally in the form of wave 
spectra) is obtained from wave buoys or a large-scale wave 
model (such as ERA5) in the region of interest. 

2. Depending on the location of the available time series with 
respect to the boundary of the ARTEMIS model, a wave 
transformation model (e.g. SWAN or TOMAWAC) is used 
to obtain time series of wave spectra at the boundary of the 
ARTEMIS model [2]. 

3. Water level data are obtained at the boundary from 
measurements or an appropriate numerical model such as 
iCSM [3]. 

4. The ARTEMIS model is run to generate a database of wave 
transformation in the area of interest This is done by 
performing multiple runs with monochromatic waves, 
without any wave dissipation, for a wave height at the 
boundary of 1 m with the wave directions and wave 
frequencies that correspond exactly to the spectral bins in the 
time series of wave spectra at the boundary (e.g. the spectral 
mesh of the wave model used in the wave transformation in 
step 2). Iterations to estimate the incoming wave direction on 
reflecting boundaries are applied, as these iterations are not 
related to any non-linearity, and hence the superposition 
principle can still be used. These runs are performed for a 
range of water levels covering the data obtained in step 3. 
Typically, this results in thousands of simulations, but these 
simulations are very fast (order of seconds to minutes on a 
single processor) and can easily be executed simultaneously. 
Typically, we use the Linux xarchs command to make sure 
that these ARTEMIS runs are executed simultaneously in order 
to save on the total time needed to obtain all simulation 
results. 

5. A MATLAB script is used to reconstruct the wave spectra 
inside the ARTEMIS model domain from 1) the ARTEMIS wave 
transformation database and 2) the time series of wave 
spectra at the ARTEMIS boundary and water levels, which are 
assumed to be continuous in the full model domain. This 
script determines at each moment in time the nearest water 
level in the ARTEMIS database to the observed water level and 
selects the wave results for this water level. These wave 
spectra are then used to determine the spectral wave 
parameters (significant wave height, peak and mean wave 
period and mean wave direction). These results are stored in 
a Selafin file. 

6. A separate postprocessing can be performed on the Selafin 
file generated in step 5 to determine extreme value 
distributions or to compare to measurements. 
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B. Application for the calibration of an ARTEMIS model of a 
marina 
The methodology presented in section III A is used to 

calibrate an ARTEMIS model of the marina of Cadzand in the 
Netherlands (Figure 8). 

 
Figure 8 Bathymetry of the marina of Cadzand and location of the 

observations 

A database was made of 25380 ARTEMIS simulations, using 
the discretisation in Table 1. Time series of wave data were 
generated from observed wave spectra in the vicinity of the 
model domain, such that no wave transformation modelling was 
necessary in this case. The observed wave spectra data consisted 
of one-dimensional wave spectra with the mean wave direction 
and directional spreading for each frequency bin. These data 
were converted to two-dimensional wave spectra using the cos2s 
directional spreading distribution. 

 

Table 1 Classes used for the wave transformation database in ARTEMIS 

Variable Nr of classes Range Resolution 

Water level 12 -2.5 m to 
+3.0 m 

0.5 m 

Frequency 47 0.03 Hz to 
0.49 Hz 

0.01 Hz 

Direction 45 116 deg to 
60 deg 

4 deg 

 

The model was calibrated by changing the reflection 
coefficients at the breakwaters inside the marina. For the 
calibration, measurements were performed inside the marina 
using Aquadopp and OBS sensors at different locations inside 
the marina. 

The results are presented in Figure 9 and Figure 10. The 
presented methodology has made it possible to obtain time series 
of significant wave height and peak period from the ARTEMIS 
model, which can be compared directly to the observed 
measurement data. From the presented data, it appears further 
that ARTEMIS can represent the wave height and wave period in 
the marina rather well using the presented methodology. 

 
Figure 9 Comparison of measured wave height and modelled wave height 

inside the marina. 

Figure 7 Schematic image of the wave transformation methodology. 
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Figure 10 Summary of the calibration results at one of the observation points 

IV. SUMMARY AND CONCLUSIONS 
In this paper, first a new implementation is presented, that 

allows to use wave transmission through porous structures in 
ARTEMIS. This is done by copying the imaginary wave potential 
from one point at the boundary representing the structure to a 
point on the opposite side of that boundary after applying a 
transmission coefficient. Any phase shift in the potential is 
currently neglected. At present, the method only works on a 
single processor, but parallelisation of the code is foreseen for 
the near future. This approach can be combined with reflection 
at the boundary. Theoretical tests are performed in order to 
verify the correct implementation of the feature. 

Then, a methodology is presented to determine time series 
of wave conditions in the ARTEMIS domain. In this methodology, 
a large set (ten thousands) of monochromatic ARTEMIS 
simulations is performed to obtain a database of wave results for 
each component in the two-dimensional wave spectrum inside 
the ARTEMIS domain. Together with timeseries of wave spectra 
at the boundary and water levels in the domain, this database can 
be used to reconstruct the wave conditions in the model domain, 
provided that wave dissipation can be neglected. This method 
was applied to perform a calibration of a wave model of a 
marina. The time series obtained using this procedure are 
directly compared to the time series measured inside the marina 
and show a good agreement. 
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Abstract – The study presented here apply recently validated 
formulations for sediment transport to a large gravel-bed river 
case. This modelling work was done in order to study intended 
restoration and flood protection works on the Drac river near the 
city of Grenoble.  

In this article we focus on the calibration of two TELEMAC-2D / 
GAIA models and the lessons learned in terms of methodology 
(role of graded sediment, methodology for long-term simulations, 
impact of mobile-bed modelling on the maximum simulated water 
levels during flood…). 

Keywords: gravel, sediment, bedload, morphology, GAIA. 

 

I. INTRODUCTION 
GAIA has been validated recently on a well-controlled case 

(physical model of a debris basin) involving deposition of coarse 
sediment [1]. A set of formulations and parameters was proposed, 
and the role of the coupling between hydraulics (TELEMAC-2D) 
and sediment transport (GAIA) was highlighted. 

The new study presented here undertakes to apply the recently 
validated formulations to a larger and more general gravel-bed river 
case (involving sequences of both erosion and deposition). This 
modelling work was done in order to study intended restoration and 
flood protection works on the Drac river near the city of Grenoble. 
These works will involve broadening of the bed upstream of 
Grenoble (for regulation of sediment transport fluxes) and lowering 
of vegetated bars in the embanked stretch of river in Grenoble. 

Every site where a work is planned was studied in a separate 
TELEMAC-2D / GAIA model, to investigate its effects, while a 1D 
mobile bed model was used to study the full project and the 
interactions between the different works. The presentation will 
focus on the calibration of the TELEMAC-2D / GAIA models and the 
lessons learned in terms of methodology (role of graded sediment, 
methodology for long-term simulations, impact of mobile-bed 
modelling on the maximum simulated water levels during flood…). 
 

II. PRESENTATION OF THE SITE AND THE OBJECTIVES OF 
THE STUDY 

A.  The Drac river near Grenoble 
The Drac river is located in the French Alps and is one of the 

main tributaries of the Isère River with the confluence 

downstream Grenoble. It has a watershed area of 3 600 km2, and 
an average mean flow of around 100 m3/s. The dominant 
sediment class in its bed is coarse pebbles. 

Near Grenoble, the morphology of the Drac river has been 
severely impacted by different measures of development, and in 
particular hydropower, embankments, and gravel extraction. 
Since the end of gravel extraction, the riverbed along Grenoble 
has steadily risen, thus increasing the flood risks. 

B. The flood protection and restoration project 
SYMBHI, the local river basin agency, is in charge of the 

“Programme d’Actions et de Prévention des Inondations” 
(scheme for flood prevention) on a 27 kilometers stretch of river 
upstream and along Grenoble. 

Flooding from the Drac river indeed poses a risk to the urban 
area. Previous studies have shown that a potential risk of dike 
failure is anticipated in urban areas for the 30-years flood and 
higher. Protective structures (dykes) must therefore be 
reinforced in order to prevent any risk of failure (or breach).  

At the same time, flood water levels must be lowered 
through works within the main channel (by lowering of 
transverse sills, lowering of gravel deposits in the bed) to reduce 
the risk of overloading protective structures. Sediment 
management is thus an underlying key issue in this flood 
protection scheme.  

C. How numerical modelling helps design the project 
Despite past developments (dikes, extraction, hydroelectric 

development, embankments…), the Drac river remains able to 
transport gravel and pebbles during floods. This can increase the 
impact of floods (lateral erosion, raising of water levels during 
floods), as well as constrain certain uses (water intakes, 
hydroelectricity). Sediment transport must therefore be 
regulated. The main levers that are envisioned for this are large-
scale broadening of the riverbed in some sectors upstream of the 
urban area, and managing excess sediment at specific locations 
with sediment traps (local broadening of the bed).  

Modelling of hydrodynamics and sediment transport as 
presented in this paper is used to check the effectiveness and 
refine (dimensions, need of maintenance, timing of the works…) 
the developments envisioned in the flood prevention scheme for 
sediment management. 
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Note that a “reference” hydrodynamic TELEMAC-2D model 
of the whole study site, built during a previous study, is used to 
estimate the impact of the scheme in terms of water levels at the 
scale of the whole river reach. In addition, a 1D sediment 
transport model (CAVALCADE) of the whole reach has been 
set-up, and is used for the preliminary investigation of the 
sediment management levers, and study their interaction. 

 

III. 2D SEDIMENT TRANSPORT MODELLING – GENERAL 
DESCRIPTION 

A. The models 
In order to be able to focus on different sites with adequately 

sized meshes, three distinct reaches of the 27-kilometers long 
study area where modelled (while the 1D model was able to 
simulate bed evolution for the whole study area). 

One model, 5.3 kilometers long, represents the embanked 
Drac river inside Grenoble (see Figure 1). In a first step, it is 
used for calibration because this is the reach for which some 
reliable estimates of solid fluxes are available. 

The other model, 4 kilometers long, represents a more 
natural stretch of river upstream the urban areas (see 
Figure 2below). The main objectives of this model are to check 
the impact of sediment transport on water levels during flood, 
and to assess the influence of the broadening of the bed in terms 
of sediment regulation. 

The representative mesh size for these models is 3 meters. It 
is a compromise between computer resources demand on one 
hand, and result “quality” on the other hand. With the 3 meters 
mesh, for some locations and some hydrological situations, the 
infamous wiggles associated to the resolution of the Exner 
equation become significant. These wiggles are strongly 
reduced with a 1.5 meters mesh, but the computing time then 
becomes too long to perform the needed amount of test runs. 

 
Figure 1. Bathymetry of the Drac model along Grenoble 
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Figure 2. Bathymetry of the upstream Drac model 

B. The physics 
The formulations and parameters used for the calculations , 

are very similar to the ones used in SISYPHE by the first author, 
dating back from 2007 ([2]), on rivers such as the Rhône and the 
Arc, whose bed presents a similar pebble-size as the Drac. The 
formulation for bedload flux estimation is based on Meyer-Peter 
Müller equation without the notion of grain shear stress, and can 
be used considering uniform (single size-class) or graded 
(multiclass: 8 classes) sediment. In the case of graded sediment, 
the impact of the grain-size distribution on the erosion threshold 
of size-classes (so called “hiding-exposure” processes) is 
simulated using a simple hiding function of Parker and 
Klingeman with an exponent of -0.8 (an exponent of -1 
corresponding to equal mobility). In both cases (graded or 
uniform sediment), friction law in TELEMAC-2D is linked 
(through a roughness length formulation) with the representative 
grain size of the bed. 

Recent work ([1]) has enabled to further validate these 
formulations, and to improve significantly the link between 
grain size and bed friction. The “variable power equation” of 
Ferguson [3] was used as friction law in TELEMAC-2D. This 
equation uses the D84 as a “friction coefficient”. The D84 of the 
active layer in GAIA is used directly as input of the friction law 
in TELEMAC 2D, thus having a friction which is taking the 
local surface grain size distribution and its variation over time 
into account. The significant role (and improvement) of this 
coupling of friction and grain size in the computation of 
morphodynamics has been demonstrated in [1], at least for the 
case simulated at the time. Note that an implementation of 

Ferguson formula in TELEMAC-2D system had already been 
proposed, validated and presented by [4]. 

 

IV. CALIBRATION 

A. Water elevation 
The alibration of a hydraulic model with a mobile bed poses 

a very serious challenge because of the interaction between 
hydrodynamics and sediment transport. Indeed, one must be 
certain that the bathymetry in the model during the flood is well 
represented in order to properly calibrate the hydrodynamic 
model on known water levels. And of course, the sediment 
transport model (and thus the bathymetry simulated by the 
model) is strongly dependant on the hydrodynamics. 
Hydrodynamics and sediment transport must thus be calibrated 
simultaneously, meaning a very large number of parameters. 
The only hope of solving this conundrum lies in improving 
strongly the physics captured by the formulations, and thus 
strongly reducing the variability of the parameters (the ultimate 
goal being to be able to set these parameters a priori). 

In our case, no data of morphological evolution during flood 
is available because no significant flood happened on the Drac 
river in recent times, which is making a proper calibration even 
less possible. A large-scale hydrodynamic model (TELEMAC-
2D) had previously been calibrated based on “historic” flood and 
on recent water lines surveyed during moderate flows. This 
previous model has been used here as a reference to be compared 
to the hydrodynamic results of our new model. 

B. Bedload fluxes 
The embanked reach along Grenoble is the place for which 

different estimates of solid fluxes have been produced, both by 
diachronic analysis of the bathymetry (and the fact that all coarse 
sediment transport is trapped in an hydropower reservoir 
downstream of this reach) and by direct measurement through 
sampling and hydrophone surveys [5]. 

On the corresponding model, a methodology for long term 
modelling has been developed in order to be able to compare the 
yearly estimates of bedload fluxes from surveys to the yearly 
model results. This methodology consists in basing the time 
series of liquid inflows on the flow duration curve (separated in 
a rising limb and a decreasing limb), along with a morphological 
factor (consisting in an “acceleration” of the hydrograph, which 
is compensated from a morphological point of view by an 
amplification of the bedload fluxes during the solving of Exner 
equation). An optimisation of the use of the morphological 
factor (through a variation of this factor along the discharge 
time-series) is proposed later in a specific paragraph. 

The only parameter used for the calibration of the 
morphological model on yearly sediment fluxes is the critical 
Shields parameter. A value of 0.045 is retained, which enables 
to obtain a yearly sediment flux of 15 000 to 40 000 m3 
(depending on the location in the reach), which is roughly in line 
with the aforementioned estimations reported in [5], which 
range from 17 000 to 27 000 m3. 

In our case (a gravel bed river with hydrodynamics 
influenced by dams), the most significant flows contributing to 
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the transported sediment volume are rather low, corresponding 
to a rather low transport stage. For this kind of transport stage, 
the sensitivity of the model results to the value of the critical 
Shields parameter is huge: a value of 0.04 for the critical Shields 
parameter generated a yearly sediment flux 2-3 times higher 
than the calibrated value of 0.045. This very strong variability 
of the results with the main parameter renders totally unrealistic 
the dream of dispensing of a model calibration. 

 

V. VARIABLE MORPHOLOGICAL FACTOR 
The use of a morphological factor is a well-known 

methodology for dramatically reducing the computational 
demands of morphological long-term simulations. 

It consists in imposing an amplification (by a so-called 
morphological factor, or “MOFAC”) of the bedload fluxes 
during the solving of Exner equation, so that the simulated 
morphological evolution corresponds to a timeframe which 
duration equals the duration of the simulation hydrograph 
multiplied by the morphological factor. The available flow 
duration curve (limited to discharges above 80 m3/s as below 
this value solid discharge is negligible according to hydrophone 
surveys presented in [5]) is used to build an average yearly 
hydrograph with a rising limb a decreasing limb. This 
hydrograph is then “compressed” or “accelerated” by the 
MOFAC so that the TELEMAC-2D/GAIA run based on this 
hydrograph is representative of one year. 

If this methodology is applied with a constant MOFAC (see 
for instance the black curve in Figure 3, with a MOFAC of 200), 
numerous difficulties arise, linked with the steepness of the 
hydrograph for the highest discharges. First, spurious 
hydrodynamic effects might appear because of the steepness of 
the flood, which can increase the water slope. Secondly, the fact 
that solid discharge during high flows is amplified means that 
the hypothesis of non-coupling between hydrodynamics and 
morphodynamics at the time-step scale might not be so well 
fulfilled. Finally, the constant output period in GAIA must be 
very fine (thus generating very large results file) so that the 
results during the high flows can be captured adequately.  

In order to circumvent these problems, a methodology 
involving a variable MOFAC has been developed. The idea 
behind it consists in making MOFAC vary depending on the rate 
of variation of the hydrograph: the higher the rate of variation 
(during the peak of the hydrograph), the lowest the MOFAC 
(with a minimum value of 1). The different steps of the 
methodology are the following: 

1) Generation (through a spreadsheet) of a time series of 
MOFAC and the corresponding input hydrograph (presented in 
blue in Figure 3) 

2) Modification of GAIA source code to make MOFAC 
variable according to a text file containing the time series of 
MOFAC 

3) Use of a script to convert to real time TELEMAC-2D and 
GAIA result file (which use a “variably compressed time” 
similarly as the input hydrograph). 

   

 
Figure 3. Input hydrograph for constant morphological factor and for variable 

morphological factor 

 

VI. IMPACT OF SEDIMENT TRANSPORT ON FLOOD LEVELS 
We endeavour here to determine if, as previously thought, 

sediment transport during flood might have a significant effect 
on water levels during flood. Indeed, since a rocky gorge at the 
downstream end of the upstream model creates a strong 
backwater effect during floods, it was expected that the area 
upstream of the gorge could undergo significant deposition, 
which would in turn raise the water levels. 

To check this, the results on the bicentennial flood of the 
TELEMAC-2D/GAIA sediment transport model as described 
above (with graded sediment, and Ferguson friction law coupled 
with the grain size of the active layer) are compared (see Figure 
below) to the results of the same model with no bathymetric 
evolution. Longitudinal profiles of maximum water levels are 
presented in the figure below. 

 
Figure 4. Comparison of maximum water levels computed on the upstream 

Drac model during 200-years flood. 

Contrary to previously thought, it appears that sediment 
transport tends to decrease the maximum water levels reached 
during the flood.In our opinion, this stems first from the fact that 
during floods there is no large influx of sediment to be expected 
at the upstream boundary of the model because of the presence 
of hydropower plants upstream. In addition, simulated 
morphodynamic evolution during the rising limb of the flood 
tends to have a smoothing effect on bed bathymetry. This can be 
seen by comparing Figure 5, which shows the bathymetry of the 
upstream model at the 200-years flood peak, to Figure 2, which 
shows the initial bathymetry of the same model. During the 
flood peak, the main channel tends to fill while some banks tend 
to lower, and the whole bed width, which is smoothened and 
therefore generates lesser form drag, conveys the flow. This 
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pattern is also shown in Figure 6 which shows bed evolution at 
the flood peak. 

Contrary to what happens during the rising limb of the flood 
hydrograph, morphological patterns tend to reappear during the 
decreasing limb of the flood hydrograph (see bathymetry at the 
end of the 200-years flood in Figure 7), in particular with some 
channel incision compared to the flood peak bathymetry 
(although not enough to reach a similar morphology as what can 
be observed in the initial bathymetry). 

 
Figure 5. Simulated bathymetry of the upstream Drac - 200-years flood peak 

 
Figure 6. Bed evolution of the upstream Drac – 200-years flood peak 

 
Figure 7. Bathymetry of the upstream Drac – end of the 200-years flood 
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VII. ROLE OF GRADED SEDIMENT ON MORPHODYNAMICS 
RESULTS 

Previous work ([1]) had shown that, at least for the specific 
case simulated at the time (which involved massive deposition 
of coarse sediment), modelling of the coupling between 
(variable in space and time) grain-size distribution and bed 
friction was necessary to simulate correct morphodynamics 
patterns (in particular channel meandering and avulsion). 

Sediment transport on the Drac river at our study sites is 
quite different, in particular because of the sediment depletion 
generated by upstream hydropower plants. We test here if the 
impact of the modelling of graded sediment and its interaction 
with hydraulic friction is as important as in [1]. To do this, the 
results in terms of bathymetric evolution for the 200-years flood 
with graded sediment (result presented previously) are 
compared with results for the same run considering a single 
grain size (corresponding to de D50 of the initial sediment 
gradation of the multiclass model). For Friction, Ferguson law 
is also applied, with a D84 constant in space and time. 

Results in terms of bathymetric evolution for the single grain 
size model are presented in Figure 8 below. 

 
Figure 8. Bed evolution of the upstream Drac – 200-years flood peak - single-

grain size model 

The comparison of Figure 6 (bathymetric evolution with 
graded sediment) with Figure 8 (bathymetric evolution with 
single grain size sediment) indicates that bed evolutions are very 
similar in both cases. The results with the single grain size model 
tend to show deeper incision, which show the direct impact of 
paving generation with the graded-sediment model.  

The results of this test thus show that, contrary to the results 
of [1], using graded sediment (and its interaction with friction) 
has no effect here on simulated morphodynamic patterns. This 
probably stems from the fact that because of the low sediment 
input, braiding (which was the main pattern observed in [1]) 
cannot happen in the model of the Drac river. 

 

VIII. CONCLUSION 
The different results presented here highlight some of the 

challenges posed by morphodynamic modelling in gravel-bed 
rivers. 

Mesh size is a very important factor in obtaining results 
relatively free of numerical instabilities. Therefore, the duration 
of computation can become problematic. A methodology based 
on a variable morphological factor is proposed to enable long 
term simulations. 

In our case, due to the influence of hydropower on 
hydrology, no definitive data for hydraulic or morphodynamic 
calibration could be found. The formulations and parameters 
used had been calibrated on a previous (and rather different 
case). Here, they provided (nearly) “out of the box” results that 
seem realistic when compared to the limited available data. 
More work (and in particular more experience feedback) 
remains necessary to improve the confidence in the formulations 
used. 

For the specific study for which the presented models were 
built, a global 1D model (with CAVALCADE) has also been 
built to compute longitudinal bed evolution of the whole river 
reach studied. It gives similar general trends of deposition and 
erosion than the 2D models presented here (in the common river 
reaches), but it is much less dynamic (with smaller sediment 
fluxes) for the largest flood simulated, which indicate the 
inherent uncertainty of this kind of modelling. 
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Abstract – The Danube River, an essential waterway in Europe, 
poses complex hydrodynamic challenges due to its varying flow 
conditions. In this study, we focus on the Bulgarian segment of the 
Danube River to compare the TELEMAC simulations with 
different mesh configurations and assess the differences when used 
with real and with forecasted water level and discharge data. We 
study the riverbed in two points in time – 2010 and 2017 to 
investigate the accuracy of the TELEMAC simulations. The study 
area encompasses one hydrodynamic environment along the 
Bulgarian stretch of the Danube River. To evaluate the 
performance of the TELEMAC simulations, we compare the 
model results from forecasts obtained from in-situ measurements, 
referred to as real data and from forecasts obtained from high-
resolution earth observation data of meteorological features like 
precipitations, soil moisture, vegetation index, combined with in-
situ measurements. The analysis focuses on key hydrodynamic 
variables, such as water velocities, free surface elevation and 
riverbed. In addition, we explore the discrepancies between real 
and forecasted data when incorporating GAIA sediment transport 
data into the TELEMAC simulations. We assess the impact of this 
data source on model performance, identify potential areas for 
improvement in sediment transport modelling and data 
assimilation techniques. This paper contributes to the 
advancement of river engineering practices and the development 
of more accurate and reliable hydrodynamic models for decision-
making and flood risk management in the Danube River Basin and 
beyond. 

Keywords: TELEMAC, GAIA, Danube, River, Forecast, AI. 

I. INTRODUCTION 
The TELEMAC software is recognized for its ability to 

perform 2D and 3D modelling of various hydrodynamic 
phenomena, including the movement and behaviour of water 
bodies, sediment transport, and water quality assessments. 
TELEMAC employs the finite element method to the shallow 
water equations , allowing it to simulate and predict a wide range 
of scenarios [10].  

The Danube River, with its diverse geographical and 
hydrological features, is a perfect example for this study. As one 

of Europe's longest and most important rivers, traversing 
multiple countries, it presents a myriad of hydrodynamic 
phenomena. The complexity and diversity of the Danube make 
it a suitable site for demonstrating the robustness and versatility 
of the TELEMAC system. 

The TELEMAC system has been instrumental in predicting 
and understanding the hydrodynamic behaviour of the Danube 
[13,2]. Researchers have leveraged this tool to anticipate a range 
of scenarios, encompassing potential flood incidents, patterns of 
sediment transport, and water quality parameters [6]. 

This case study takes a closer look at a specific segment of 
the Danube River - the area around Svishtov in Bulgaria. 
Svishtov is located in the middle part of the Bulgarian segment 
of the Danube. 

Our study examines how the hydrodynamic models outputs 
have evolved when used with data from two time periods with 
10 years difference. This article provides a detailed exploration 
of comparing hydrodynamic models derived with real and with 
forecasted data using TELEMAC. It is important to note that this 
comparison involves two distinct meshes, and the resulting data 
is displayed through charts and tables for a more visual analysis. 
Two types of data for the hydrological features – discharge and 
water level were used for the experiment – real data gathered 
from in-situ measurements and forecasted data generated by a 
trained neural network. The comparison reveals a significant 
similarity between real and forecasted data due to the high 
accuracy of the forecasting model. 

II. PREPARATION 
Mesh comparisons provide insight into geographical 

changes, environmental dynamics, and various anthropogenic 
effects. 

This examination is centred around comparing two distinct 
meshes, one from 2010 and the other from 2017, both depicting 
the Danube region around Svishtov, an area of significant 
economic and ecological importance. The differences and 

174

mailto:alexander.breugem@imdc.be
mailto:theofano.koutrouveli@imdc.be
mailto:boudewijn.decrop@imdc.be
http://www.mozajka.co/


29th TELEMAC User Conference Karlsruhe, Germany, 11-13 October 2023 
 
 

similarities between these meshes will help us understand the 
changes that occurred in the river morphology over these seven 
years. 

Such analyses can lead to conservation strategies and 
environmental impact predictions for future development. 

For the Bulgarian segment of the Danube River around 
Svishtov, two unique Selafin objects were developed using 
BlueKenue, each with a mesh resolution of 50 meters. The 2010 
mesh  represents a river segment of 45.5 km in length and width 
of 0,67 km at the west end edge and around 1,2 km at the east 
end edge. 

The first Selafin object is based on bathymetric data, the 
riverbed, from 2010 (see Figure 1). This object was tailored to 
encapsulate the unique topographical and hydrological features 
of the critical area of Danube river around Svishtov.  

 
Figure 1. Mesh of the area around Svishtov with data from 2010 

The second Selafin object with bathymetric data, the 
riverbed, was developed using data from 2017 (see Figure 2). 
This object was designed to model the critical area of the 
Danube River around Svishtov, focusing on a different set of 
hydraulic conditions and characteristics. It has a length of 57.2 
km and features river width of around 0,7 km  meters at the west 
end edge and 0,9 km meters at the east end edge of the mesh.  

 

Figure 2. Mesh of the area around Svishtov with data from 2017 

To provide fair comparison the common parts of the two 
meshes were extracted and studies. Figure 3 below shows the 
riverbed in years 2010 to the left and 2017 to the right in this 
common parts of the mesh of approx. 20 km river length with 
width of ~0,7 km  in the west end edge  and ~1,2 km at the east  
end edge. The differences in the riverbed in 2010 and 2017 can 
be clearly seen through the different colours of the two images. 

  
Figure 3. Common area between the meshes from year 2010 and 2017 

It can be seen with bare eye that the colors of the two mesh 
images differ, indicating the difference in the riverbed in the 
two years 2010 and 2017 with deeper stretches in 2010 and 
shallower stretches in 2017. 

Upon the generation of these meshes, boundary conditions 
were established. At the upstream boundary discharge is 
prescribed, whereas water level is used at the downstream 
boundary. 

In conjunction with the creation of these Selafin objects, a 
comparative analysis was performed to highlight the differences 
between the two datasets using the common area and a thalweg. 
These differences are illustrated in Figure 4, which explicitly 
displays the changes in the bathymetry between 2010 and 2017, 
the curve in red for 2010 and the curve in green for 2017. The x 
axis shows the mesh stretch in consecutive points and the y axis 
shows the coresponding depth in meters. It shows similarities 
and discrepancies in the curves that correspond to the two 
images on Figure 3. Some of the discrepancies might be due to 
the seasonal effects of the different time of the year the two 
bathymetry measures have been performed, though. 

  
Figure 4. Difference in the Riverbed  of the common area between the two 

bathymetries for years 2010 (red) and 2017 (green). 

The development of two unique Selafin objects for the 
Bulgarian segment of the Danube River around Svishtov has 
provided important insight about the river's hydraulic and 
topographical changes over the years. Through the use of high-
resolution meshes and the careful application of boundary 
conditions, it has been possible to accurately model the specific 
features and conditions of this segment of the river in 2010 and 
2017. Not only does this provide a detailed snapshot of the past, 
but it also lays a robust foundation for predicting future 
conditions. 

III. FORECASTING METHOD 
Building on the constructed meshes, we insert timeseries of 

forecasted values for discharge and water levels in order to 
obtain TELEMAC simulations and output of forecasted values 
for a series of hydrodynamic features [7], supporting informed 
decision-making for the region's future. 

 

 Flow direction 

 Flow direction 
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For the forecasts of discharge and water level we adopt an 
EO4AI1 method, where we use earth observation data 
describing meteorological features, such as precipitations, soil 
moisture, vegetation index, snow cover, solar irradiance, each 
offering a unique viewpoint on the environmental and 
hydrological conditions impacting the Danube River, mixed 
with timeseries with daily in-situ measurements for discharge 
and water level and apply them to a pipeline of neural network 
architectures using the TensorFlow framework [11]. These 
include Convolutional Neural Networks (CNNs), known for 
their pattern recognition prowess; Long Short-Term Memory 
networks (LSTMs), which effectively handle long-term 
dependencies in time series data; Recurrent Neural Networks 
(RNNs), ideal for short-term forecasting due to their 
proficiency in recognizing temporal patterns and Convolutional 
Long Short-Term Memory networks (ConvLSTMs), 
combining the spatial pattern recognition of CNNs with the 
temporal dependency capturing of LSTMs. 

 
 Given its proficiency with sequential data, the ConvLSTM 

is a fitting choice for the task of generating forecasts. It 
processes timeseries data, learns from historical patterns, and 
forecasts future water levels and discharge rates. 

The method generates forecasts for 30 days into the future, a 
critical aspect of this study. It enables us to project the potential 
changes in the Danube River's conditions over a month, 
providing useful insights that could inform river management 
decision-making and planning processes. 

The satellite data come from ADAM (adamplatform.eu), 
through ESA NoR service. They provide the data from different 
satellites depending on the meteorological feature required, 
including for example SMOS, MODIS, SENTINEL, IMERG. 
This allows us to provide with a unique set of data allowing for 
a comprehensive environmental and hydrological assessment 
of the Danube River region. The combination of these satellite 
data ensures a multifaceted understanding of the environmental 
and hydrological conditions impacting the Danube River 
region. They not only help in understanding the current 
conditions but also aid in making accurate forecasts for future 
developments. 

IV. EXPERIMENTS WITH TELEMAC SIMULATIONS 
Experiments with TELEMAC simulations were made using 

two different meshes from the years 2010 and 2017. Each of 
these meshes were paired with measured Liquid Boundary File 
(LBF) containing real data and forecasted data. For the 
simulation we have adopted the following hydrological 
features: VELOCITY U, VELOCITY V, FREE SURFACE, 
BOTTOM and FRICTION. 

A visual representation of one of these variables – velocity 
U, faciliating a comprehensive spatial understanding is shown 
(see Figure 5). 

                                                           
1 EO4AI – Earth observation for AI 

 
Figure 5. Velocity U output from Telemac on a maps plot 

The use of two meshes in the experiment allows to explore 
and analyse the outputs of the simulations with data of two 
different time periods.  

We used timeseries of daily data for discharge and water 
level from year 2015 to year 2019 to generate simulations with 
the two meshes, the 2010 and the 2017 one, their resolution 
being of 50 meters.  

The visual representations, such as the one shown on Figure 
5, of the experiment output facilitate a clear comparison between 
real and forecasted data. The differences between the results of 
the TELEMAC simulation are detailed in the comparison 
section, underscoring its reliability in forecasting future 
hydrodynamic conditions. 

V. COMPARISON PROCESS 
The comparison process involves extracting data from the 

four Selafin objects generated from both real and forecasted data 
simulations for the 2010 and 2017 meshes. This data is then 
cross-examined, and provide insight into the performance and 
reliability of the forecasting model used. 

In studying river dynamics, it is crucial to focus on the most 
informative features. In this context, the 'FREE SURFACE' and 
'VELOCITY MAGNITUDE' were selected. The ‘FREE 
SURFACE’ offers crucial information about the elevation of the 
water level, which is essential in predicting flood events and 
understanding water flow patterns. On the other hand the 
'VELOCITY MAGNITUDE' delivers a comprehensive 
perspective on both the speed and direction of water flow in the 
river. This is a key aspect for interpreting erosion rates, sediment 
transport, and overall river hydrodynamics. Importantly by 
having a clear understanding of the velocity components (along 
the X and Y axis), we can calculate the 'VELOCITY 
MAGNITUDE', which provides a more complete picture of the 
river flow dynamics and speed. Examining these variables at the 
upstream, middle stream and downstream points of the river 
provides a more holistic understanding of the behaviour of the 
Danube River.  

We examined thoroughly how the river's state varied over 
time by analysing it for the two time periods covered. Thus, we 
have been able to observe the intricate transformation patterns 
of the river. This has enabled us to highlight the various states 
the river can transition through and to predict future scenarios 
based on our observations. 

The extraction of these parameters was performed on all four 
Selafin objects. Once extracted the values of the processed 
features can be visualized and studied using various toolsets. For 
visualization of the ‘FREE SURFACE’ variable in the upstream 
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see Figure 6, where the date is on the x axis and the depth is on 
y axis in measurement unit of meters (M).  It shows a 
comparison between the 'FREE SURFACE' feature and the 
calculated magnitude from the hydrodynamic model, built with 
the 2010 data for the mesh and that of hydrodynamic model, 
built with data 2017 data for the mesh, utilizing both real and 
predicted values. Figures 6 – 8 below show these comparisons 
for three points - upstream, middle stream and downstream one. 

 
Figure 6. Free surface comparison for upstream 

A comparison for the middle stream has been made for the free 
surface variable (see Figure 7). 

 
Figure 7. Free surface comparison for middle stream 

A comparison for the downstream has been made for the free 
surface variable (see Figure 8). 

 
Figure 8. Free surface comparison for downstream  

Same comparison has been made for the VELOCITY 
MAGNITUDE. The result for a upstream point is shown below 
(see Figure 9). 

 

Figure 9. Magnitude comparison for upstream 

A comparison for the middle stream has been made for the 
velocity magnitude (see Figure 10). 

 

 

Figure 10. Magnitude showing middle stream 

A comparison for the downstream has been made for the 
velocity magnitude (see Figure 11). 

 

Figure 11. Magnitude showing a downstream 

For further clarity, the comparison of the FREE SURFACE 
is shown in numerical values measured in meters (M) (see 
Table 1). 

Table I Free surface bathymetries 2010 / 2017 with Real (R) and Forecasted 
(F) upstream / middle stream and downstream  

Up stream  / 
Date 

2010 
bathymetry F 
(M) 

2010 
bathymetry R 
(M) 

2017 
bathymetry F 
(M) 

2017 
bathymetry R 
(M) 

1/1/2020 19.48 19.48 19.23 19.42 

1/2/2020 19.56 19.29 19.45 19.28 

1/3/2020 19.55 19.13 19.25 19.14 

1/4/2020 19.49 19.07 19.01 19.08 

Middle stream  
/ Date 

2010 
bathymetry F 
(M) 

2010 
bathymetry R 
(M) 

2017 
bathymetry F 
(M) 

2017 
bathymetry R 
(M) 

1/1/2020 19.15 19.15 18.75 18.95 
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1/2/2020 19.25 18.96 19 18.8 

1/3/2020 19.28 18.8 18.77 18.65 

1/4/2020 19.24 18.74 18.51 18.59 

Down stream  / 
Date 

2010 
bathymetry F 
(M) 

2010 
bathymetry R  
(M) 

2017 
bathymetry F 
(M) 

2017 
bathymetry R 
(M) 

1/1/2020 18.54 18.54 18.18 18.4 

1/2/2020 18.68 18.34 18.48 18.2 

1/3/2020 18.81 18.17 18.16 18.04 

1/4/2020 18.8 18.12  17.88 17.98 

In Table II, we present the calculated VELOCITY 
MAGNITUDE in meters per second (M/S) values derived from 
Figures 9,10 and 11. 

Table II Magnitude between bathimetries 2010 / 2017 with real and forecasted 
data for up stream middle stream and down stream 

Up stream  / 
Date 

2010 
bathymetry F 
(M) 

2010 
bathymetry R 
(M) 

2017 
bathymetry F 
(M) 

2017 
bathymetry R 
(M) 

1/1/2020 19.48 19.48 19.23 19.42 

1/2/2020 19.56 19.29 19.45 19.28 

1/3/2020 19.55 19.13 19.25 19.14 

1/4/2020 19.49 19.07 19.01 19.08 

Middle stream  
/ Date 

2010 
bathymetry F 
(M) 

2010 
bathymetry R 
(M) 

2017 
bathymetry F 
(M) 

2017 
bathymetry R 
(M) 

1/1/2020 19.15 19.15 18.75 18.95 

1/2/2020 19.25 18.96 19 18.8 

1/3/2020 19.28 18.8 18.77 18.65 

1/4/2020 19.24 18.74 18.51 18.59 

Down stream  / 
Date 

2010 
bathymetry F 
(M) 

2010 
bathymetry R  
(M) 

2017 
bathymetry F 
(M) 

2017 
bathymetry R 
(M) 

1/1/2020 18.54 18.54 18.18 18.4 

1/2/2020 18.68 18.34 18.48 18.2 

1/3/2020 18.81 18.17 18.16 18.04 

1/4/2020 18.8 18.12  17.88 17.98 

 

The detailed comparison of the 'FREE SURFACE' and the 
‘VELOCITY MAGNITUDE’ yielded significant insights into 
the performance of the two models. As evidenced by the tables 
and charts, the forecasted data from both models aligns closely 
with the real-world observations. Whether considering FREE 
SURFACE levels or VELOCITY measurements, the predicted 
values exhibit a strong similarity to the actual ones, which 
speaks volumes about the models' accuracy and reliability. 

Tables I and II clearly demonstrate the close alignment of 
forecasted and real-world observations for both 'FREE 
SURFACE' and the ‘VELOCITY MAGNITUDE’. This 
similarity underscores the effectiveness of our forecasting 
models, bolstering our assurance in their ability to predict the 
hydrodynamic behaviour of the Danube River with considerable 
accuracy. 

VI. GAIA COMPONENT 
To further expand our analysis on the Danube area around 

Svishtov, we turned to GAIA - another powerful modelling tool 
designed for the study and prediction of sediment transport 
phenomena. GAIA is specifically known for its ability to model 
sedimentary processes and their interaction with hydrodynamics 
[4]. In the GAIA configuration we have selected type of 
sediment to be NCO and we have set CLASSES SEDIMENT 
DIAMETERS with the value of 323D-6. 

For the sediment transport equation we have used 
Engelund-Hansen sediment transport equation. It is an explicit 
function of stream power (V2τ3/2) and the d50 of the material 
[3]. It is not an "excess" stream power equation, so it does not 
control for competence and often can, therefore, compute low 
transports for large grain classes. Engelund-Hansen should 
usually be restricted to sand systems.  

Within the context of this study, we utilized GAIA to 
extract two important hydrodynamic variable: the 'BED 
SHEAR STRESS' and 'CUMUL BED EVOL'. Measured in 
Newtons per square meter (N/m2), this variable quantifies the 
force exerted by flowing water on the river bed. It provides 
crucial insights into sediment transport and erosion patterns, 
which are integral to understanding and forecasting the overall 
behaviour and evolution of the Danube River. Using the same 
approach as with the variables free surface and magnitude we 
have plotted the BED SHEAR STRESS (see Figures 12,13 and 
14) showing on the x axis the dates and on y the calculated 
value.  

 
Figure 12. Bed shear stress showing a upstream 

A comparison for the middle stream has been made for the bed 
shear stress (see Figure 13). 

 

Figure 13. Bed shear stress showing a middle stream 

A comparison for the downstream has been made for the BED 
SHEAR STRESS (see Figure 14). 
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Figure 14. Bed shear stress showing a downstream 

For a table view of the BED SHEER STRESS see table III. 

Table III Bed shear stress bathimetries 2010 / 2017 with real and forecasted 
data for up stream, middle stream and down stream 

Up stream Date 
2010 
bathymetry F 
(N/m2) 

2010 
bathymetry R 
(N/m2) 

2017 
bathymetry F 
(N/m2) 

2017 
bathymetry R 
(N/m2) 

1/1/2020 3.42 2.69 2.7 2.78 

1/2/2020 3.22 2.57 2.75 2.79 

1/3/2020 3.1 2.52 2.77 2.71 

1/4/2020 2.98 2.51 2.65 2.67 

Middle stream 
Date 

2010 
bathymetry F 
(N/m2) 

2010 
bathymetry R 
(N/m2) 

2017 
bathymetry F 
(N/m2) 

2017 
bathymetry R 
(N/m2) 

1/1/2020 4.4 4.05 3.38 3.42 

1/2/2020 4.43 4.03 3.31 3.5 

1/3/2020 4.35 3.96 3.5 3.44 

1/4/2020 4.28 3.95 3.43 3.39 

Down stream 
Date 

2010 
bathymetry F 
(N/m2) 

2010 
bathymetry R 
(N/m2) 

2017 
bathymetry F 
(N/m2) 

2017 
bathymetry R 
(N/m2) 

1/1/2020 3.83 2.83 2.65 2.66 

1/2/2020 3.65 2.85 2.56 2.84 

1/3/2020 3.02 2.81 2.89 2.8 

1/4/2020 2.77 2.77 2.81 2.72 

 

From Figures 12, 13, 14 and Table III, we can see that the 
predicted 'BED SHEAR STRESS' values from the two models 
align differently at various points with the observed data due to 
Danube River's hydrodynamic conditions. This shows the effect 
of the application of the different data about the river's flow for 
the two models, that  lead to different predictions of the BED 
SHEAR STRESS. 

CUMULATIVE BED EVOLUTION (CUMUL BED 
EVOL) is the other parameter through which we measured the 
difference in the simulations with data from the two time periods 
2010 and 2017. It is a process by which the bed of a river or 
stream changes over time due to the deposition and erosion of 
sediment. This process is driven by a number of factors, 
including the flow of water, the composition of the sediment, 
and the slope of the riverbed.  

On Figure 15 is shown the chart of CUMUL BED EVOL 
upstream displaying the date on the x axis and the corresponding 
value on y in meters.  

 
Figure 15. Cumul bed evol showing a upstream  

A comparison for the middle stream has been made for the 
CUMUL BED EVOL (see Figure 16). 

 
Figure 16. Cumul bed evol showing a middle stream 

Same comparison has been made with a point on the 
downstream (see Figure 17). 

 
Figure 17. Cumul bed evol showing a downstream 

In Table IV, we present the cumulative bed elevation from 
figures 15,16 and 17. 

Table IV Cumul bed evol bathimetries 2010 / 2017 with real and forecasted 
data for upstream, middle stream and downstream 

Up stream Date 
2010 
bathymetry F 
(M) 

2010 
bathymetry R 
(M) 

2017 
bathymetry F 
(M) 

2017 
bathymetry R 
(M) 

1/1/2020 0 0 0 0 

1/2/2020 -0.01 -0.01 0 0 

1/3/2020 -0.02 -0.02 0 0 

1/4/2020 -0.03 -0.03 -0.01 -0.01 

Middle stream 
Date 

2010 
bathymetry F 
(M) 

2010 
bathymetry R 
(M) 

2017 
bathymetry F 
(M) 

2017 
bathymetry R 
(M) 

1/1/2020 0 0 0 0 

1/2/2020 0.02 0.02 0.01 0.01 

1/3/2020 0.04 0.04 0.02 0.02 
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1/4/2020 0.05 0.07 0.03 0.04 

Down stream 
Date 

2010 
bathymetry F 
(M) 

2010 
bathymetry R 
(M) 

2017 
bathymetry F 
(M) 

2017 
bathymetry R 
(M) 

1/1/2020 0 0 0 0 

1/2/2020 0 0 0 0 

1/3/2020 0 0 0 0 

1/4/2020 0 0 0 0 

 

Figures 18, 19 show the difference between the 
'CUMULATIVE BED EVOLUTION' in the two meshes on the 
18th day and their calculated difference on Figure 20. 

 
Figure 18. CUMUL BED EVOL variable using the 2017 mesh with real 

values on the 18th day 

Figure 19 shows the GAIA result for the 18 day with the 
forecasted values. 

 

Figure 19. CUMUL BED EVOL variable using the 2017 mesh with 
forecasted values 

Knowing the real and the forecasted values we were able to 
calculate the difference between them and the result is shown 
below. The calculated mesh is showing the absolute difference 
of each point between the cumulative bed evolution variable for 
the year of 2017 (see Figure 20). 

 
Figure 20. Calculated difference for CUMUL BED EVOL between real and 

forecasted values 

The cumulative bed elevation with forecasted data for year 2020 
is shown on Figure 21.   

 
Figure 21. CUMUL BED EVOL values using forecasted data for year 2020 

Lastly we have calculated the difference between the forecasted 
data for different years. For the calculation we have used the 
TELEMAC output for the cumulative bed evolution for year 
2017 and year 2020 and plotted the absolute difference (see 
Figure 22). 

 
Figure 22. Calculated difference for CUMUL BED EVOL between forecasted 

data for year 2017 and 2020 

Figure 22 shows that the maximum difference is 2.57 M 
which indicates that in certain areas the simulated 
'CUMULATIVE BED EVOLUTION’ was slightly higher than 
the forecasted values. These differences, while important to 
note, are relatively small, suggesting that our simulation is 
capturing the key dynamics of the terrain evolution quite well.  

Despite using the same resolution for generating the Selafin 
objects, a slight distinction was noted between the meshes based 
on their geographical location. The difference is not in the level 
of detail or granularity provided by the meshes but rather the 
specific areas of the Danube River they represent. These 
variations led to subtly different calculated values for the 
featured variables free surface, velocity magnitude, ‘BED 
SHEAR STRESS’ using the LBF file for the year 2020 and the 
‘CUMULATIVE BED EVOLUTION’ with Liquid Boundary 
File (LBF) for years 2017 and 2020. However, despite these 
minor differences, the overall trends and patterns remain 
consistent across both models, underlining their effectiveness 
and reliability in forecasting the river's hydrodynamic 
behaviour. 

VII. RELATED WORK 
Hydrodynamic modelling [8] serves as the basis for 

numerous studies, prominently in domains like sediment 
transport and water quality. This type of modelling aids in 
understanding riverine phenomena, with a specific focus on 
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currents. The development of diverse river models underscores 
the maturity of these modelling methods [1]. 

River dynamics have been monitored and predicted using a 
variety of mathematical models [12,14] which are gaining 
popularity in solving a range of natural fluid mechanical 
problems. Tools commonly employed for studying free-flow 
currents and sediment transport processes in open channels are 
one-dimensional (1D) and two-dimensional (2D) digital models. 
A recently developed approach combines hydraulic input 
forecasts, derived from historical satellite meteorological data 
and in-situ measurements from designated hydrometric stations, 
with the TELEMAC system, representing a novel advancement 
in the field of hydrodynamic modelling [7]. 

Several studies have delved into various aspects of river 
behaviour, analysing features such as daily flow, responses to 
extreme weather conditions, and the speed of water movement 
under different circumstances [9]. Data required for these 
detailed studies were compiled from multiple databases, 
including those providing daily river flow information, 
precipitation radar data, and specific flow data. 

It is important to highlight that there are multiple neural 
network architectures capable of working with river dynamics. 

One approach involves the use Deep Neural Networks 
(DNN). These neural networks, fundamental in their 
architecture, connect each neuron in one layer to all neurons in 
the subsequent layer. This extensive interconnectivity equips the 
network to uncover complex patterns and relationships inherent 
in hydrodynamic data. Although DNNs may not be specialized 
for dealing with temporal or spatial data, with appropriate data 
preprocessing and correct network tuning, they can effectively 
be used to predict river dynamics [16]. 

An alternate approach utilizes the Gated Recurrent Unit 
(GRU) networks. GRU networks are a type of Recurrent Neural 
Network (RNN) with an architecture that's simpler yet parallel 
in functionality to LSTM. Specifically designed to remember 
past information, GRUs are particularly adept at handling time-
series data, such as river dynamics. Similar to LSTMs, GRUs 
can learn to recognize patterns over time, but with the advantage 
of being computationally more efficient. This efficiency can be 
beneficial in applications where computational resources or 
processing time are limiting factors [15]. 

For our specific study we have chosen to adopt ConvLSTM 
networks to forecast hydrological features for their ability to 
process spatial data from satellite imagery alongside their 
proficiency in handling temporal sequences from in situ 
measurements making them an exceptionally suitable tool for 
our hydrodynamic forecasting tasks. The results we obtained 
confirm the effectiveness of our chosen approach and the 
potential of ConvLSTM networks in the realm of hydrodynamic 
modelling.  

VIII. CONCLUSION AND FUTURE WORK 
Comparison of the simulations reveals a high degree of 

similarity between the real and forecasted data, indicating the 
forecasting model's high accuracy. The data points from the 
forecasted simulation align closely with those from the real-
world observations, suggesting that the model has been 

successful in predicting fluid behaviour in this scenario. These 
findings highlight that our approach not only captures the 
current state of the river effectively but is also robust in its ability 
to anticipate future conditions. 

Through our research, we focused on comprehending the 
river's different states using key hydrodynamic parameters: 
'FREE SURFACE', MAGNITUDE, 'BED SHEAR STRESS' 
and ‘CUMUL BED EVOL’. Even when considering minor 
geographical variances, the models consistently portrayed the 
river's dynamic transformations. This reveals a solid potential 
for understanding and predicting the evolving hydrodynamic 
behaviour of rivers in future investigations. 

We aim to extend our efforts to further areas, exploring 
different segments of the Danube River and other river basins. 
The high degree of alignment between our forecasted and actual 
observations provides a solid foundation for future research, 
underscoring the potential of these approaches to drive better 
river management and conservation strategies. 

The proposed method and its outcomes has been integrated 
into ISME-HYDRO the integrated e-Infrastructure for water 
resources management of Mozaika [5]. 
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Abstract – An existing cohesive sediment TELEMAC-3D model for 
the Scheldt estuary (i.e. SCALDIS MUD) is able to simulate an 
estuarine turbidity maximum (ETM). However, this ETM is not 
stable over time. Simulating longer time periods will result in the 
disappearing of the ETM. This model uses the SEDI3D sediment 
module (incorporated in the TELEMAC-3D module) to perform 
the cohesive sediment modelling. The SCALDIS model covers a 
large domain and its computation times are long. This makes 
model improvement using multiple test simulations very time 
consuming. In addition, in this complex model it is more difficult 
to understand the different processes that play a role in the 
functioning of a good cohesive sediment model. Therefore, in a 
next step to improve our understanding of the transport 
mechanisms of cohesive sediments a schematized estuary model is 
used first. The schematized estuary uses some geometry 
measurements from the Scheldt estuary to have some overlap, but 
does not claim to be a schematized Scheldt estuary. It is merely 
used as a test case to gain more experience in cohesive sediment 
modelling and to show that a stable ETM can be reached in a 
cohesive sediment model. This is the subject of this paper. In a 
future stage the lessons learnt will be applied back on a Scheldt 
estuary model like SCALDIS. 

Keywords: schematized estuary, cohesive sediment, GAIA, 
TELEMAC-3D. 

I. INTRODUCTION

Cohesive sediments play an important role in the Scheldt 
estuary. They form the majority of the suspended sediments in 
the Scheldt estuary and are important for the dynamics of tidal 
flats and marshes. With an increasing tidal amplitude and with 
sea level rise, abundant sediment is important for tidal flats and 
marshes to grow and follow the high water levels in the estuary. 
Cohesive sediments settle typically in locations with low flow, 
like sluice inlets, docks, depoldered areas or branches with no 
upstream discharge. For navigation purposes its important to 
keep the fairway open, docks and sluices accessible. Dredging 
is in this case inevitable. For an optimal dredging and disposal 
strategy a good understanding of sediment behavior in the 
estuary is necessary. As a last example, cohesive sediments tend 
to form flocks and suspended in the water column their 
concentration determines the light climate in the estuary. For 
good plant, algae and fauna growth abundant light penetration 
in the water column is necessary. A very turbid system is not 
desirable. Understanding the sediment budget of an estuary, 
understanding the flow from sediment input to output is of the 

utmost importance for good estuarine morphological 
management. 

A few years ago, Flanders Hydraulics invested in a new 
detailed 3D hydrodynamic model of the Scheldt estuary, called 
SCALDIS [1]. This was done within the framework of an 
integrated management plan for the upper Scheldt estuary. 
Based on the hydrodynamic model a sand transport and a 
separate cohesive sediment model [2] were built. The latter 
however struggled keeping sediment in the water column. 
Almost immediately an ETM appeared in the model and at the 
right location, but it was not stable. Very high sedimentation 
rates were noticed in the shallow areas. This included the tidal 
flats and the shallower parts of the navigation channel. It was 
thus not only a wetting and drying problem. The same problem 
occurred at the upstream discharge boundaries of the model 
where the sediment that entered the model domain immediately 
settled, not transporting new sediment downstream. 
Sedimentation rates were in the order of 1 m in two weeks, 
which is far from physically correct. The cohesive sediment 
modelling was done using the module SEDI3D, which was part 
of the TELEMAC-3D module. Trying all kinds of parameter 
settings did not improve the model results. Improvement at that 
time were made by using some hard coding tricks not based on 
any physical evidence at all. Examples are amongst other 
decreasing the settling velocity to almost zero at the upstream 
boundaries or using a wind induced bottom shear stress over the 
entire model domain (as was done by [3]). The latter solved the 
problem with the very high sedimentation rates, but then the 
sediment in the water column was flushed out of the estuary in 
the matter of days. So, it was clear this was not the good way to 
go for model improvement. 

It was clear that when building a numerical model, staying 
close to the physical reality with as many parameters as possible 
will result in better model results and less unphysical problems 
to solve: for example, when using the bottom roughness 
coefficient as a calibration parameter, can result in very 
unphysical values in your model, which in turn can lead to lower 
or higher flow velocities, as demonstrated in [4]. A flow aligned 
mesh was used to minimize numerical diffusion and by doing 
this a higher value of the bottom roughness parameter could be 
used, one that was much closer to physical reality and not just a 
value to compensate for the loss of tidal energy in the model by 
numerical diffusion. This automatically leads to better 
representation of the flow velocities. A more uniform value of 
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the bottom roughness parameter over the entire model domain 
is also closer to the physical reality and will respond better when 
using it in a sediment transport model. 

Present day a new module for sediment transport modelling 
was introduced in the open TELEMAC-MASCARET 
modelling package and its called GAIA. It was an incentive to 
also have a new look at cohesive sediment modelling in the 
Scheldt estuary. However, experiences from the previous effort 
showed that testing with a computation intensive and complex 
model domain, results often in long waiting times and difficult 
to interpret results. Starting with a smaller model with a more 
schematized model domain would decrease the complexity a 
little and computation effort a lot. Setting up this model, learning 
how to use GAIA and trying to reach a stable ETM are the goals 
for this paper and are a starting point for a new cohesive 
sediment model for the Scheldt estuary. Lessons learnt from the 
schematized estuary model will later be applied to a new 
cohesive sediment model for the Scheldt estuary. 

This paper describes the setup of three schematized 
estuaries, closely related to the Scheldt estuary. It will give the 
results of the first computations with cohesive sediments in 
terms of ETM formation and stability. 

II. SCHEMATIZED ESTUARY MODEL 
Because the lessons learnt from the schematized estuary 

model will be applied to a Scheldt estuary model, geometric 
values of the Scheldt estuary were used to make the schematized 
estuary. The schematized estuary is 16 km wide at the mouth 
and only 50 m wide 160 km at the upstream boundary. It has no 
side branches. For the mesh, which consists of 38228 nodes and 
69705 triangular elements in the 2D plane, the upstream part 
(km 100-160) was made using the Blue Kenue channel mesher. 
The downstream part was created with the regular mesh 
generator in Blue Kenue. The resolution ranges from 500 m on 
the downstream boundary to 6 m on the upstream boundary 
perpendicular to the flow and 25 m along the main flow line. 
The width B of the estuary exponentially declines from mouth 
to upstream according to equation (1), copied from [5]. 

 𝐵𝐵(𝑥𝑥) = exp � −0.027∗10−3𝑏𝑏+1.9
5.0∗10−11𝑏𝑏2−9.2∗10−6𝑏𝑏+1

� (1) 

For the bottom level three variants were used, resulting in 
three variants of the schematized estuary. First a linear declining 
bottom depth H, constant over the estuary width, was 
implemented. This linear relationship is given in equation (2): 

 𝐻𝐻(𝑥𝑥) = −0.000075𝑥𝑥 − 15 (2) 

The values of this linear relationship were calculated based 
on the average depth at the cross section at the mouth and at the 
upstream boundary of the estuary (based on 2013 bathymetry) 
This schematized variant will be referred to in this paper as the 
linear schematized estuary. It is shown in top view in Figure 1 
and the bottom profile is shown in Figure 2. 

 

Figure 1. Shape and bottom representation of the three  scheamtized estuaries: 
linear, Dijkstra and tidal flats. 

For the second variant the bottom profile follows a fifth 
polynomial given in equation (3) and this was copied from [5]. 
This polynomial was fitted by [5] to Scheldt estuary data. 

 𝐻𝐻(𝑥𝑥) = −2.9 ∗ 10−24𝑥𝑥5 + 1.4 ∗ 10−18𝑥𝑥4 − 2.4 ∗ 10−13𝑥𝑥3 +
                        1.7 ∗ 10−8𝑥𝑥2 − 5.2 ∗ 10−4𝑥𝑥 + 17.3 (3) 

This bottom profile is also shown in Figure 1 and Figure 2. 
It is referred to in this paper as the Dijkstra schematized estuary, 
after the name of the first author in [5]. This variant is however 
still very different from the version made in the iFlow model 
software by [5] and it is not the intention of this paper to 
compare both models. 

 
Figure 2. Bottom profiles along the estuary for the three schematized 

estuaries. Eleveations are expreseed in m TAW, where TAW is the Belgian 
reference level, with 0 m TAW corresponding to average low water level at 

sea. 

For the third and last variant the bottom of the thalweg of the 
SCALDIS model was taken and smoothed using a moving 
average, clearly shown in Figure 2. However, unlike the two 
previous variants, this variant does not have a constant bottom 
over the estuary width. Tidal flats are introduced and their height 
varies along the length of the estuary. Intertidal measurements 
from the Scheldt estuary were used to determine the height of 
the deepest and highest point of the intertidal area in this 
schematized model. On average every 20 km a cross section was 
made with different heights, linearly interpolating in between 
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the cross sections. The width of the tidal flats however was 
always kept at 15% of the total width. Therefore, 30% of the 
total width of this schematized estuary is intertidal area (like 
some parts of the Scheldt estuary). A cross section is shown in 
Figure 3. 

 
Figure 3. Schematic cross section of variant three of the schematized estuaries 

introducing tidal flats. Cross section at 90 km from mouth is shown with 
water levels of mean high water spring tide (MHWS) and mean low water 

spring tide (MLWS). 

Although the heights vary along the estuary and coincide 
with the heights in the Scheldt estuary, the water level in this 
schematized estuary does not necessarily follow the high and 
low water levels of the Scheldt estuary and so the 30% intertidal 
area provided in the model might not be used entirely, depending 
on the water levels reached in the model. 

Although the schematized estuaries use some or more 
geometric values of the Scheldt estuary, they are still very 
different and so it is not the intention to calibrate water levels to 
the water levels of the Scheldt estuary. They are considered as 
different estuaries with similar characteristics. 

The bottom roughness is described by the Nikuradse bottom 
roughness value of 0,02 m for the entire model domain. 

All three model variants use 15 horizontal plains evenly 
distributed over the depth. This brings the total node count for 
these models to 573420. 

The downstream boundary is a water level boundary where 
the tides enter the model domain. Subroutine SL3 is used to 
describe the downstream water level at the boundary using three 
important tidal constituents: M2, S2 and M4 (see Table 1). 
Including the S2 constituent introduces the spring neap variation 
in the tides. Using tidal constituents to describe the boundary 
condition has the advantage that they can be analysed also inside 
the model domain and they can be changed in the future for 
analysing the effect of tidal asymmetry on sediment transport in 
the model domain. For this first exercise in this paper the 
boundary water level, SL3, is described by equation (4). The 
values for the tidal constituents are taken again from the Scheldt 
estuary, station Vlissingen, which lies near the mouth of the 
estuary. These values are kept the same for all simulations 
presented in this paper and values for amplitude and phase are 
given in Table 1. 

 SL3 = 𝑍𝑍0 + 𝑁𝑁𝑀𝑀2 sin(𝐹𝐹𝑀𝑀2 ∗ 𝑤𝑤 + 𝜑𝜑𝑀𝑀2) + 𝑁𝑁𝑀𝑀4 sin(𝐹𝐹𝑀𝑀4 ∗ 𝑤𝑤 +
                    𝜑𝜑𝑀𝑀4) + 𝑁𝑁𝐶𝐶2 sin(𝐹𝐹𝐶𝐶2 ∗ 𝑤𝑤 + 𝜑𝜑𝐶𝐶2) (4) 

For the upstream boundary a constant discharge Q is 
imposed. The discharge varies between simulations from 5 m³/s 
to 50 m³/s and 200 m/³s. The latter two are introduced in the 

model by starting with a lower value and increasing this value 
over the course of a few hours in the simulation for stability 
reasons. 

Table 1. Values for de tidal forcing at the downstream boundary. Values 
correspond with similar values from the Scheldt estuary near Vlissingen 

(=mouth). 

Z0 2,31 m TAW Reference level 

AM2 1,71 m Amplitude M2 

AM4 0,13 m Amplitude M4 

AS2 0,57 m Amplitude S2 

φM2 66*π/180 Phase M2 

φM4 133* π/180 Phase M4 

φS2 114* π/180 Phase S2 

FM2 2* π/(3600*12,42) Frequency M2 

FM4 2*FM2 Frequency M4 

FS2 2* π/(3600*12) Frequency S2 

Salinity is an active tracer in the models. In the Scheldt 
estuary the salinity is well mixed and so for these schematized 
models the initial values are described by a horizontal salinity 
profile which ranges from salinity 30 at the mouth and decrease 
linearly to salinity 0 towards km 88. 

The time step for the linear and Dijkstra schematized 
estuaries is 15 s, for the variant with tidal flats the time step is 
10 s. 100 days were simulated each time and graphic output was 
given every 10 minutes. 

For the turbulence modelling a mixing length model of Nezu 
and Nakagawa is used for the vertical and a constant turbulence 
model is used for the horizontal. 

The cohesive sediment model in GAIA starts with one 
fraction of sediments. Initially 0,3 g/L of sediment is present in 
the water column. Water that enters at the downstream boundary 
has a sediment load of 0,02 g/L. 0,098 g/L is used for the 
upstream boundary. The bed is initially empty. Settling velocity 
is set at 0,1 mm/s. This is a good value for individual clay 
particles, but is an order of magnitude too low for flocks. But 
flocculation is not yet considered in this exercise. The critical 
shear stress for erosion is 0,05 N/m². The Partheniades constant 
or erosion constant is set at 1,5E-4. The value of the parameter 
for the critical shear stress for deposition is not used in these 
simulations, but is calculated by the code. Settling lag is turned 
on. The minimal value for the water depth is set to 0,1 m. These 
values are kept the same for all simulations shown in this paper. 

In this paper only the results of five simulations are shown 
and discussed. All parameters are kept the same except for the 
upstream discharge: 

• Linear schematized estuary with Q = 50 m³/s 

• Dijkstra schematized estuary with Q = 5, 50 and 
200 m³/s 

• Tidal flats schematized estuary with Q = 50 m³/s 
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III. ETM IN THE SCHELDT ESTUARY 
Four times per year a vessel sails along the Scheldt estuary 

following the ebb tide to measure, amongst others, the 
suspended sediment concentration (SSC) near the bottom and 
near the surface. Figure 4 shows the measurements from 2021. 
An ETM shows around km 110-120. With high freshwater 
discharges this ETM migrates downstream or is sometimes 
flushed entirely. In very dry conditions with very low freshwater 
discharge (yellow line, September 2021 in Figure 4) an 
additional ETM shows upstream around km 140-150. Further an 
ETM is seen around km 60-70. This is just downstream of 
Antwerp. A lot of dredging and disposal activities are carried out 
in this region and this ETM might be fed by he disposed dredged 
material. With higher winter discharges this is the first ETM to 
be flushed out of the estuary. 

These measurements give a view on the SSC along the 
Scheldt estuary on four single time steps. Further 6 permanent 
measuring stations monitor the SSC in the estuary at fixed 
locations. These measurements give an idea of the fluctuation 
over longer periods of time and sometimes the migration of an 
ETM can be noticed in one of these stations. 

 
Figure 4. Measured surface suspended sediment concentrations along the 

Scheldt estuary for the four seasons in 2021. 

From previous modelling experience the ETM furthest 
downstream occurs easily when dredging and disposal activities 
are incorporated into the model. The ETM around km 110-120 
showed in the old cohesive sediment model when sufficient 
sediment was present. Due to high sedimentation rates upstream 
and the unphysical measures taken in the old model to prevent 
this, the most upstream ETM during low discharge periods was 
not yet found in the model. The exercise in this paper is however 
to show a stable ETM can be formed in an estuary model in 
TELEMAC-3D coupled with GAIA. 

The different physical processes that form a turbidity 
maximum in estuaries, like gravitational circulation, tidal 
pumping, Stokes drift, scour lag and spatial settling lag are not 
discussed here and will not be discussed in the model results 
sections as this paper shows only preliminary results. Further 
research will need to follow. 

IV. MODEL RESULTS 

A. Tidal constituents 
The tidal constituents imposed on the downstream boundary 

are known. How they evolve traveling along the estuary can be 

deducted from water level time series extracting the constituents 
using t_tide from [6]. Figure 5 shows the M2, S2 and M4 
amplitudes of the three schematized estuary variants for a 
simulation with constant upstream discharge equal to 50 m³/s. 
For comparison the values for the Scheldt estuary are added to 
the figure. For all estuaries the values diverge the more upstream 
the location. The Dijkstra and tidal flats variant show an increase 
in M2 amplitude followed by a decrease near the upstream end, 
like in the Scheldt estuary. For all three constituents it is clear 
that the Dijkstra and tidal flats variant follow the trend of the 
Scheldt estuary the best. The difference upstream are quite large, 
and this is seen in the low water level behaviour much more than 
in the high water levels as will be shown in the next section. 

 

Figure 5. Comparison of the M2, S2 and M4 amplitudes of the three different 
modelled schematized estuaries and measured values from the Scheldt 

estuary. The modelled results are taken from simulations with upstream 
discharge Q = 50 m ³/s. 

B. Water levels 
The maximum high water level and the minimum low water 

level during spring tide for the three schematized estuary 
variants is given in Figure 6. For the Dijkstra variant three 
different water levels are given for three different upstream 
discharges, i.e. for 5, 50 and 200 m³/s. The higher the discharge 
the higher the water level (low and high) upstream. The 
influence of the discharge on the water levels reaches 
approximately 45 km downstream. The linear variant has the 
highest tidal range upstream the estuary, followed by the tidal 
flats variant. 

Despite the differences in bottom level being quite high 
between the schematized estuary variants, the high and low 
water levels remain close to each other in the downstream part 
of the estuaries. At least it seems that way in Figure 6 because 
of the large scale on the y-axis. The differences reach up to 20 
cm with the tidal flats variant having the highest high water 
levels downstream and the linear variant the lowest high water 
levels. For the low water levels the tidal flats variant has the 
lowest water levels and the linear variant the highest, giving the 
tidal flats variant the highest tidal range in the downstream part 
of the estuary. 
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Figure 6. High (HW) and Low (LW) water levels during spring tide in the 
different schematized estuaries for different upstream discharges Q. 

C. Cohesive sediment 
After 100 simulated days the suspended sediment 

concentration in the water column along the central axis x of the 
estuary is plotted to see if an ETM occurs and to see the 
differences between the variants and the difference within one 
variant with different upstream discharges. The results are 
plotted in Figure 7. Compared to the linear and Dijkstra variant 
the tidal flats variant shows still a distinct area with increased 
suspended sediment concentration, but the values are much 
lower. All found ETM’s are found relatively stable as they did 
not change much in the last 20 days of the simulation. For the 
Dijkstra variant the differences in upstream discharge show that 
with higher discharges the ETM is narrower and situated more 
downstream.  

 

Figure 7. SSC values [g/L] for the three schematized estuaries after 100 
simulated days. The results show maximum SSC values during spring tide, 

during flood. 

The SSC values for the linear and Dijkstra variant are 
however far above the measured values of ETM of just SSC 
values in the Scheldt estuary (see Figure 4). Looking in detail to 
only the results of the tidal flats variant in Figure 8 it shows that 
SSC values are in the same order of magnitude as the measured 
values in the Scheldt estuary. With the y-axis scale  in Figure 8 
a clear ETM is visible around km 60-110. The range of this ETM 
along the central estuary axis is quite large. The sediment 
transport over several transects (0, 20, 40, 60, 80, 100, 120, 140 
km) was calculated for each time step of the last full spring neap 
tidal cycle and averaged. This is called the averaged sediment 
flux and is expressed in kg/s. negative values indicate a net 

downstream transport and positive values a net upstream 
transport. They are represented by red and green arrows 
respectively in Figure 8. This shows that there is a large input on 
the downstream boundary. The sediment load in the water 
column there is small but the volume of water is large, resulting 
in a large sediment input. In the region of the ETM there is a net 
upstream transport of sediment. Further downstream and 
upstream there is a net downstream transport. The flux of 
sediment entering the estuary upstream is 5 kg/s. However, in 
the first cross section downstream this value drops significantly, 
showing that most of the sediment entering the estuary upstream 
remains in the upstream section. This is a point of attention for 
further improvement as this is caused by the boundary itself (low 
flow velocities entering the estuary). 

 

Figure 8. A. SSC values along the tidal flats schematized estuary variant after 
100 simulated days; B. SSC values shown in top view of the model; C. the 
sediment fluxes averaged over the last spring neap tidal cycle are given in 

green (upstream transport) and red (downstream transport) arrows for 
transects every 20 km. 

The he same evaluations are made for the different 
discharges of the Dijkstra variant. The averaged fluxes and 
representing arrows are shown in Figure 9. For the Q = 50 m³/s 
scenario only one section in the middle of the estuary is showing 
an upstream sediment transport flux (compared to four sections 
in the tidal flats variant above). When the upstream discharge is 
very low, from km 80 and upstream the sediment transport is 
directed in the upstream direction. The higher values of fluxes 
entering at the downstream boundary, compared to the tidal flats 
variant are due to the fact that the model water volume of the 
Dijkstra variant is almost double of that from the tidal flats 
variant and this causes the entrance of a much larger sediment 
volume at the downstream entrance for the Dijkstra variant. 
Increasing the upstream discharge to 200 m³/s will point all 
fluxes at all transects in the downstream direction. This means 
that eventually the ETM will disappear and the sediment will 
settle in the mouth region. The upstream discharge did not affect 
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the flux direction in the downstream part (under 60 km) of the 
estuary. There the arrows remained pointed in the downstream 
direction. The tidal volume in this variant is much higher than 
that of the tidal flats variant or the Scheldt estuary, which makes 
that higher discharge values are needed to influence it. However, 
usually a higher discharge points the net sediment transport in 
downstream direction and in the Dijkstra variant it already 
pointed in the downstream direction. It is worth investigating 
how different discharge values influence the sediment transport 
direction in the tidal flats variant. 

 

Figure 9. A. SSC values along the Dijkstra schematized estuary variant after 
100 simulated days for three different upstream discharges: 200, 50 and 5 

m³/s.; B. SSC values shown in top view of the model for the different 
upstream discharges; C. the sediment fluxes averaged over the last spring 

neap tidal cycle are given in green (upstream transport) and red (downstream 
transport) arrows for transects every 20 km for three different upstream 

discharges. 

With the given fluxes some parts of the models, where more 
sediment is flushed downstream compared to the amount of 
sediment that enters from upstream, or part where there is a 
downstream flux on the downstream side and an upstream flux 
on the upstream side, will run out of sediment. In these 

simulations this process appears to evolve slowly, making the 
formed ETM’s seem stable over a shorter period of time. This 
might be due to the constant parameter values and the low 
settling velocity. A higher settling velocity will have a larger 
effect on some of the ETM forming processes and dynamics. 
Despite this, ETM showing quite stable values after 100 
simulated days is already a good step forward compared to the 
old SCALDIS mud model, where sediment settled or was 
flushed in a 30 day period. 

 

Figure 10. Comparing flow velocity direction at the end of flood for the tidal 
flats and Dijkstra schematized estuary variants. For the tidal flats variant the 
averaged fluxes over the last spring neap tidal cycle are given for parts of the 

20 km transect. 

The three variants of the schematized estuary model are quite 
different. Sometimes they give a comparable result, suggesting 
the act similar, but further analysis reveals big differences in 
processes. One example is the downstream sediment flux at the 
transect of km 20. The Dijkstra and tidal flats variant both give 
a negative flux of around 5 to 6 kg/s. Figure 10 shows the flow 
velocity direction at the end of flood tide. In the tidal flats variant 
a strong current starts to form on the tidal flats and shallower 
areas in the downstream direction, while the flow velocity in the 
deep main channel still points towards upstream. Analysing 
averaged sediment fluxes over parts of the transect reveals that 
in the deep main channel the net sediment transport is pointed 
upstream and the parts above -5 m TAW have a net sediment 
transport pointed downstream. The downstream transport over 
the shallow areas is bigger than the upstream transport in the 
main channel, resulting in a net downstream sediment transport 
over the entire transect. As the bottom depth is equal over the 
entire width in the Dijkstra variant, this phenomenon does not 
occur. Flow velocities are divided differently over ebb and flood 
resulting in a net downstream transport over all parts of the 
transect. 
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V. CONCLUSION 
The first results of modelling cohesive sediments in 

schematized estuaries shows promising results in ETM 
formation. All modelled schematized estuary variants, linear, 
Dijkstra and tidal flats, show the formation of an ETM that is 
stable over time. This was the goal of this first exercise. 

More analysis and longer simulation periods will be needed 
to see how the ETM behaves in different situations, like 
sediment starvation or particles with different parameter setting 
(especially settling velocity). The schematized estuaries forced 
by tidal constituent offer the possibility to also investigate how 
different settings for these constituents affect sediment 
behaviour (through tidal asymmetry). 

When the different parameter settings and their impact on 
the global modelling result are better understood in the 
schematized estuary, in a next step the lessons learnt can be 
translated back to a full scale Scheldt estuary model, which is 
the final goal of this exercise. 

Finally this exercise shows that TELEMAC-3D coupled 
with GAIA offers possibilities to model cohesive sediments and 
ETM formation in estuaries. 
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Abstract – Tides, winds, and waves shape the seabed of shallow 
shelf seas. In sandy energetic environments, marine dunes can 
develop. These sedimentary bedforms are present worldwide, in 
a variety of environments. They abound in the North Sea. Our 
interest is in an area offshore Dunkirk (northern coast of France) 
where migration rates as high as 30 m/yr have been observed. 
A coupled TELEMAC-3D+GAIA model has been set up for a 
simplified configuration, to assess the contributions of the hydro-
meteorological parameters, and how their variability influences 
the evolution of the dune field over time. Several sediment 
transport formulae (based on both energetic and shear-stress 
considerations) are investigated. Their suitability to reproduce 
the seabed evolution observed over a period of four months is 
discussed. 

Keywords: Marine environment, Marine dunes, Morphodynamics, 
TELEMAC-3D, GAIA. 

I. INTRODUCTION 
Large, dynamic sedimentary bedforms are common 

occurrences on the bed of shallow shelf seas worldwide. They 
are present in the Irish Sea, the English Channel and in the 
North Sea, where most of the proposed European offshore 
wind farms will be located. Constantly remodelled by the 
combined action of tidal currents and waves, they pose a 
challenge to the design, implementation, safety, and 
maintenance of marine renewable energy systems. Therefore, it 
is essential to be able to predict the evolution and migration of 
large marine dunes. 

Marine dunes of 2 to 3 m in height are present offshore 
Dunkirk, in the Southern Bight of the North Sea. The region is 
characterised by a macro-tidal regime, with a spring tidal range 
= 5.5 m. The tide is asymmetric: it rises faster than it falls, and 
the flood currents are generally stronger than those during the 
ebb, resulting in a net current trending North-East. The 
offshore wave climate consists of waves that originate from the 
Atlantic Ocean as well as from the North Sea. The 1-year 
condition (all directions) is estimated at significant wave height 
Hs = 4.4 m and mean period Tz = 6.5 s. 

Recurrent bathymetric surveys have been conducted 
between 2019 and 2021 in three predefined tiles: 1) in the 
approach channel, 2) immediately north of the Breedt sand 
bank, and 3) on top of the Binnen Ratel bank (Figure 1). The 

surveys document the evolution of the dune field offshore 
Dunkirk over successive periods ranging from 1 to 4.5 months. 
There are times when the morphology of the dune changes, 
resulting in an apparent migration of the crest, and others when 
the body of the dune moves as a whole. Overall, the dunes 
have been observed to migrate at a net rate of the order of 
30 m/yr towards the North-East. 

The purpose of this work is to gain insight into large dune 
modelling in open marine environments, a research area that is 
still poorly understood. For this, tile#1 is of particular interest. 
The currents there are mostly bidirectional, restricted by the 
orientation of the navigation channel (approximately trending 
80°N during the flood; 260°N during the ebb). This allows a  
 

 
Figure 1. (a) Location map showing the bathymetric survey tiles as filled 

circles. (Source of the background data: Shom 2015 and 
https://opentopomap.org/)  (b) Close-up view of tile#1 in the navigation 
channel showing bed levels in November 19. Dune profiles are extracted 

along section a'-a". (Source of the data: France Energies Marines). 
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simplified (flume-like) configuration to be developed that 
captures the main sediment transport processes in and around 
tile#1 area at reduced computational time. 

A 4-month period (November 2019 to March 2020) is 
modelled. During this time, the morphology of the dunes has 
not changed significantly, but they have migrated 
approximately 15 m to the North-East. If it can be shown that 
the model performs well under high hydrodynamic stresses, 
then it gives confidence in the predictions for other periods. 

II. MATERIAL AND METHODS 

A. Local numerical model 
A coastal area model based on the open source TELEMAC 

system is being developed. This model will consider the 
interactions between tidal flows, winds, waves, sediment 
transport processes, and bed evolution. The same 
computational domain and spatial discretisation are used 
throughout. References [1] and [2] detail the procedure for the 
calibration and validation of this regional hydrodynamic and 
wave model against in situ data. Updated results have been 
presented by [3]. Good performance was achieved under a 
range of tidal currents and offshore wave and wind conditions. 

Subsequently, a simpler configuration was developed to 
gain insight into dune modelling, with a focus on the choice of 
a suitable transport formula that would reproduce the bed 
evolutions observed in situ, as well as the parameters to which 
it might be sensitive. This model is described herein. 

It consists of a flume-like representation of tile#1. The 
mesh is based on the bosse test case provided in the GAIA 
examples folder [4], where dimensions have been scaled so 
that the mesh resolution is approximately 10 m in both x- and 
y-directions (consistent with the regional model). This gives an 
800-m-long by 110-m-wide computational domain comprising 
891 nodes and 1600 elements. The digital elevation model of 
the seabed has been constructed from a dune profile extracted 
from the November 2019 bathymetric survey data and taken in 
the predominant direction of the flow, approximately 
perpendicular to the dune crests (Figure 1). This profile is 
duplicated across the domain so that the elevation of the bed 
does not vary laterally. This representation is deemed 
appropriate as a first instance, given the strong bidirectionality 
of currents in the navigation channel. 

Time-varying water discharges and free surface elevations 
are applied at both ends of the flume. For that purpose, time 
histories of velocities and levels have been extracted from a 

long-term simulation of the regional model in the middle of 
section a'-a". Water fluxes are calculated as the product of the 
instantaneous magnitude of the current by the instantaneous 
water depth, integrated across the width of the flume 
(Figure 2). Larger peak fluxes are predicted during the flood 
cycle (positive values) than during the ebb cycle (negative 
values). The resulting easterly residual (obtained from a rolling 
average of the instantaneous water flux values) is shown in 
black in Figure 2; the dark red circles indicate times when the 
net water flux was directed opposite the dominant easterly 
direction. Negative net water fluxes are associated with 
sustained wind events from the North-West; strong positive net 
water fluxes (in excess of 500 m3/s) with energetic events from 
the South-West. In light of these results, it is anticipated that 
the preferred direction of sediment transport is towards the 
East. This is supported by the morphology of the dunes, which 
exhibits a gentler side facing west and a steeper side facing east 
(Figure 1b), typical of bedforms subjected to prevailing flow 
direction. 

Several authors have identified the waves dampening effect 
on the dune height (e.g. [5], [6], [7], [8]). In the Southern Bight 
of the North Sea, [9] has observed that it is controlled in some 
instances by the frequency of occurrence of strong events and 
the elapsed time between these energetic periods. Although the 
southern North Sea is open to waves from the Atlantic Ocean 
and the North Sea, they are relatively short. Due to the large 
water depth in the navigation channel compared to wavelength 
(kh > 0.5, k the wave number and h the water depth), wave 
activity is a second-order process for sediment transport [3]. 
Therefore, wave processes are not included in this exploratory 
work, and numerical simulations are performed by internally 
coupling the 3D Reynolds-averaged Navier-Stokes module 
TELEMAC-3D with the sediment transport and bed evolution 
module GAIA [10]. 

B. TELEMAC-3D settings 
Bed friction is expressed in the form of a Nikuradse 

roughness. A value of 862.5 µm is adopted that is based on a 
representative grain size for the area. 

Turbulent diffusion is defined by a constant eddy viscosity 
(taken as 10-6 m2/s) in the horizontal direction, and by the 
Tsanis mixing length model along the vertical direction. 

Good performance of the regional hydrodynamic model 
was achieved with these settings, compared to observed in situ 
level and velocity data [3]. 

 

 
Figure 2. Instantaneous water flow predicted by the regional model. Positive values correspond to the flood cycle, trending eastward. 
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C. GAIA settings 
Bed sample data have been collected offshore of Dunkirk. 

Grain size distributions were derived from the most recent 
samples (October 2019 and May 2020, France Energies 
Marines) that suggest little spatial or seasonal variability in the 
area. Sediments are generally reasonably well-sorted medium 
sands with grain sizes of d50 between 230 µm and 450 µm, and 
little fine content (typically less than 1% passes through the 
N°200 sieve). The grain size d10 is estimated at 210 µm on 
average. Therefore, sediments are not expected to exhibit 
cohesive properties [11]. These values are generally in 
agreement with those collated by the Service hydrographique 
et océanographique de la marine (Shom) at different times in 
recent years. 

For the purpose of the modelling, a unimodal distribution is 
adopted with a median grain diameter of d50 = 345 µm, and d90 
= 1 mm. 

D. Sediment transport formulae 
The Rouse number, P, is a non-dimensional parameter that 

defines the shape of the suspended sediment concentration 
profile. By extension, it is often used to determine the 
prevailing mechanism of sediment transport [12]. Reference 
[3] has concluded that the region offshore Dunkirk was 
predominantly bedload, in accordance with findings that 
marine dunes could only form on the Dutch continental shelf 
when the Rouse number was in excess of 2.0 [13]. Therefore, 
in this work we limit ourselves to bedload transport. 

Various bedload transport rate formulae have been 
proposed. Owing to the location of the site, only the transport 
formulae applicable to coastal areas are considered. These 
formulae are largely based on parameterisation of physical 
processes and have been calibrated by their authors with 
experimental or field data. 

Two formalisms emerge and are explored in this work:  

• methods based on current velocities (of all nature, tidal or 
not). In GAIA, they are Soulsby and van Rijn (1997) 
(hereafter SvR97) [11], Bailard (1981) [14], and Dibajnia 
and Watanabe (1992) [15] (revisited by [16]); and  

• those based on bed shear-stresses. In GAIA, this is Bijker 
(1968) [17]. The excess shear formula proposed by Soulsby 
and Damgaard (2005) (hereafter SD05) [18] was 
implemented in GAIA as part of this work. 

Bailard formula is said to perform best in wave-dominated 
environments [19]. Because of its formulation, the question 
arises whether the Dibajnia and Watanabe formula is suitable 
without waves. Soulsby and Damgaard formula is preferred 
over Bijker's as it incorporates the notion of threshold of 
motion. Therefore, in this paper, we will focus on the SvR97 
and SD05 sediment transport formulae. 

1) Soulsby and van Rijn (1997): The SvR97 formula 
provides an estimate of the total transport rate (bedload + 
suspended load) by currents and waves. It was adapted from 
van Rijn (1984) sand transport formula by currents only, 
following the methodology introduced by [20] to add the wave 
contribution. It does not include complex wave processes such 

as velocity asymmetry, acceleration asymmetry, or boundary 
layer streaming. It is only valid for non-breaking waves. The 
coefficients 𝑁𝑁𝑚𝑚𝑏𝑏 and 𝑁𝑁𝑚𝑚𝑚𝑚 in the formula had originally been 
derived for river settings based on a combination of physical 
and empirical considerations. They are valid for depths in the 
range 1 to 20 m, depth-averaged velocities in the range 0.5 to 
5 m/s and sediment grains between 0.1 and 2 mm. 

In this work, wave processes are considered to be of second 
order and discarded as a first approximation. In this case, the 
SvR97 formula reduces to: 

 𝑞𝑞𝑢𝑢 = (𝑁𝑁𝑚𝑚𝑏𝑏 + 𝑁𝑁𝑚𝑚𝑚𝑚) �𝐿𝐿2𝐷𝐷�������⃗ � ��𝐿𝐿2𝐷𝐷�������⃗ � − 𝐿𝐿𝑐𝑐𝑓𝑓�
2.4

 (1) 

where 𝑞𝑞𝑢𝑢 is the volumetric total transport rate per unit width 
and �𝐿𝐿2𝐷𝐷�������⃗ � the depth-averaged current velocity. 𝑁𝑁𝑚𝑚𝑏𝑏 = f(h-0.2) 
denotes the bedload coefficient (h the water depth), 𝑁𝑁𝑚𝑚𝑚𝑚 =  
f(d50

-0.8) the suspended load coefficient, and 𝐿𝐿𝑐𝑐𝑓𝑓  = f(d50, h/d90) 
the threshold velocity defined by van Rijn (1984). 

Some limitations have been identified with this formula. 
Above all, it is based on a depth-averaged current speed when, 
intuitively, bedload transport is closely related to near-bed 
processes. Furthermore, the ratio of suspended load to bedload 
contributions (given by 𝑁𝑁𝑚𝑚𝑏𝑏/𝑁𝑁𝑚𝑚𝑚𝑚 in (1)) is only determined by 
grain size in relation to water depth (d50/h) and by 
dimensionless grain size (D*). In our configuration, it is 
overwhelmingly biased towards suspended load, which is not 
in line with current knowledge of marine dune settings 
(bedload dominated). 

2) Soulsby and Damgaard (2005): The SD05 formula 
provides an estimate of bedload transport rate by currents and 
sinusoidal or asymmetric waves. Therefore, velocity 
asymmetry can be considered as waves shoal and become 
increasingly skewed. The contribution of currents alone is 
derived from sheet flow theory. Sediment concentration and 
velocity profiles are defined in the sheet flow layer, whose 
thickness is determined by Coulomb friction. Integration of 
sediment flux through the sheet flow layer gives the non-
dimensional transport rate. It is interesting to note that the same 
formula was independently obtained by fitting a curve to 
bedload transport data [21]. 

The SD05 formula is an excess shear-stress formula. In that 
sense, it is consistent with the physical intuition that sediment 
grains can only be mobilised when the shear-induced forces 
exceed the resisting forces (e.g. friction). 

In the absence of waves, the SD05 transport formula 
simplifies to: 

 𝑞𝑞𝑏𝑏 = 12 𝑚𝑚50�
𝜏𝜏
𝜌𝜌

 � 𝜏𝜏−𝜏𝜏𝑐𝑐𝑟𝑟
𝑔𝑔 (𝜌𝜌𝑠𝑠−𝜌𝜌) 𝑢𝑢50

� (2) 

where 𝑞𝑞𝑏𝑏 is the volumetric bedload transport rate per unit 
width, 𝜏𝜏 the bed shear-stress, and 𝜏𝜏𝑐𝑐𝑓𝑓  the threshold bed shear-
stress for onset of motion. 𝜌𝜌 denotes the water density, 𝜌𝜌𝑚𝑚 the 
sediment density, and 𝑔𝑔 the acceleration due to gravity. 

192



29th TELEMAC User Conference Karlsruhe, Germany, 12-13 October 2023 
 
 

E. Migration speed estimate 
Digital Elevation Models (DEMs) had been constructed 

from the local survey data (0.5 m resolution, 0.05 m vertical 
accuracy) collected at 8 survey times: S1 to S8 (Figure 3). The 
seabed profile was extracted from these DEMs along section 
a’-a”. The evolution of the dunes is not constant in time 
(Figure 3) and is rather dependent on external factors. Dunes 
are very mobile during period S1-S2 (compared to S3-S4 and 
S6-S7 with similar duration). In that period, the dunes migrate 
ca. 15 m to the East while retaining a mostly unchanged 
morphology. Interestingly, the steep slopes of the dunes 
become gentler during periods S2-S3 and S7-S8, resulting in 
an apparent migration of the crest towards the west. 

The dune crests and troughs had separately been digitised 
off the DEMs of the surveys to characterise the morphology of 
the dunes and assess the migration speed of their crests [22]. 
Over the course of 21 months, from S1 to S8, the average 
migration speed for Dune2, the central dune of our transect, 
was estimated to be 37.2 m/yr (standard deviation = 11.7 m/yr). 
This should be considered an average (over the dune length) 
net migration speed because the crest position fluctuates with 
the tidal state and does not always move in one direction. 

Many authors have quantified the speed of dune migration 
from the ratio of crest displacement to time. We adopt the same 
approach in this work, in part to allow comparison with the 
above estimates, and because the crest is an easy feature to 
identify. However, it may be more appropriate to consider the 
position of the steep face of the dune rather than the crest, as a 
marker for dune migration. Indeed, as noted previously, 
changes in crest position may result from changes in dune 
morphology alone, without dune migration. 

We have focused our analysis on the central and larger 
dune of the transect. A spline is fitted to the bed levels 
predicted by the model to add the resolution lacking from the 
local model mesh (from 10 m to 1 cm resolution). The crest is 
taken to be the highest bed level, and its displacement is 
divided by the model output time step to give an hourly 
migration speed expressed in cm/day. The average over the 4-
month period (S1-S2) can be compared to the estimates 
obtained by [22] for S1-S8. 

III. RESULTS AND DISCUSSION 

A. Behaviour of sediment transport formulae 
An extensive range of simulations was performed to 

identify the sensitivities of the sediment transport formulae to 

parameters such as temporal and spatial resolution, vertical 
discretisation, friction, sediment grain size, slope effect, and 
consideration of dynamic pressure. Some conclusions from 
these simulations are presented in the following sections. 

1) Influence of vertical plane distribution: SvR97: Five 
irregularly spaced sigma planes were used in the vertical for 
the SvR97 model runs. These were defined at approximately 
1/6th, 1/3rd and 2/3rd of the water column, the first plane 
representing the seabed and the last the free surface. No 
sensitivity to the distribution of the vertical planes was 
performed on the grounds that the SvR97 sediment transport 
formula is based on depth-averaged velocities. 

SD05: This formula is expressed in terms of bed shear-
stresses. In TELEMAC-3D, the shear-velocity, hence shear-
stress, is computed from the second plane velocity under the 
assumption that the vertical profile close to the seabed is 
logarithmic. If that assumption held true, then the distribution 
of the vertical planes in a 3D model would not be an issue: the 
velocity at any position in the water column would give the 
(same) near-bed shear-velocity. Reference [23] has shown that 
this was not the case over dunes. Therefore, some attention was 
paid to the computation of the grain bed shear-stress, and to the 
vertical discretisation. 

Alternative methods were explored to compute the shear-
velocity: based on a Chézy coefficient, assuming different 
profiles, or calculated from the velocity at a reference level 
(akin to van Rijn’s approach [24]). None of these alternatives 
proved entirely satisfactory, so the original shear-velocity 
formulation was retained. Several tests with different vertical 
distributions were then carried out: (i) a limited number of 5 
planes carefully selected at 0%, 0.3%, 2.3% 15% and 100% of 
the water column (this meant a near-bed resolution of about 
5 cm); (ii) 5 planes; (iii) 11 planes; and (iv) 16 planes 
distributed logarithmically with a growth ratio of 1.3 (as was 
done for SvR97). 

As expected, the bed shear-stresses predicted by the model, 
and the resulting bed evolution, are found to be quite sensitive 
to the vertical plane distribution. The more planes in the 
vertical from (ii) to (iv) (hence the finer the near-bed 
resolution, from approximately 3 m to 40 cm to 11 cm), the 
more the dunes move as a whole. With 5 planes (ii), only the 
lower section of the dunes moves. A drawback of finer near-
bed resolution, however, is that the crests tend to be 
exaggerated and the troughs eroded. This is illustrated in

 

 
Figure 3. Dune profiles along section a’-a”, in tile#1, showing the evolution from Nov19 to July21. The predominant flow direction is from left to right. 
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Figure 4, where the envelop of the bed evolutions predicted 
using log-distributed planes (ii), (iii) or (iv) is represented as a 
shaded area. The refined 5-plane distribution (i) seems like a 
good compromise (solid line in Figure 4): it captures the bed 
evolution as well as (iv) (arguably closer to observations near 
the crest, albeit further eroding the troughs). Importantly, the 
run time is approximately halved (1 day and 2 hours with (i) 
versus 2 days and 8 hours with (iv) to model 121 days). 

 

 
Figure 4. Influence of vertical plane distribution on bed evolution with the 

SD05 formula. 

 

2) Influence of friction: Simulations were performed in 
which secondary bedforms (0.1 to 0.2 m high) were filtered 
from the bed profile and a higher roughness length of 0.1 m, 
and then 0.2 m, was used as a proxy to account for form drag. 

SvR97: A very limited effect was observed with this 
configuration compared to the original (raw) bed profile. This 
is attributed to the fact that only hydrodynamics are directly 
affected by smoother bed and higher friction (SKIN FRICTION 
CORRECTION = 1 in GAIA), and only a marginal reduction of 
the depth-averaged velocity is predicted. 

SD05: The simulation did not complete and so no 
conclusions can be drawn as to the influence of friction in this 
sediment transport formula.  

3) Influence of grain size: A single sand fraction is used. 
Sensitivity to sediment grain size was investigated by varying 
the median grain diameter within the range observed during 
recent sediment grab samples in 2019-20 (see Section C), or 
± 30% about the average value of 345 µm used throughout. 

SvR97: Changes in d50 affect not only 𝐿𝐿𝑐𝑐𝑓𝑓  but also the 
suspended load coefficient 𝑁𝑁𝑚𝑚𝑚𝑚 in (1). Finer sediments are 
slightly easier to mobilise (indicated by a 4% reduction in 𝐿𝐿𝑐𝑐𝑓𝑓  
for d50 = 230 µm compared to 345 µm), while coarser 
sediments are slightly harder to mobilise (3% increase for 
d50 = 450 µm compared to 345 µm). At the same time, the 
transport rate associated with suspended load is 34% higher 
with d50 = 230 µm and 19% lower with d50 = 450 µm. This 
means that, although the morphology of the dunes is not 
significantly modified, they move at a noticeably faster rate 
with finer sediments (ca. +50% for d50 = 230 µm compared to 
345 µm). With coarser sediments, the crests are levelled, and 
the migration rate is reduced (ca. -25% for d50 = 450 µm 
compared to 345 µm). The range in predicted bed evolution 
about that obtained with d50 = 345 µm (solid line) is 
represented by a shaded area in Figure 5. 

 

 
Figure 5. Influence of sediment grain size on bed evolution with the SvR97 

formula. 

 

SD05: Bed evolution is shown to be relatively insensitive 
to grain size with this sediment transport formula. Varying the 
median grain diameter d50 in the range ± 30% leads to a ± 10% 
difference in the transport rate, but the dune migration rate 
does not change in the same proportions and the effect is 
hardly noticeable. 

4) Influence of slope effect correction: SvR97: The 
correction proposed by [25] (FORMULA FOR SLOPE EFFECT = 1) 
modifies the bedload transport rate to account for the 
streamwise bed slope effect. By its form, it acts as a diffusion 
term in the bed evolution equation. Unlike other corrections, it 
does not modify the critical Shields stress, and so is the only 
slope effect parameterisation in GAIA that is consistent with 
the use of the SvR97 sediment transport formula. A simulation 
run with this correction, and the default β value of 1.3, was not 
very satisfactory: the dunes slump and decay with time. 

SD05: Without slope effect, the formula tends to be 
unstable: the crests accrete, the troughs erode, and the dunes 
eventually become too high to be sustainable. Adding the slope 
effect to the model proved useful for controlling dune growth. 

Koch and Flokstra’s correction [25] (FORMULA FOR SLOPE 
EFFECT = 1) was used in the first instance, with default 
coefficient β = 1.3. The results are encouraging in terms of 
migration rate, dune height, and slopes (Figure 6), but the lee 
face migrates faster than the stoss face, meaning that the dunes 
become wider over time. Soulsby's equation 80a [11] 
(FORMULA FOR SLOPE EFFECT = 2 and FRICTION ANGLE OF THE 
SEDIMENT = 32°) was subsequently tested. This formulation 
adjusts the value of the threshold shear-stress 𝜏𝜏𝑐𝑐𝑓𝑓  according to 
the angle between the flow and the slope direction, the angle of 
the bed slope, and the angle of repose. The lee slope being 
steeper than the stoss slope, this is where deviations from 𝜏𝜏𝑐𝑐𝑓𝑓  
are the largest (± 14-21% compared to 6-7% on the stoss slope; 
𝜏𝜏𝑐𝑐𝑓𝑓  ~ 0.22 N/m2). The steep slopes are better conserved with 
Soulsby’s correction, now close to those observed (Figure 6). 
On the other hand, the dune heights being less dampened than 
with Koch and Flokstra’s correction are high compared to 
observations. Apsley and Stansby formulation [26] (FORMULA 
FOR SLOPE EFFECT = 3 and SEDIMENT SLIDE = 2), recently 
available from the main, was also tested. The agreement is 
certainly improved for the last dune in the transect, which now 
follows quite closely the observed steep face. By and large, the 
dunes are more forward inclined than they were with Soulsby's 
correction, where the crests were held back; the erosion of the 
trough is accentuated (Figure 6). 
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Figure 6. Influence of slope effect correction on bed evolution with the SD05 

formula. 

 

5) Influence of dynamic pressure: SvR97: Including or not 
including the dynamic pressure in the simulation does have a 
noticeable but slight effect. It is noteworthy that the run time 
is halved when only the hydrostatic pressure is considered. 

SD05: On the contrary, dynamic pressure is critical to the 
good performance of the SD05 formula, as illustrated in 
Figure 7. Without it, the dunes hardly move; the crests remain 
at the same location while the troughs fill in to some extent, 
resulting in a shallower steep slope than initially or observed at 
the end of the period. This result is not unrelated to the findings 
of several authors (for example [27]) that vertical flow 
structures are an important process to support dune 
development.  

 

 
Figure 7. Influence of dynamic pressure on bed evolution with the SD05 

formula. 

 

B. Bed evolution and crest migration 
1) With SvR97 total sediment transport formula: With the 

current model configuration ((ii) vertical discretisation, 
dt = 5s) and the use of the SvR97 formula, it takes just over 
8 hours to simulate one complete year (without using the 
morphological factor to accelerate the simulation) on 10 cores 
of an Intel® Xeon® Platinum 8260 processor. 

The threshold velocity, 𝐿𝐿𝑐𝑐𝑓𝑓 , is in the range 0.41 - 0.43 m/s 
(for the water depth and sediment conditions at the site) and is 
exceeded between 60% and 69% of the time over the 4-month 
period. 

Early runs with SvR97 revealed an overprediction of the 
dune migration rate. This is consistent with the general 
experience that the formula tends to overestimate the sediment 
transport rate. The steep slopes become too shallow. After an 
initial phase of migration, the dunes flatten. If we consider only 
the bedload component in (1), the transport rate becomes much 
lower. This is in line with the observation that suspended load 
transport accounts for approximately 85% of the total transport 
in (1). There is an indication, over a period of one year, that the 

dunes are not migrating as much as changing shape (to become 
more symmetrical). 

It is generally accepted that estimates of sediment transport 
rates are valid within a factor of 2 to 5, particularly in coastal 
environments. Reference [11] suggests that calibration of 
formula parameters is possible to improve its performance 
should site-specific data be available. In our application, a 
factor of 1/3 was applied to the original total load formula 
(dark red line in Figure 8), which agreed surprisingly well with 
the dune profile observed at the end of 4 months. 

There is, of course, room for improvement. Lee slopes are 
not as steep as observed, and the crests tend to hang back 
compared to the steep face (Figure 8). Over time, a tendency 
was noted for crest heights to lower and for dunes to become 
more symmetrical in shape (not shown). This could be 
attributed to the form of the SvR97 formula, expressed in terms 
of depth-averaged velocity. 

The speed of migration of the central dune crest is plotted 
in Figure 10 as a function of excess velocity 𝐿𝐿 − 𝐿𝐿𝑐𝑐𝑟𝑟. A trend 
seems to emerge of a quadratic relationship between crest 
migration and excess velocity. Overall, the crest migrates 
towards the East (the positive values associated with the flood 
cycle trending East are higher than the negative values 
associated with the ebb cycle trending West). The net 
migration speed is equal to 6.8 cm/day or 25 m/yr over the 4-
month period between S1 and S2. This is in line with Le Bot's 
estimate of 37.2 m/yr [22] considering that the crest tends to 
hold back (i.e., does not move as fast as the body of the dune) 
with the SvR97 formula. 

2) With SD05 bedload sediment transport formula: With 
the current model configuration ((i) vertical discretisation, 
dt = 1s, slope effect correction) and the use of the SD05 
formula, one year does not run to completion on 10 cores of 
an Intel® Xeon® Platinum 8260 processor with a 3-day wall-
time restriction (without morphological factor). The 
simulation is stopped after 338 days. 

The threshold shear-stress 𝜏𝜏𝑐𝑐𝑓𝑓is about 0.22 N/m2 at the site 
(uniform in space and time since it depends only on D*, hence 
d50). It is exceeded between 42% and 79% of the time over the 
4-month period (the lower values are associated with the 
troughs, and the higher values with the more active crests). 
Good agreement is obtained with this sediment transport 
formula at the end of the period (Figure 9). In particular, the 
slopes of the dunes are correctly predicted. However, it should 
be noted that the simulation shows signs of divergence 
(exacerbation of crests and troughs) and that, over a longer 
period (November 2019 to August 2020, not shown), the 
agreement with observations is not as satisfactory as that 
depicted in Figure 9. 

The speed of migration of the central dune crest is plotted 
in Figure 11 as a function of excess shear-stress. The 
correlation is less clear than it was for the SvR97 formula: 
there is quite some spread in the data. The net migration speed 
is 8.7 cm/day or 32 m/yr over the 4-month period. This is 
comparable to Le Bot's estimate of 37.2 m/yr [22] and ties in 
with the observations that the SD05 formula is able to closely 
predict the dune morphology (in particular the slopes). 
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Figure 8. Comparison of SvR97 model predictions against observed dune migration for the period S1-S2, including results from scaled down transport rates. 

 

 
Figure 9. Comparison of SD05 model predictions against observed dune migration for the period S1-S2. 

 

 
Figure 10. Relationship between crest migration speed and excess velocity 

predicted with the SvR97 (scaled down) formula. 

 

 
Figure 11. Relationship between crest migration speed and excess shear-stress 

predicted with the SD05 formula.
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IV. CONCLUDING REMARKS 
A simplified flume-like configuration has been developed 

to model the evolution of a marine dune train over a period of 4 
months. This made it possible to study the behaviour of two 
sediment transport formulae that are relevant to coastal 
settings, one based on velocities and the other on bed shear-
stresses; and to identify the sensitivities and optimal 
parameters to reproduce in situ data. In keeping with earlier 
findings that the area is current-dominated and bedload is the 
main mechanism of sediment transport, suspension and wave 
processes have been omitted in this work. 

The Soulsby and van Rijn (SvR97) formula is a simple, 
robust, and efficient formula. The analysis performed here 
showed that this formula is sensitive to grain size. Corrections 
to integrate the slope effect have been found to lead to dune 
decay and are, therefore, not desirable. Some limitations are 
identified in the form of the SvR97 formula, but overall, we 
found that it is able to model the seabed evolution quite 
satisfactorily once a scaling factor was applied. 

The Soulsby and Damgaard (SD05) formula is a promising 
formula that predicts the morphology of the dune quite closely 
once an adequate vertical plane distribution is adopted. It tends 
to exaggerate the crest and trough elevations. This makes the 
model liable to instabilities over long periods of time, although 
the slope effect correction does help. We found that dynamic 
pressure is crucial to the good performance of the formula. 

The next step will be to transfer these findings to the 
regional TELEMAC-3D+GAIA model (computational domain ca. 
55 x 75 km2) to consider 3D effects on large-scale 
morphological processes and how they could affect the 
evolution of the dune field. Another area of interest is the 
inclusion of wave processes to model a period with intense 
wave activity. 
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Abstract – The potential impact of the construction of a new 
cyclist bridge south of Antwerp is studied using a TELEMAC-2D 
model of the Lower Sea Scheldt. The hydro-morphological 
impact of the bridge piers is assessed by changes in flow patterns 
and changes in bottom shear stresses as a result of the pier 
construction. Exceedance frequencies of a relevant critical shear 
stress are calculated as well to illustrate potential changes in 
high- or low-dynamic zones in the study area. Various 
configurations of bridge piers and support buttresses are tested 
in a scenario analysis. In addition, several horizontal turbulence 
model settings are tested in a sensitivity analysis to optimize the 
representation of the flow patterns and turbulent wakes around 
the bridge piers. 

Keywords: TELEMAC-2D; bridge piers; Scheldt estuary; horizontal 
turbulence model. 

I. INTRODUCTION 
To increase the accessibility of the city of Antwerp for cyclists 

and to support a modal shift in passenger traffic, the “OVER THE 
RING” project provides for the construction of a new Scheldt 
bridge for cyclists near the existing Kennedy tunnel just south of 
Antwerp (Figure 1). This study concerns the hydro-morphological 
impact of the construction of bridge piers for this new bridge over 
the Scheldt river in Antwerp, Belgium. A TELEMAC-2D model of 
the Lower Sea Scheldt, developed by Flanders Hydraulics [1], is 
applied to study the impact of the bridge piers and quay wall 
buttresses on the tidal flow patterns in the navigation channel and 
at the surrounding intertidal flats at the left bank side. 

A. Study area 
Figure 2 shows the study area just upstream from Antwerp. 

Along the left bank, the river is surrounded by intertidal mud 
flats and salt marshes, whereas a vertical quay wall is present 
along the right bank. The bridge piers are located just upstream 
of the Kennedy tunnel, recognizable by the protruding levees at 
the left bank and hence local narrowing of the river width. The 
most southern main pier is located close to the quay along the 
right bank, while the other main pier is located centrally in the 
present fairway. After construction, the main shipping channel 
will be located between the two main piers, while inland 
navigation can also move between the left bank and the central 
pier. The piers are all surrounded by guiding fenders. In 
addition to the design options with two main bridge piers (i.e., 
the central and southern pier in Figure 2), several 
configurations with additional smaller piers closer to the left 
bank are tested as well. Some of the proposed designs also 
provide for the construction of an underwater buttress along the 
existing quay walls at the right bank. These buttresses must 
stabilize the relatively old quay walls. One of the design 
options tested in this modelling study also includes an 
excavation of part of the existing quay to 0 m TAW (i.e., 
around low water level) along with the construction of a new 
embankment with a gentle slope of 1:5. 

Figure 1. Study area and model domain. 
Figure 2. Overview of design scenarios including bridge 

piers, support buttress and quay wall excavation. 
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II. MODEL DESCRIPTION 
The Lower Sea Scheldt model (here referred to as BZS 

model) was originally set up by Flanders Hydraulics [1] in 
TELEMAC-2D (v7p2r2). It covers a 25-km estuary stretch 
around Antwerp and is forced by observed water level series at 
both the upstream and downstream boundary. The BZS model 
has been applied for several hydro-morphological impact 
studies, including the impact of quay walls, jetties and piers on 
local flow patterns. This study concerns the potential impact of 
new bridge piers on flow patterns and tidal flat stability.  

The computational mesh of the BZS model was constructed 
with the advanced triangular mesh generator GMSH [2]. A 
channel-mesh (structured triangular grid) is applied along the 
fairway, while adaptive refinement of an unstructured mesh 
was applied to achieve more accurate predictions at areas of 
interest or with a complex geometry, such as along the river 
banks. The total number of elements of the computational grid 
of the BZS model is approximately 330000 to 350000, 
depending on the scenario, while the node number varies 
between 168000 and 180000. The average node distance varies 
between 10 m and 20 m in the original BZS model without 
implementation of the bridge piers. However, the resolution is 
refined up to about 1.5 m in the scenario analysis to adequately 
implement the piers (Figure 4).  

Some numerical settings and physical parameters of the 
BZS model are included in Table I. For the present analysis, a 
reduced time-step of 0.5 s was selected after initial testing, 
ensuring computational stability and accuracy. In particular, 
longer time-steps induce instabilities at specific dry-wet zones 
of high spatial resolution (i.e., after mesh refinement at the 
bridge piers for this scenario analysis). As initial condition, a 
constant water level equal to 1.57 m TAW is implemented over 
the entire computational domain. Hence, a hydrodynamic spin-
up period of one day is necessary before the model produces 
relevant output. The relevant simulation period covers one 
spring-neap tidal cycle (02/04/2018 - 18/04/2018) after this 
spin-up period. Figure 3 shows modelled water levels at 
Antwerp for the entire simulation period. The red part of the 
curve illustrates the spring tide that is selected for the analysis 
of maximum flood and ebb currents, which provided input for 
further assessments of the nautical safety [3]. This spring-tide 
has a tidal range of over 6.5 m at Antwerp, which is 

considerably higher than the average spring tidal range of 6.0 
m. The hydro-morphological impact of the bridge piers is 
analysed using the full time series (i.e., full spring-neap cycle). 
This impact is assessed based on maximum velocities, 
maximum bed shear stresses as well as exceedance 
probabilities of a critical bed shear stress. 

Table I General model settings 

Parameter  Value  
TIME STEP 0.5 s 
INITIAL CONDITIONS constant elevation: 1.57 m  
CORIOLIS FORCE No 
SALINITY TRANSPORT Off 
LAW OF BOTTOM FRICTION Manning (n = 0.018 m1/3/s)  
OPTION FOR TREATMENT OF TIDAL FLATS 1 
TREATMENT OF NEGATIVE DEPTHS 1: smoothing 
FREE SURFACE GRADIENT COMPATIBILITY 0.9 
TURBULENCE MODEL 5: Mixing length model  
SCHEME FOR ADVECTION OF VELOCITIES 1: method of characteristics 
SCHEME FOR ADVECTION OF WATER DEPTH 5: conservative scheme 
IMPLICATION FOR DEPTH 0.6 
IMPLICATION FOR VELOCITIES 1.0  
SOLVER 7: GMRES method 

A. Calibration and validation 
The BZS model was calibrated by tuning bottom friction 

and varying the turbulence model. The impact of various 
settings of the turbulence model is discussed in more detail in 
Section IV. Sensitivity tests indicated that a uniform Manning 
roughness coefficient of n = 0.018 m1/3/s could be applied for 
bottom friction over the entire model domain.  

Moreover, the influence of wall friction was assessed by 
varying the ROUGHNESS COEFFICIENT OF BOUNDARIES between 
ks = 0 m (i.e., smooth wall), ks = 0.05 m and ks = 1.0 m using 
the Nikuradse formula. However, no significant differences 
were noticed between those configurations.  

The model was validated for the representation of water 
levels at the permanent tidal measurement stations at Kallo and 
Antwerp and for velocity measurements at Oosterweel (see 
Figure 1 for these locations). Validation shows that the model 
represents tidal water level variations with a ME and RMSE of 

Figure 3. Modelled water level time series at Antwerp. 
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less than 0.05 m throughout the model domain (Table II). Flow 
velocities along a sailed ADCP measurement transect and at 
single-point measurement stations are also represented well. 
However, ebb velocities at the measurement transect are 
underestimated near the river banks when the default settings 
of the mixing length model are applied (Figure 5). 

Table II Model validation: water levels 

Station BIAS [m] RMSE [m] RMSE0 [m] 
Kallo 0.01 0.02 0.02 
Antwerpen -0.03 0.05 0.03 

B. Implementation of model scenarios 
Table III gives an overview of the various configurations 

that were tested. Figure 2 shows the locations of the bridge 
piers as well as the surface area of the excavated right bank that 
are implemented in these scenarios. For each of the 
investigated scenarios the computational grid had to be 
properly adapted and refined in the vicinity of the interventions 
in order to be aligned with the outline of the proposed 

constructions (i.e., bridge piers and support buttresses). The 
refined mesh thus follows the detailed geometry of the piers 
(Figure 4). For some scenarios, planned excavations of the 
existing river bank are included by locally expanding the mesh.  

Table III Overview of model scenarios 

id Description  

ref005 Reference run “present” situation (2018 bathymetry) 

scen012 two main pylons  

scen023 two main pylons + excavation and support buttress at right 
bank 

scen024 two main pylons + small pylon 1 + excavation and support 
buttress at right bank 

scen025 two main pylons + small pylon 2 + excavation and support 
buttress at right bank 

scen026 two main pylons + small pylon 3 + excavation and support 
buttress at right bank 

scen027 central pylon + excavation and support buttress at right 
bank 

scen028 central pylon + small pylon 2 + excavation and support 
buttress at right bank 

III. RESULTS 
The potential impact of the new bridge was assessed by 

changes in flow patterns (e.g. during maximum ebb and 
maximum flood) and changes in bottom shear stresses due to 
the pier construction. As current velocities in very shallow 
zones and areas that dry up are not very adequately represented 
in TELEMAC-2D, only model output is used in the analysis for 
which the water depth in the grid point is at least 1 cm.  

In this section, the results of the reference scenario (without 
bridge piers) and scen023 (i.e., base scenario with two main 
piers, a support buttress and quay wall excavation along the 
right bank) are discussed in more detail. The results of all other 
scenarios with various bridge pier configurations (i.e., 
combinations of main piers and additional pylons) and 
different geometries of the support buttresses are available in 
two Flanders Hydraulics reports [4] and [5].  

Figure 5. Validation of current velocities at Oosterweel during maximum ebb (left) and maximum flood (right) for two configurations of the horizontal 
turbulence model: mixing length model with CL = 0.26 (upper panels) and a time- and water level dependent CL (mid panels). 

  

  
 

Figure 4. detail of the mesh at one of the bridge piers. 
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A. Hydrodynamic impact 
Figure 6 shows the modelled maximum velocities. The 

maximum flood current in the study area is significantly higher 
than the maximum ebb current. In the reference run without 
bridge piers, peak flow velocities are up to 2.1 m/s during high 
tide and up to 1.7 m/s during ebb tide. The highest current 
velocities occur centrally in the river during both high tide and 
low tide, approximately at the location where the central pier 
will be constructed. 

As a result of the construction of the two bridge piers and 
the support buttress in scen023, which reduce the cross-
sectional area by approximately 10-20% depending on the 
water level, peak flow velocities in the study area increase to 
more than 2.4 m/s during maximum flood and more than 1.9 
m/s during maximum ebb, with the highest velocities in the 
middle of the main fairway. In between and around the two 
main bridge piers, both the ebb current and the flood current 
increase by +0.2 to +0.3 m/s compared to the current situation. 

There is also a significant increase in maximum flow velocities 
along the left bank, potentially affecting the intertidal mudflats 
which are situated there. Just upstream of the Kennedy tunnel, 
peak flood velocities increase by up to +0.5 m/s during high 
tide. Ebb flow increases slightly less severe in this area (up to 
+0.2 m/s). The downstream situated mudflats are less affected 
as the ebb currents are weaker and due to the sheltering effect 
of the protruding dike at the Kennedy-tunnel. 

Figure 7 illustrates the influence of the support buttress and 
shallow excavation of the right bank on the maximum speed 
based on scen023 (i.e., with bridge piers, support buttress and 
right bank excavation) and scen012 (without support buttress 
and quay wall excavation). The excavation on the right bank 
enlarges the tidal flow between the right bank and the southern 
pier and slightly reduces the tidal flow and hence maximum 
currents near the left bank. However, the impact of the support 
buttress and excavation is much less than the impact of the 
bridge piers themselves.  

B. Morphodynamic impact 
Figure 8 shows the maximum bed shear stresses, as well as 

the exceedance frequency of a relevant critical shear stress, 
both based on the full spring-neap simulation period. The 
exceedance frequencies are calculated to illustrate potential 
changes in high- or low-dynamic zones in the study area. In 
particular, a low exceedance probability of <10% for τb ≥ 1.0 
N/m2 approximately coincides with the low-water mark on the 
left bank (i.e., black contour line in Figure 2) in the reference 
run (Figure 8). Higher elevated intertidal zones have a lower 
exceedance frequency, while the subtidal in and the trench are 
characterized by a higher exceedance frequency. Therefore, an 
exceedance probability of τb ≥ 1.0 N/m2 will be considered as a 
proxy for the boundary between intertidal and subtidal areas 
along the left bank in the scenario analysis. 

In scen023, the bed shear stresses and the exceedance 
probability of τb ≥ 1.0 N/m2 increase in a zone along the left 
bank, affecting a stretch of approximately 500 m of intertidal 
flats. There is also an increase in bed shear stresses in the 
subtidal zone along the left bank, which may imply that 
protective measures against erosion are necessary in this area. 
The impacted zone is mainly situated upstream of the bridge, 
with the strongest effects parallel to the piers and around the 

 

 

 
 Figure 6. Maximum modelled velocities over a full spring-neap cycle in 

reference scenario ref005 (top), in scen023 (mid) and the difference (bottom). 
 

Figure 7. Difference in maximum flow velocities over a full spring-neap 
cycle between scen023 and scen012. 
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low water line. 

Between the two bridge piers, the exceedance frequency of 
τb ≥ 1.0 N/m2 barely increases, as this zone in the middle of the 
existing fairway is already characterized by a very high 
exceedance frequency in the reference situation. However, 
there is an increase in the maximum bed shear stress, related to 
higher peak velocities, but further deepening of the main 
fairway will probably be rather limited due to the presence of 
less erodible clay layers. 

As for the flow velocities, the implementation of the bridge 
piers causes a strong decrease in the maximum bed shear 
stresses and the exceedance frequency of τb ≥ 1.0 N/m2 in the 
wake behind the bridge piers. This wake is present in both 
upward and downward direction. It should be noted that 

turbulent flows caused by the fender piers and guiding 
constructions are not calculated by the current TELEMAC-2D 
model as they are too small to implement correctly with the 
applied model resolution and that the structure of the wake 
could not be validated either. Three-dimensional effects at the 
foot of the bridge piers, which are typically responsible for 
erosion pits that are formed around such cylindrical structures, 
are not simulated either. Finally, the feedback from 
morphological developments on the hydrodynamics as a result 
of changed flow patterns is neither calculated. For example, 
erosive behaviour at the shoal near the left bank can be 
expected where shear stresses increase. Similarly, zones with 
decreasing bed shear stresses could accrete. Such 
morphological changes may in turn influence current 
velocities.  

  

  

  
 Figure 8. Maximum modelled bed shear stresses (right panels) and exceedance probabilities (left panels) of a critical bed shear stress of τb ≥ 1,0 N/m2 over a full 

spring-neap cycle in reference scenario ref005 (top panels), in scen023 (mid panels) and the difference (bottom panels). 
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IV. SENSITIVITY ANALYSIS: THE HORIZONTAL TURBULENCE 
MODEL 

While calibrating the BZS model, various turbulence 
models and settings were tested to optimize the model 
performance and in particular to enhance ebb velocities over 
the shallow river banks as these were underestimated in the 
original model validation runs with Prandtl’s mixing length 
model and a constant mixing length coefficient of CL = 0.27 
(Figure 5). The mixing length Lm itself is calculated as Lm = 
CL∙κ∙h, in which CL is a calibration coefficient with CL = 4/15 
≈ 0.27 as default value, κ is the Von Kármán constant and h is 
the water depth. The model was further calibrated by applying 
a variable mixing length coefficient CL in order to enhance the 
ebb velocities along the banks. In particular, CL is configured 
to remain constant and equal to its default value during flood, 
and gradually increases up to 10 times its default value, i.e. 
from CL = 0.27 to CL = 2.67 for free surface elevations lower 
than 4 m TAW during the ebb phase. The above criterion is 
regulated by a free surface gradient condition, i.e., based on 
water depth and water level gradients. It is noted that the high-
end values of the time-varying CL are outside the range of what 
is considered common in literature (i.e.,  0.27 < CL < 1.25) [6].  

Increasing the mixing length coefficient CL on shallow 
areas during ebb leads to higher ebb velocities along the banks 
and hence improves the representation of the observed tidal 
flow velocities along the shallow banks at the Oosterweel 
transect (Figure 4). However, these settings also induced 
strongly asymmetric flow patterns between flood and ebb at the 
study site (Figure 9), which were deemed unrealistic. 
Therefore, several turbulence models and settings are tested in 
a sensitivity analysis to optimize the model settings for the 
representation of tidal flow around the bridge piers. Table IV 
shows some of the configurations that are used to assess the 
impact of applying various turbulence models to the maximum 
flood and ebb flow around the bridge piers in the scenario with 
two large piers and without excavation of the right river bank. 
These configurations include the mixing length model with 
various settings for CL and a simulation with the K-ϵ 
turbulence model as the mixing length turbulence model does 
not take into account turbulent kinetic energy transport and 
dissipation. Finally, a model simulation with a low constant 
velocity diffusivity is carried out as well.  

These sensitivity tests show that the mixing length model 
with default settings and the K-ϵ model lead to very similar 
results. Despite the fact that CL is only increased in the shallow 
parts during ebb, Figure 9 shows that applying the time-
varying CL has a significant impact on the flow around the 
piers during ebb current. In this configuration, the flow around 
the piers becomes strongly asymmetric between ebb and flood 
(i.e., for similar ebb and flood velocities), while there is no 
physical explanation for this asymmetry. On the other hand, 
when applying a constant CL or the K-ϵ model, the flow pattern 
around the piers is more comparable between ebb and flood. 
As scen012 with the default settings of the mixing length 
model leads to more reliable results than scen009 with variable 
CL and also gives the more stable results than scen015 with the 
K-ϵ model, this configuration is eventually applied in the 
present scenario analysis. 

Table IV Overview of sensitvity tests. 

id Description  
scen009 Mixing length model (CL time/depth-dependent) 

scen012 Mixing length model (CL = 0.27; TELEMAC-2D default) 

scen013 Mixing length model (CL = 2.67) 

scen014 Mixing length model (CL = 1.25; maximum according to [6]) 

scen015 K-ϵ turbulence model 

scen016 CONSTANT VELOCITY DIFFUSIVITY = 0.005 

A. Oscillating vortex streets 
In the above simulations, no oscillating Von Kármán 

vortices are noticeable in the wake behind the bridge piers. It is 
known that shallow water solvers based on finite element 
methods, such as TELEMAC-2D, induce numerical diffusion 
which tends to smooth out any vortices in the wake due to 
additional diffusion in the momentum equation [7]. 
Nevertheless, additional sensitivity tests with a CONSTANT 
VELOCITY DIFFUSIVITY = 0.005 in scen016 allow for the 
reproduction of oscillating Von Kármán vortices behind the 
bridge piers (Figure 10) as the additional diffusivity induced by 
the turbulence model is now limited to a relatively low value. 
The size and frequency of these vortices could not be validated 
due to a lack of measurements at similar sites along the Scheldt 
river. From literature, it is known that the formation of 
oscillatory vortices behind piers or pylons is highly dependent 
on the shape of these piers as well as on the Reynolds number 
(RE = V∙d∙ν-1, with V the undisturbed upward velocity, d the 
characteristic length related to the diameter of the pier and ν 

Figure 9. Modelled typical flow patterns at the bridge piers during flood (left) 
and ebb (right) for scen009 (top), scen012 (mid) and scen015 (bottom). 
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the kinematic viscosity). For comparison, for a cylindrical pier 
with a diameter of 20 m and a flow velocity of 1.0 m/s, the 
Reynolds number is approximately 15∙106, which should 
induce a turbulent flow with or without an oscillating 
character.  

V. CONCLUSIONS 
The potential impact of the construction of bridge pylons 

for a new cyclist bridge south of Antwerp was studied using a 
TELEMAC-2D model of the Lower Sea Scheldt (BZS model). 
The hydro-morphological impact was assessed by changes in 
flow patterns and changes in bottom shear stresses due to the 
pylon construction. Exceedance frequencies of a relevant 
critical shear stress were calculated as well to illustrate 
potential changes in high- or low-dynamic zones in the study 
area.  

The implementation of the bridge pylons induces an 
increase in current velocities in the fairway during both ebb 
and flood. Contrastingly, flow velocities actually decrease in 
the wake behind the pylons, causing more cross-sectional 
variation in current velocities. The reduction of the cross-
sectional area as a result of the construction of the bridge 
pylons also enlarges the maximum flow over the intertidal flats 
along the left bank. The construction of an underwater buttress 

to protect the quay wall along the right bank has a much more 
limited influence than the bridge pylons themselves. 

A sensitivity analysis for the influence of the horizontal 
turbulence model indicates that the (turbulent) structure and 
length of the wake behind the pylons is very sensitive to the 
applied settings of the horizontal turbulence model. Typical 
Von Kármán vortices could only be represented using a low 
constant diffusivity coefficient. It should be noted that the 2D 
character of the model would only allow for an accurate 
representation of the wake if vortex shedding is present 
according to [8]. Moreover, the BZS model resolution does not 
include all details of the pylons, such as the support fenders 
along the piers, individual piles in front of the bridge piers, or 
the pile construction under the collision protection. All these 
structural elements determine the turbulence induced by the 
bridge piers and thus the structure of the wake. Ultimately, the 
computed flow patterns are also used as input for the Flanders 
Hydraulics ship manoeuvring simulator [3]. Depending on the 
results of the nautical simulation study, it may be appropriate 
to model the length of the wake and the possible turbulent 
vortices in the wake behind the piers in more detail using a 
CFD (Computational Fluid Dynamics) simulation or a physical 
scale model. 
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Figure 10. Oscillating Von Kármán vortices in scen016 with 
CONSTANT VELOCITY DIFFUSIVITY = 0.005. 
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Abstract – The correct representation of the hydraulic resistance 
of flexible floodplain vegetation in two-dimensional hydrodynamic 
models is still a challenging task. In previous studies [1, 2], 
different vegetation resistance approaches have been implemented 
in TELEMAC-2D, and their performance has been tested. However, 
the vegetation resistance approaches implemented so far work 
well for emerged flexible vegetation, and both emerged and 
submerged rigid vegetation. The existing two-layer approaches 
have been shown to work well for submerged conditions but do not 
account for plant flexibility. 

Box et al. [3, 4] conducted laboratory experiments to investigate 
the flow resistance of flexible vegetation at relative submergence 
levels of 1 to 3.4. To model submerged flexible vegetation, Box et 
al. [4] extended the existing one-layer approaches of Järvelä [5] by 
assuming a logarithmic velocity profile in the free surface layer 
above the vegetation. A similar approach was presented in parallel 
by Folke et al. [6].  

In this study, we describe the implementation of the developed 
two-layer approach by [4] in TELEMAC-2D. Subsequently, the 
laboratory tests according to Box et al. [3] are simulated in 
TELEMAC-2D using the existing two-layer approach of Baptist et 
al. [7] and the newly implemented two-layer approach. To model 
the mixture of understory grass and flexible woody vegetation, the 
resulting individual vegetation resistances were superimposed. 
The results demonstrate the applicability of this method in the 
present case. In addition, several parameters influencing the 
approaches are varied. The Darcy-Weisbach friction values of the 
simulations are compared with the experimentally obtained ones. 
The results show good agreement between the measured and 
simulated friction factors. Using these insights, users are 
encouraged to apply vegetation approaches for modelling the 
hydraulic resistance in vegetated areas. 

Keywords: flow resistance, submerged vegetated flow, numerical 
hydraulic modelling. 

I. CHALLENGES OF MODELLING SUBMERGED FLEXIBLE 
VEGETATION AND MIXTURES OF VEGETATION 

In numerical modelling, the representation of the hydraulic 
resistance of floodplain vegetation remains a challenging task. 
With its diverse and complex forms, vegetation plays a crucial 
role in altering flow patterns, affecting water levels, and 
influencing sediment transport in riverine environments [3, 4]. 
Over the years, several approaches have been developed to 
simulate the interaction between hydrodynamics and vegetation. 

These approaches share the common feature of considering the 
underlying fundamental physical mechanisms – even though the 
assumptions may differ significantly. Especially the influence of 
flexibility is often not adequately considered. 

Early studies focused on emerged rigid vegetation. 
Typically, in these studies, vegetation was simplified as rigid 
cylinders. Despite the known shortcomings of such approaches 
in capturing crucial vegetation properties, valuable insights into 
the effects of vegetation on flow patterns and turbulence were 
provided. To account for the impact of submergence, subsequent 
multi-layer approaches were developed, e.g. [7]. However, these 
approaches generally rely on the simplified assumption of rigid 
cylinders, limiting their transferability to natural vegetation. 
Parallel to these developments, Järvelä [5] has presented an 
approach for flexible foliated vegetation. While this approach 
considers the flexibility of plants, allowing for a more realistic 
representation of natural vegetation, it is limited to emerged 
vegetation. Accurately representing submerged flexible 
vegetation in hydrodynamic modelling is crucial for 
comprehensively representing flow dynamics on floodplains. 
Therefore, approaches for submerged flexible vegetation have 
recently been developed by extending the formulation of [5] to 
submerged conditions, as presented by [4,6]. 

Within this study the two-layer approach of [4] was 
implemented into TELEMAC-2D. The performance of the new 
approach is tested using data from the laboratory experiments of 
[3], and compared with the results of the already available two-
layer approach of [7]. The mixture of the understory grass and 
the flexible woody vegetation used in the laboratory 
experiments are each represented by a vegetation approach. The 
resulting vegetation roughness is determined using the 
superposition principle. In addition, the influence of the 
sensitivity of various input parameters is investigated. The aim 
of this contribution is to draw attention to the new vegetation 
approaches and their potential within 2D hydrodynamic 
modelling. Users are encouraged to take advantage of the use of 
vegetation approaches in TELEMAC-2D and critically question 
the use of conventional roughness laws to model vegetation 
induced resistance. 
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II. ROUGHNESS MODELLING OF VEGETATION  

A. Principle of superposition 
The total resistance can be determined according to the 

principle of superposition of the individual resistances. For flow 
influenced by vegetation, the total Darcy-Weisbach friction 
coefficient λ is the sum of the bottom friction λ′ and the 
vegetation form roughness per unit surface λ′′ 

 𝜆𝜆 = 𝜆𝜆′ + 𝜆𝜆′′. (1) 

Based on this principle, different vegetation modelling 
approaches are implemented in TELEMAC-2D [2]. The 
vegetation approaches can be coupled with all available laws of 
bottom friction. In this study, the Nikuradse roughness law is 
used to model the bottom friction. The vegetative drag is 
modelled using the vegetation approaches of Baptist et al. [7] 
(referred to as BAPT) and the new extended hybrid approach of 
[4,6] (referred to as HYBR). Both vegetation approaches are 
briefly described below. 

B. Two-layer approach for rigid vegetation (BAPT) 
The BAPT two-layer approach assumes constant velocity 

within the vegetation layer and a logarithmic velocity profile 
within the free surface layer. The resistance of vegetation 𝜆𝜆′′ is 
calculated as: 

𝜆𝜆′′ = �4 ⋅ � 1
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with the drag coefficient 𝐶𝐶𝐷𝐷 [-], the hydrodynamic density 𝑚𝑚𝐷𝐷 
[m-1], the plant height ℎ𝑢𝑢 [m], the flow depth ℎ [m], and the von 
Kármán constant 𝜅𝜅 = 0.41 [-]. The hydrodynamic density is 
defined as the sum of the projected plant area per unit volume. 

The BAPT two-layer approach was initially developed for 
rigid vegetation only, simplifying vegetation as rigid cylinders. 
To account for flexible leafy vegetation, [2] suggests to estimate 
the hydrodynamic density based on the leaf area index (𝐿𝐿𝑁𝑁𝐼𝐼), 
which is defined as the one-sided green leaf area per unit ground 
area, and the vegetation height ℎ𝑢𝑢. Both in [4] and [8], a direct 
proportionality of the hydrodynamic density to the ratio of the 
leaf area index to the plant height is assumed: 

 𝑚𝑚𝐷𝐷 = 𝑘𝑘 ⋅ 𝐿𝐿𝑁𝑁𝐼𝐼/ℎ𝑢𝑢, (3) 

with the constant of proportionality 𝑘𝑘. In [8], a value of 0.5 for 
𝑘𝑘 is proposed, while [4] suggests a value of 1 since they assume 
the 𝐿𝐿𝑁𝑁𝐼𝐼 to be evenly distributed over the plants canopy. It should 
be noted that the parameters cannot be directly converted to the 
respective other format. These two formulas only provide rough 
estimates of the relationship between the vegetation density 
parameters. 

C. Two-layer approach for flexible vegetation (HYBR) 
To account for flexible emerged and submerged vegetation, 

[4] and [6] have developed a two-layer approach in parallel. This 
new approach represents an advancement of the one-layer 

approach of [5], which was developed to model the hydraulic 
resistance of emerged flexible woody vegetation. 

As described above, the BAPT vegetation approach has the 
advantage of being suitable to calculate the hydraulic resistance 
of emerged as well as submerged vegetation due to the two-layer 
concept that describes the velocity profile in and above the 
vegetation. However, the approach was only developed for rigid 
vegetation. Järvelä's [5] approach quantifies the flexible foliated 
plant characteristics but is only suitable for emerged and just-
submerged flow conditions due to the one-layer approach. [4] 
and [6] have combined the benefits of both approaches, resulting 
in a two-layer approach for flexible woody vegetation. In this 
way, the flexible plant properties and the velocity profile within 
the free surface layer, and thus different relative submergences 
depths, can be considered. 

In addition to merging the equations, [4] introduced the 
scaling factor 𝛼𝛼 for the von Kármán constant to account for the 
dependence on the velocity profile, the roughness of the plant 
canopy, and the relative submergence. They proposed a value of 
𝛼𝛼 = 1.5 , while [7] assumed a value of 1.0 for 𝛼𝛼 in the original 
equation. Finally, the following formulas were obtained 
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with the species-specific drag coefficient 𝐶𝐶𝐷𝐷,𝜒𝜒 [-], the species-
specific Vogel exponent 𝜒𝜒 [-], the species-specific reference 
velocity 𝑢𝑢𝜒𝜒 [m/s], and the flow velocity 𝑢𝑢 [m/s]. The species-
specific reference velocity 𝑢𝑢𝜒𝜒 is the lowest flow velocity in the 
experimental determination of the species-specific vegetation 
parameters. 

During the implementation of the approaches of [4] and [5] into 
TELEMAC-2D, the equations were slightly modified. In both 
approaches, the ratio 𝑢𝑢/𝑢𝑢𝜒𝜒 is limited so that it cannot become 
smaller than 1. Otherwise, a too high vegetative Darcy-
Weisbach friction factor would occur for flow velocities much 
smaller than the reference velocity. The treatment of lower 
velocities needs further research. 

III. METHODOLOGY 

A. Laboratory datasets 
This study uses the dataset of the flume experiments of [3] 

to investigate the performance of the newly implemented hybrid 
vegetation friction approach in TELEMAC-2D. The original 
experiments were conducted to determine the hydraulic 
resistance of a mixture of vegetation using understory grass and 
flexible woody foliated plants at different relative 
submergences. The dataset of the laboratory experiments of [3] 
were conducted using the Aalto Environmental Hydraulics Flow 
Channel. In a 16 m long and 0.6 m wide working section, fully 
developed flow conditions were produced. Since the flume 
bottom is horizontal for the experimental runs, non-uniform 
flow conditions were achieved. The nature-like flexible woody 
plants used to model the vegetation elements had an undeflected 
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height of 0.22 m, and the understory grass was 0.03 m tall. Three 
different densities of flexible woody foliated plants (𝐿𝐿𝑁𝑁𝐼𝐼 of 1.4, 
3.8, and 5.2) combined with understory grass at different relative 
submergences 𝐻𝐻/ℎ𝑢𝑢 (1, 1.5, and 2) were used. Water levels were 
measured at two positions, 𝑋𝑋𝑢𝑢𝑢𝑢 and 𝑋𝑋𝑢𝑢𝑚𝑚𝑤𝑤𝑛𝑛, within the vegetated 
section using high-accuracy pressure sensors. The location of 
these pressure sensors is shown in Figure 1 (𝑃𝑃𝑢𝑢𝑢𝑢 and 𝑃𝑃𝑢𝑢𝑚𝑚𝑤𝑤𝑛𝑛). The 
longitudinal distance dx between the two sensors is 3.45 m in 
the case of sparse vegetation (𝐿𝐿𝑁𝑁𝐼𝐼 = 1.4), while the sensors are 
located at a distance of 1.25 m at higher vegetation densities 
(𝐿𝐿𝑁𝑁𝐼𝐼 = 3.8 ÷ 5.2). In addition, eight more pressure sensors 
were installed (P1-P8), which have been used to check the water 
level slope but have not recorded any data for post-processing. 
Using the measurements at the locations 𝑋𝑋𝑢𝑢𝑢𝑢 and 𝑋𝑋𝑢𝑢𝑚𝑚𝑤𝑤𝑛𝑛, the 
bulk friction factors are obtained using the water surface slope 
and the Darcy-Weisbach equation. More information can be 
found in [3]. 

 
Figure 1. Longitudinal representation of measurement setup [3] 

B. Numerical Hydrodynamic Model 
A simplified two-dimensional numerical model of the 

laboratory flume described above was set up (TELEMAC-2D 
v8p3r1). Installations, such as weirs of rectifiers, are not 
represented in the numerical model. The numerical model has a 
length of 32.5 m to ensure fully developed flow conditions and 
a width of 0.60 m. At the model outlet, the average flow depth 
determined from the experiments is uniformly applied across the 
cross-section, while the corresponding discharge is imposed at 
the inlet. Much like the experimental setup, the numerical model 
features a horizontal bed. The side walls are assumed to be 
smooth. 

The computational grid has an average edge length of 0.05 m 
and comprises 9613 nodes and 17920 unstructured triangular 
elements. The time step Δ𝑤𝑤 was chosen between 0.1 s and 0.5 s 
based on the mean velocity in the experiments to ensure 
acceptable Courant numbers for all scenarios. A semi-implicit 
finite element scheme and the mixing-length turbulence model 
were chosen for this application. 

The total friction of the numerical model was obtained by 
superposing the bottom roughness obtained through Nikuradse’s 
law and the friction due to understory grass obtained using the 
vegetation approach of BAPT. The woody vegetation elements 
are modelled using the above presented vegetation approaches. 
It is assumed that the vegetation is uniformly distributed 
throughout the entire channel.  

IV. RESULTS AND DISCUSSION 

A. Modelling understory grass 
Since [3] investigated mixed vegetation in laboratory 

experiments comprising understory grass and flexible woody 

plants, the hydraulic resistance of the understory grass is also 
modelled using a vegetation approach in this study. For this 
purpose, the vegetation approach BAPT is used in combination 
with the Nikuradse roughness law. The vegetation approach 
calculates the hydraulic roughness of the grass cover, while a 
small value of 0.001 m was chosen for the equivalent sand 
roughness 𝑘𝑘𝑚𝑚 to map the bottom friction of the flume. The values 
of the BAPT friction approach used to model the understory 
grass are 𝑚𝑚𝐷𝐷 = 74 𝑚𝑚−1 and ℎ𝑢𝑢 = 0.03 𝑚𝑚, accordingly to the 
experiments of [3]. 

Figure 2 shows the results of the simulation of the understory 
grass using the BAPT approach. Since [3] determined the 
Darcy-Weisbach friction factors λ using formula (5), λ𝑏𝑏𝑏𝑏𝑙𝑙𝑘𝑘 of 
the simulation results is also determined here using this formula.  

 𝜆𝜆𝑏𝑏𝑏𝑏𝑙𝑙𝑘𝑘 = 8𝑔𝑔𝐻𝐻
𝑢𝑢𝑠𝑠2

⋅ 𝐻𝐻𝑓𝑓
𝑢𝑢𝑏𝑏

 , (5) 

with the mean water depth 𝐻𝐻 of the water depth 𝐻𝐻𝑢𝑢𝑢𝑢 at 𝑋𝑋𝑢𝑢𝑢𝑢 and 
the water depth 𝐻𝐻𝑢𝑢𝑚𝑚𝑤𝑤𝑛𝑛 at 𝑋𝑋𝑢𝑢𝑚𝑚𝑤𝑤𝑛𝑛, the mean velocity 𝑢𝑢𝑚𝑚 
calculated using the continuity equation, and the friction loss 𝐻𝐻𝑓𝑓 
calculated using Bernoulli’s equation. 

Figure 2 shows the comparison of the Darcy-Weisbach 
friction factors λ obtained from the measurements (exp) and the 
simulations (sim). Here, a good agreement between the 
measured and simulated values is achieved using the vegetation 
parameters above and without any further adaption. 
Consequently, using the BAPT approach can be assumed to be 
suitable for modelling the hydraulic resistance of the understory 
grass. 

 
Figure 2. Comparison of measured (exp) and simulated (sim) Darcy-
Weisbach friction factors for the calibration of the understory grass 

B. Emerged and submerged flexible woody vegetation 
The laboratory experiments, including the flexible woody 

vegetation and the understory grass, are simulated using the 
BAPT and HYBR approaches and subsequently compared. The 
parameters used for the vegetation approaches according to [3] 
are listed in Table 1. [3] conducted drag force measurements at 
velocities ranging from 0.2 to 0.8 m/s to determine these plant-
specific parameters. The drag forces were measured using a 
force sensor, with one specimen on the flume bottom covered 
with a grass mat. In addition to the functionality of the newly 
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implemented vegetation approach HYBR, the influence of the 
parameters 𝛼𝛼, 𝑚𝑚𝐷𝐷, and the used plant height ℎ𝑢𝑢,0 (undeflected 
plant height) or ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑  (deflected plant height) on the simulation 
results are investigated. In order to compare the BAPT approach 
with the HYBR approach, the Darcy-Weisbach friction factors 
are calculated for each simulation. For this purpose, equation (5) 
is applied. 

Table I Vegetation parameters used for the simulations [3] 

Parameter Box et al. (2021) 

𝐶𝐶𝐷𝐷,𝜒𝜒 [-] 0.51 

𝜒𝜒 [-] -0.95 

𝑢𝑢𝜒𝜒 [m/s] 0.20 

𝐶𝐶𝐷𝐷 [-] 1.0 

𝛼𝛼 [-] 1.0 / 1.5 

ℎ𝑢𝑢,0 [m] 0.22 

ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑 [m] 0.13 – 0.22 

 

In TELEMAC-2D, the HYBR approach is implemented using 
a limit for the ratio 𝑢𝑢𝑚𝑚/𝑢𝑢 𝜒𝜒 of 1, which means that for 𝑢𝑢𝑚𝑚 < 𝑢𝑢 𝜒𝜒 
the ratio is limited to 1. Otherwise, the friction coefficient would 
approach infinity for very low flow velocities. For the data of 
[3], 𝑢𝑢𝑚𝑚 is lower than 𝑢𝑢 𝜒𝜒 in 28 of 116 experimental runs. This 
leaves the question of how to deal with flow velocities smaller 
than 𝑢𝑢 𝜒𝜒. Consequently, they behave more or less rigid up to this 
flow velocity. Therefore, only the experimental runs with 𝑢𝑢𝑚𝑚 >
0.2 𝑚𝑚/𝑜𝑜 were selected for the simulations. 

The simulated and experimentally obtained Darcy-Weisbach 
friction factors of the dataset of [3] are shown and compared in 
Figure 3. The simulations have been conducted using the 
undeflected plant height ℎ𝑢𝑢,0, since in nature often only this 
parameter is available and the deflected plant height is difficult 
to determine in the field. For the simulations where the HYBR 
approach has been used, 𝛼𝛼 was varied by using once the 
proposed value of 1.5 [4] and once the value of 1.0 [7]. For 
applying the BAPT approach, the influence of the method used 
to estimate the hydrodynamic density was investigated (see 
formula (3)). 𝑘𝑘 = 0.5 describes the method of [8], while 𝑘𝑘 = 1 
defines the approach of [4]. The blue line defines the values of 
the optimal agreement of the measured and simulated Darcy-
Weisbach friction factors. The red crosses show the actual 
correspondences for each experimental run.  

When using the HYBR approach, the simulated and 
measured Darcy-Weisbach friction factors 𝜆𝜆 fit slightly better 
for 𝛼𝛼 = 1.5 (see Figure 3a) than for 𝛼𝛼 = 1.0 (see Figure 3b). For 
𝛼𝛼 = 1.0, the friction factors are slightly underestimated by the 
HYBR approach. However, the differences in the results are 
minor compared to the change in the value of 𝛼𝛼. Therefore, the 
influence of the used value for 𝛼𝛼 can be assumed to be small as 
both configurations give good agreement of the results. When 
the BAPT approach is used, the simulated Darcy-Weisbach 
friction factors are significantly overestimated when the 
hydrodynamic density is determined with 𝑘𝑘 = 1.0 (see Figure 
3d). In comparison, the simulated and measured values show a 

better agreement when using the approach according to [8] with 
the factor 𝑘𝑘 = 0.5 (see Figure 3c). If the results of the two 
approaches, HYBR and BAPT, are compared, a larger scatter of 
the results is visible when using the BAPT approach. The best 
fit of simulated and measured friction factors is achieved using 
the HYBR approach with 𝛼𝛼 = 1.5 (see Figure 3a). 

(a) HYBR, 𝛼𝛼=1.5, ℎ𝑢𝑢,0 
 

(b) HYBR, 𝛼𝛼=1.0, ℎ𝑢𝑢,0 

(c) BAPT, 𝑘𝑘=0.5, ℎ𝑢𝑢,0 (d) BAPT, 𝑘𝑘=1.0, ℎ𝑢𝑢,0 

Figure 3. Comparison of measured (exp) and simulated (sim) friction values 
for different combinations of vegetation approaches and parameters, using the 

undeflected plant height ℎ𝑢𝑢,0 evaluated for the data of [3] 

In order to investigate the influence of the used plant height, 
further simulations were carried out using the deflected plant 
height ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑 . Here, 𝛼𝛼 was again varied for the HYBR approach 
and 𝑘𝑘 for the BAPT approach. The results are shown in Figure 4. 
When using the HYBR approach, the Darcy-Weisbach friction 
factors 𝜆𝜆 are underestimated for both 𝛼𝛼 = 1.5 and 𝛼𝛼 = 1.0 when 
applying ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑  (see Figure 4a and b). Here, the results show 
also a better agreement of measured and simulated 𝜆𝜆 for 𝛼𝛼 = 1.5 
than 𝛼𝛼 = 1.0. This trend confirms the results of the simulations 
with ℎ𝑢𝑢,0. In general, however, the HYBR approach performs 
better when using ℎ𝑢𝑢,0. When using the BAPT approach with 
ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑 , the same trends are visible when using ℎ𝑢𝑢,0. The results 
also show a significantly larger scatter at 𝑘𝑘 = 1 than at 𝑘𝑘 = 0.5. 
In general, using ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑  in the BAPT approach provides a better 
agreement of the results. However, it must be noted that ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑  
must be calculated using an additional model, since is difficult 
to determine in the field. Furthermore, it varies for different 
hydraulic conditions, so it needs to be implemented dynamically 
for each setting. 
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(a) HYBR, 𝛼𝛼=1.5, ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑 

 
(b) HYBR, 𝛼𝛼=1.0, ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑 

(c) BAPT, 𝑘𝑘=0.5, ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑 (d) BAPT, 𝑘𝑘=1.0, ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑 

Figure 4. Comparison of measured (exp) and simulated (sim) friction values 
for different combinations of vegetation approaches and parameters, using the 

deflected plant height ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑 evaluated for the data of [3] 

Figure 5 shows the deviations of the simulated and measured 
Darcy-Weisbach friction factors 𝜆𝜆 for each combination of 
vegetation approach and used parameters. Here, the 
observations described above are clearly presented and the 
conclusions supported. The HYBR approach with 𝛼𝛼 = 1.5 and 
ℎ𝑢𝑢,0 shows the best agreement between the measured and 
simulated roughness values. The largest scatter, on the other 
hand, can be seen with the BAPT approach with 𝑘𝑘 = 1 and ℎ𝑢𝑢,0. 
For the use of the BAPT approach, the deflected plant height 
ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑  seems to give better results, whereas, for the use of the 
HYBR approach, a slightly better fit for the undeflected plant 
height ℎ𝑢𝑢,0 can be seen. However, it must also be considered 
how easily the input values can be determined since ℎ𝑢𝑢,0 can be 
obtained from field measurements or remote sensing while 
ℎ𝑢𝑢,𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑  needs to be determined in a more complex way. Hence, 
the error that is made when simulating with input values from 
e.g. literature or field measurements may be small compared to 
the accuracy of the simulation results. 

V. CONCLUSION 
In this study, a new two-layer approach for calculating the 

hydraulic resistance of flexible woody plants in TELEMAC-2D 
was implemented. The functionality of the approach was tested 
using the laboratory experiments of [3] and compared with the 
existing BAPT two-layer approach. Since the experiments 
investigated the hydraulic resistance of mixed vegetation 
consisting of understory grass and flexible woody plants, the 
understory grass was also modelled using the BAPT vegetation 
approach. In the simulations, the influence of the input 
parameters, the von Kármán scaling factor 𝛼𝛼, the method for the 

 

Figure 5. Deviations of the simulated (sim) and measured (exp) friction 
factors for each combination of vegetation approach and used parameters 

estimation of 𝑚𝑚𝐷𝐷, and the used plant height, were investigated. 
The simulation results show a good agreement of the measured 
and simulated values for both the existing BAPT and the newly 
implemented HYBR approach. The best fit was achieved using 
the HYBR approach with 𝛼𝛼 = 1.5 and ℎ𝑢𝑢,0. 

Applying both vegetation approaches, BAPT and HYBR, 
generally works well. The simulations provide satisfactory 
results with a good agreement of the measured and simulated 
friction factors. The von Kármán scaling factor 𝛼𝛼 shows 
minimal effect on the quality of the results with relatively large 
variation. The same applies to the use of undeflected or deflected 
plant height. Furthermore, it has to be investigated how to deal 
with flow velocities smaller than the species-specific reference 
velocity 𝑢𝑢𝜒𝜒, since the HYBR has been implemented with a limit, 
so that in the case of 𝑢𝑢𝑚𝑚 < 𝑢𝑢 𝜒𝜒 the ratio is limited to 1. The 
influence of this limit on the quality of the results has to be 
further investigated. 

The study shows that a new two-layer approach has been 
successfully implemented in TELEMAC-2D. The simulations 
using this and an existing approach show that applying the 
vegetation approaches provides satisfactory results with 
relatively few input parameters. Regarding the quality of the 
results, this makes the vegetation approaches superior to 
conventional roughness approaches, especially in vegetated 
floodplains. Although the vegetation approaches require more 
input parameters than conventional roughness approaches, these 
parameters can easily be taken from the literature or collected 
by remote sensing or field measurements. Although some 
questions remain unsolved, e.g. predicting the deflection height 
of plants under different flow conditions and accurately 
describing the vertical velocity profile in the free surface layer, 
the vegetation approaches implemented in TELEMAC-2D offer a 
promising and easy-to-use alternative to conventional roughness 
approaches. 
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Abstract – Capturing the backwater effects introduced by bridge 
structures is crucial for environmental flow studies. 
Hydrodynamic processes at these structures are inherently three-
dimensional, particularly during high-flow stages when the bridge 
deck becomes submerged and pressurized flow occurs. 
Incorporating these effects into 2D depth-averaged models is not 
a straightforward task. One possible approach to approximate the 
three-dimensional effects is by computing the head losses exerted 
by the bridge on the flow and incorporating them as a source term 
in the momentum equation. In this contribution, we present a new 
head loss based bridge module for TELEMAC-2D that is based on 
Borda-Carnot expansion and contraction losses. The losses are 
computed in 1D, by utilizing the bridge’s geometry and location as 
well as cross-sectional averages of velocities and free surface 
elevations. The resulting head losses are then directly applied as 
additional momentum sources, opposing the main flow direction 
at the vicinity of the bridge. The presented bridge module was 
validated with a comprehensive set of 176 experimental test cases. 
The results from the validation examples support the applicability 
and effectiveness of the presented approach. 

Keywords: Borda-Carnot, head loss, bridge modelling 

I. INTRODUCTION 
Bridge structures have a large influence on the overall runoff 

regime in free surface flows. Considering their effect is 
essential, especially in high flow conditions when the bridge 
deck gets submerged and pressurized flow occurs. In principle, 
the runoff at such structures can be divided into a total of three 
cases [1], which are schematically shown in Figure 1. The first 
case, Case 1 (blue line), occurs when the water level is far below 
the deck of the bridge and the runoff can be considered as free 
surface flow. For the second case, Case 2 (red lines), the 
upstream side of the bridge gets in contact with the water surface 
(section BU). Depending on the flow conditions, the 
downstream edge of the bridge (section BD) can be in contact 
with water (Case 2b, red solid line) or not (Case 2a, red dashed 
line). While in Case 2a a sluice gate type flow occurs, the flow 
for Case 2b is fully pressurized along the entire width of the 
bridge. For the third case (Case 3), the water level is above the 
upper edge of the bridge deck. For this case, the runoff is partly 
occurring as pressurized flow below the bridge deck and partly 
as free surface flow on the deck itself. 

Modelling Case 1 in 2D depth-averaged models, such as 
TELEMAC-2D, can be easily done by considering the abutments 
and bridge piers geometrically in the mesh. This method allows 
for fully resolving the hydraulics of the bridge structure, e.g. the 

flow phenomena around the bridge piers. However, it falls short 
in capturing the additional increase in upstream water level 
when the bridge deck gets submerged. 

 
Figure 1. Schematic representation of water levels for different flow 

conditions at bridge structures. From [1] modified 

For modelling the high flow conditions shown in Figure 1 
(Case 2 and Case 3), several approaches can be found in 
literature. HEC-RAS 2D [2] computes the bridge flow by either 
solving the energy equation in 1D under consideration of 
contraction, expansion and friction losses or by computing the 
discharge through the structure by means of separate hydraulic 
equations for sluice gate flow (Case 2a), orifice flow (Case 2b) 
or a combination of weir flow and orifice flow (Case 3). The 
resulting difference in upstream and downstream water level is 
equated to a force, which is then applied in the momentum 
equation. RiverFlow2D [3] uses a modified Borda-Carnot 
approach to derive 1D contraction and expansion losses, which 
are applied as a head loss gradient in the momentum equation. 
In Hydro_AS-2D, bridges are modelled by means of the 
pressurized Saint Venant equations in combination with the weir 
flow equation for the overflow [4]. 

Approaches that are based on 1D hydraulic formulas, like 
weir flow, sluice gate type flow and orifice flow, are usually 
highly parameterized and thus the quality of the results strongly 
depends on the selected parameters for the application. In order 
to minimize the required user input, we settled for a similar 
method as it is used in RiverFlow2D, where the head loss 
formulation does not require any user defined parameters. 
Instead, the new bridge module solely requires a set of polylines, 
defining the locations and cross sections of the bridge structures. 
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II. METHODOLOGY 

A. Modified subroutines and Keywords 
The bridge module was implemented for TELEMAC version 

v8p4r0. Compiling the bridge module requires replacing and 
adding the files and subroutines listed in Table I. The 
subroutines can be obtained from the following GitHub 
repository: https://github.com/tuggegese/T2D_BridgeModule. 

Table I Modified and added files required for compiling the bridge module 

TELEMAC file Changes/Implementations 

bief_def.f Added new vector structures 

declarations_ 
telemac_2d.f 

Added bridge relevant variables and 
allocatable containers 

interface_telemac2d.f Added new interface of the bridge 
module 

lecdon_telemac2d.f Added I/O operations for bridge 
keywords 

telemac2d_init.f Added call to the bridge routine 
“bbuilder.f” 

deall_telemac2d.f Added deallocation of bridge related 
variables 

bbuilder.f New subroutine that computes bridge 
parameters that do not change in time 

prosou.f Added the possibility to apply bridge 
head losses in each time step 

telemac2d.dico Added new variables 

telemac2d.cmdf Added new subroutine “bbuilder.f” 

api.cmdf Added new subroutine “bbuilder.f” 

 

In order to model bridges in the study area, three additional 
keywords were added, namely:  

• “NUMBER OF BRIDGES”: Defines the total 
number of bridges in the study domain 

• “BRIDGE LOCATION FILE”: Links a file in .i2s 
format that contains all polylines defining the 
location of the bridges in the domain 

• “BRIDGE SECTION FILE”: Links a file in .i2s 
format containing closed polygons of all bridge 
cross sections 

B. 1D Head loss formulation 
Figure 2 presents a simplified sketch of a bridge with two 

abutments and a deck. The visualized flow conditions 
correspond to Case 2 in Figure 1. However, the hereafter 
presented methodology is thought to be valid for all cases. For 
the example case given in Figure 2, the head losses exerted by 
the bridge on the flow can be represented by summing the 
contraction losses between sections 1 and 2, the expansion 
losses between sections 3 and 4 and the friction losses between 
sections 1 and 4. 

According to [5] and [6], the well-known Borda-Carnot 
expansion and contraction losses, that are commonly used to 
estimate energy losses due to sudden contractions and 

expansions in pipe flows, can be employed for free surface flows 
as well. 

 
Figure 2. Schematic view of individual head loss components for cross 

sections 1 to 4 

For the example bridge case, visualized in Figure 2, the 
Borda-Carnot expansion and contraction losses can be written 
as follows: 

Δ𝐻𝐻𝐶𝐶 = 𝑣𝑣3
2

2𝑔𝑔
�1 − 𝐻𝐻3

𝐻𝐻4
�
2
 (1) 

and 

Δ𝐻𝐻𝐶𝐶 = 𝑣𝑣1
2
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𝜇𝜇
− 1�

2
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where 𝑣𝑣1 and 𝑣𝑣3 are cross-sectional averages of the 
velocities upstream and below of the bridge. 𝑁𝑁1 to 𝑁𝑁4 are the 
cross-sectional areas covered by the flow and 𝜇𝜇 is the 
contraction coefficient, with typical values around 0.62 (see for 
example [5]). However, studies have shown (see for example 
[7]) that the contraction coefficient is not constant and is in fact 
dependent on several factors, such as the ratio of the downstream 
and upstream areas. For computing the contraction coefficient, 
we thus opted for the simplified approach of Weisbach, which 
can be written as follows:  

𝜇𝜇 = 𝑐𝑐1 + 𝑐𝑐2 �
𝐻𝐻2
𝐻𝐻1
�
3
 (3) 

with the coefficients 𝑐𝑐1 and 𝑐𝑐2 = 1 − 𝑐𝑐1 being 0.63 and 0.37 
[8], respectively. For the here presented implementation, we 
adjusted the parameters 𝑐𝑐1 and 𝑐𝑐2 trying to account for effects 
that influence the complex real-world energy losses, such as 
accelerations of the flow, deflections [7], the angle of the 
contraction or other 3D effects. By calibrating the later presented 
validation case, we have determined the coefficients to be 𝑐𝑐1 =
0.3 and 𝑐𝑐2 = 0.7. However, it has to be mentioned that the 
calibrated coefficients might not be optimal for all real-world 
examples and should be carefully assessed for each individual 
case. 

The total losses of the bridge structure can be obtained by 
summing the individual components from contraction, 
expansion and friction, which can be expressed as: 

Δ𝐻𝐻 = Δ𝐻𝐻𝐶𝐶 + Δ𝐻𝐻𝐶𝐶 + Δ𝐻𝐻𝐹𝐹  (4) 
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In the current implementation, we have chosen to neglect the 
additional friction losses from the walls of the bridge. 
Consequently, the friction between sections 1 and 4 is solely 
determined by the bottom friction, potentially leading to slightly 
lower computed head losses compared to those occurring in 
nature. 

C. Implementing the head loss to the momentum equation 
The head loss exerted by the bridge structure on the flow can 

be added to the momentum equation as follows: 
𝜕𝜕𝑢𝑢
𝜕𝜕𝑢𝑢

= 𝑜𝑜𝑤𝑤ℎ𝑒𝑒𝑓𝑓 𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑜𝑜 − 𝑔𝑔 𝜕𝜕𝐻𝐻
𝜕𝜕𝑏𝑏

 (5) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝑢𝑢

= 𝑜𝑜𝑤𝑤ℎ𝑒𝑒𝑓𝑓 𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑜𝑜 − 𝑔𝑔 𝜕𝜕𝐻𝐻
𝜕𝜕𝑏𝑏

 (6) 

Where  𝜕𝜕𝑢𝑢 𝑚𝑚𝑑𝑑⁄  and 𝜕𝜕𝜕𝜕 𝑚𝑚𝑑𝑑⁄  are the local acceleration terms in 
x and y direction, 𝑜𝑜𝑤𝑤ℎ𝑒𝑒𝑓𝑓 𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 include all not explicitly written 
terms, such as the gravitational acceleration, friction, diffusion, 
etc. and 𝜕𝜕𝜕𝜕 𝑚𝑚𝑥𝑥⁄  and 𝜕𝜕𝜕𝜕 𝑚𝑚𝑦𝑦⁄  are the derivatives of the local head 
loss. 

For applying the head loss of a given bridge structure, we 
first have to define its location in the computational grid. The 
here presented implementation assumes that the entire head loss 
attributed to the bridge structure is acting on a number of cell 
edges, forming the cross section of the bridge (see Figure 3, 
purple line). At those edges, the total energy losses can be 
obtained by summing the head loss components from 
contraction, expansion and friction (Formula 4). The losses are 
constant for all element edges and are visualized in Figure 3 
(Detail).  

 
Figure 3. Scheme for computing head loss derivatives 

Assuming that the head losses due to friction are solely 
introduced by bottom friction, which are already included in 
Equations 5 and 6, the additional head loss derivatives are 
composed of contraction and expansion only. Considering this 
as well as the fact that the head loss is always acting against the 
main direction of the flow, allows for computing the head loss 
derivatives with a cell centered finite difference scheme (shown 
for x direction only) as follows: 

𝜕𝜕𝐻𝐻
𝜕𝜕𝑏𝑏𝐶𝐶𝐶𝐶

≈ ∆𝐻𝐻
∆𝑥𝑥1+∆𝑥𝑥2

𝑢𝑢
|𝑢𝑢|

  (7) 

where 𝜕𝜕𝜕𝜕 𝑚𝑚𝑥𝑥⁄ 𝑐𝑐𝑐𝑐 is the head loss derivative computed by the 
cell centered scheme in x direction, ∆𝐻𝐻 is the head loss from 
contraction and expansion, ∆𝑥𝑥1 + ∆𝑥𝑥2 is the distances between 
the cell centers and 𝜕𝜕𝑢𝑢 |𝑢𝑢|⁄  defines the directions of the head 
loss by taking a value of either −1 or 1 if the velocity is not zero. 
The compatibility with the node based formulation of TELEMAC-
2D is reached by mapping the derivatives to the relevant nodes, 
effectively obtaining 𝜕𝜕𝜕𝜕 𝑚𝑚𝑥𝑥⁄ . 

D. Detailed description of the algorithm 
The bridge module commences by initializing all static 

variables required for the analysis. Specifically, the two sets of 
polylines, given in the steering file are read. One file defines the 
bridge locations in the computational grid, and the other 
describes their respective cross sections (see Figure 4 dark blue 
lines). Assuming constant cross sections for both the bathymetry 
and the bridge structure along the entire width of the bridge, i.e. 
upstream geometry is equal to downstream geometry, enables 
the derivation of two functional relationships. The first links the 
free surface elevation to the unobstructed cross-sectional area 
just outside of the bridge, i.e. 𝑁𝑁𝑚𝑚𝑜𝑜𝑜𝑜 = 𝑓𝑓(𝐹𝐹𝑆𝑆). The second 
relationship connects the free surface elevation to the effective 
flow area of the bridge, considering the obstruction of the bridge 
structure, i.e. 𝑁𝑁𝑖𝑖𝑛𝑛 = 𝑓𝑓(𝐹𝐹𝑆𝑆). 

Next, the algorithm identifies the set of nodes, referred to as 
nodestring, which closely matches the bridges specified location 
(Figure 4, blue line). Subsequently, the elements belonging to 
the nodestring are identified and the neighbouring nodes on both 
sides of the nodestring are extracted. Up to this point, the 
algorithm has no information which of the neighbouring nodes 
lie upstream and which lie downstream of the bridge. Since in 
environmental flow studies the flow might reverse, the choice 
which nodes lie upstream and which lie downstream is done in 
each time step in a later stage. Figure 4 gives an example for the 
upstream (red) and downstream (green) nodes for a given flow 
direction (black arrow). Additionally, the algorithm retrieves 
distances to the element centers (black line) required for 
computing the head loss derivatives (Formula 7) 

After the initialisation step, head losses are computed and 
applied in each time step. The algorithm begins by calculating 
the average flux through the nodestring. Based on the present 
flow conditions, it determines which nodes lie upstream and 
downstream of the bridge. These nodes are then used to compute 
average free surface elevations, 𝐻𝐻𝐿𝐿𝐶𝐶 and 𝐻𝐻𝐷𝐷𝐷𝐷, respectively. 
Utilizing the previously derived functional relationships 
between free surface elevations and the areas below and outside, 
the algorithm determines the unobstructed and obstructed flow 
areas upstream and downstream of the bridge (see Figure 4). 
From the computed fluxes, cross sectional averages of flow 
velocities are obtained by applying the continuity equation. 
These velocities, along with the extracted flow areas, are used to 
derive the Borda-Carnot expansion (Formula 1) and contraction 
(Formula 2) losses, respectively. From those 1D losses, we are 
able to derive the head loss derivatives in x and y direction by 
using Formula 7 and apply them as additional terms in the 
momentum equation (Formula 5 and 6). 
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Figure 4. Implementation detail for a real case 

III. VALIDATION CASE 
The bridge module was validated through an experimental 

study conducted by [5]. The study was carried out in a 0.24 m 
wide and 6.0 m long laboratory flume. The bottom roughness in 
the flume was reported to be 𝑎𝑎 = 0.011 𝑠𝑠 𝑚𝑚1 3⁄⁄ . The 
experimental study encompassed a wide range of different 
bridge geometries, orientations to the flow and hydraulic 
boundary conditions, resulting in a total of 207 measurement 
points. The head losses exerted by the bridge structures were 
quantified by measuring the water levels upstream and 
downstream of the bridges. Upstream measurements were 
performed at a distance of 1.0 m from the bridge, while 
downstream measurements were taken at a distance of 3.0 m. 

To validate the bridge module, we replicated the 
measurements numerically. Due to data availability, we 
considered 176 of the 207 experimental cases for validation. In 
the numerical model, the channel was expanded upstream to 
minimize the influence of the upstream boundary condition. For 
each case, the measured discharge was imposed at the upstream 
boundary and the measured water depth was prescribed at the 
downstream boundary. The bridge geometries were 
implemented as described in the prior sections of this paper. The 
simulations were run until steady state conditions were reached 
and the simulated upstream water level was compared to the 
measured one. The numerical model setup is illustrated in 
Figure 5. 

Prior to validating all 176 experimental cases, we tested if 
the implementation is mesh independent. To do this, we 
compared the results obtained from simulations using the 
original mesh to simulations with a much finer computational 
grid. The original spatial resolution in longitudinal direction was 
about 0.1 m, whereas the resolution of the finer grid was around 
0.025 m. The observed differences between the modelling 
results showed to be dependent on the specific case. However, 
the maximum observed difference in the water levels was 
merely around 1.5 %. 

Figure 6 presents a comparison between the measured and 
simulated water depths for all 176 investigated cases (indicated 
by blue crosses). Overall, the head losses could be replicated 
well by the numerical model, yielding a coefficient of 
determination of 𝑅𝑅2 = 0.962. This value is comparable to the 
results of [5], who reported statistics of 0.934 for their Borda-
Carnot approach, 0.991 for their Borda-Carnot approach 
including a calibration coefficient and 0.953 for simulations 
performed with HEC-RAS. In Figure 6, several data points 
exhibit higher measured water levels compared to the simulated 
values. This phenomenon was also observed in the Borda-
Carnot implementation of [5]. Contrary to that, the HEC-RAS 
simulations demonstrated less systematic underprediction of the 
head losses. We found that the Borda-Carnot based formulations 
tended to underestimate the energy losses for partly and fully 
submerged bridges, particularly when lower water levels were 
present downstream of the bridge (see Figure 1, Case 2a) 

 
Figure 6. Comparison between simulated and observed upstream water depths 

for all 176 test cases (indicated by blue crosses) 

Figure 5. Setup of the numerical experiment, plan view 
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IV. USER EXAMPLE 

A. Setup of the user example 
This section demonstrates the implementation of multiple 

bridges for a generic test case. The test case was set up with one 
inlet and two outlet boundaries. The computational grid 
consisted of a total of 86,420 unstructured triangular elements 
with a mean edge length of about 1 m. The bottom elevations 
ranged from 0 to 16.2 m and the area of the study domain was 
about 60,000 m². The simulation was driven with a constant 
discharge of 30 m³/s until steady state conditions were reached. 
The study included three bridges with different cross sections. 
The elevations of the computational grid, the inlet and outlet 
boundary conditions and the locations of the three bridges are 
illustrated in Figure 7. This test case is meant to demonstrate the 
usage of the bridge module and is available on GitHub: 
https://github.com/tuggegese/T2D_BridgeModule 

 
Figure 7. Overview of the example case, its bottom elevations and the 

locations of the bridges and longitudinal sections 

For implementing the bridges, we first created two 
BlueKenue line sets. The first polyline was of the type “Open 
Line” and defined the location of the bridges in the 
computational grid (see Figure 7). This set of polylines was 
called “bridges.i2s” and was defined in the steering file by 
adding the following keyword: BRIDGE LOCATION FILE = 
‘bridges.i2s’. 

The next step was to resample the polylines defining the 
locations of the bridges. Afterwards, the bottom elevations were 
mapped to the lines and the resulting cross sections were saved 
in the ‘.xy’ data format. Converting the ‘.xy’ data sets to ‘.i2s’ 
allowed for loading the bottom cross sections of the bridges into 
the 2D canvas of BlueKenue. Subsequently, the cross sections 
of the bridges were drawn with polylines of the type “Closed 
Line”. The resulting cross sections of the bridges (dark blue 
polyline) and the extracted cross sections of the bottom 
elevations (red line) are shown in Figure 8. All three bridges 
were added to a single ‘.i2s’ line set, which was added to the 
steering file by setting the following keyword: BRIDGE 
SECTION FILE = 'bridgesCS.i2s'. 

 
Figure 8. Cross sections of the three bridges (dark blue line) and bottom 

elevations (red line) in the study domain. The polylines are visualized in the 
2D canvas of Blue Kenue 

Besides the location and section files, the bridge module 
requires defining the number of implemented bridges, which 
was done in the steering file by adding the following keyword: 
NUMBER OF BRIDGES = 3. 

B. Results of the test case 
Figure 9 displays the simulated free surface elevations for 

the presented test case. Specifically, upstream water levels at the 
three bridge cross sections (B1, B2 and B3) and the free surface 
elevations along two longitudinal sections (S1 and S2, see also 
Figure 7) are visualized. The figure includes simulated water 
levels with and without considering the added head losses of the 
bridge structures, shown with blue and red lines, respectively. 

Upon considering the effects of the bridges, we observed 
increases in the upstream water levels as follows: 0.11 m for 
Bridge 1, 0.02 m for Bridge 2, and 0.16 m for Bridge 3, 
respectively. Notably, the water level difference for Bridge 2, 
which did not come in contact with water, resulted from the 
backwater effects of Bridge 3. For the here presented case, the 
model computed contraction coefficients of 0.58 for Bridge 1, 
1.0 for Bridge 2 and 0.34 for Bridge 3, by utilizing Equation 3 
with the calibrated coefficients. For Bridge 1, the contraction 
coefficient was found to be in close agreement with the constant 
value of 0.62 suggested by [5]. As for Bridge 2, the presence of 
equal areas below and outside of the bridge led to a contraction 
coefficient of 1.0, effectively resulting in the contraction losses 
becoming zero, as evident from Equation 2. For the third bridge, 
Bridge 3, the contraction coefficient became quite small, 
allowing the consideration of additional energy losses due to the 
very small unobstructed flow area. 

215

https://github.com/tuggegese/T2D_BridgeModule


29th TELEMAC User Conference Karlsruhe, Germany, 12-13 October 2023 
 
 

 
Figure 9. Results of the generic test case. Shown are the water levels (WL) 
with and without considering the backwater effects of the bridges upstream 
(US) of three bridge sections (B1, B2 and B3) and along two longitudinal 

sections (S1 and S2). 

V. DISCUSSION AND CONLUSION 
The bridge module presented here was developed with the 

objective of providing a user-friendly method to consider 
backwater effects of both unsubmerged and submerged bridges 
with minimal user-defined parameters. To achieve this, we 
adopted a head loss based approach that relies solely on 
geometrical relationships and hydrodynamic flow properties at 
the bridge structure. 

Our investigations and also the study conducted by [5] 
showed that the traditional Borda-Carnot approach, commonly 
used for pipe flows, underestimates the total energy losses 
imposed by the bridge structure on the flow, particularly when 
the bridge deck became submerged, leading to pressurized flow 
conditions. This underestimation could be attributed to the more 
irregular geometries of real bridges compared to pipes, as well 
as additional 3D hydrodynamic effects that cannot be accurately 
captured by contraction and expansion losses alone. 

In an attempt to account for these additional losses, [7] 
proposed a constant multiplication factor of 1.31 for the 
contraction losses. On the other hand, [5] used a dynamic 
calibration factor, dependent on the Froude numbers upstream 
and downstream of the bridge, the ratio of the occluded area, and 
a constant describing the bridge regime (unsubmerged, partially 
submerged, or fully submerged). We observed that a constant 
calibration factor, as suggested by [7], failed to accurately 
represent the additional losses for all test cases. Similar to [5], 
we thus opted for a dynamic calibration parameter that increased 
the computed energy loss in proportion to the blocked area. 
Consequently, a more occluded cross section would result in 
significantly higher head losses compared to a barely submerged 
bridge. 

To address this, we calibrated the head losses using the 
contraction coefficient and employed Formula 3 as a starting 
point. This formulation offered the advantage of yielding higher 
losses as the flow area became more obstructed and also resulted 
in a head loss of zero when the bridge did not come in contact 
with water (see Formula 2). This adapted approach for 
computing the contraction coefficient produced satisfactory 
results for the validation case. In the user example, this led to 
contraction coefficients of 0.58 for Bridge 1, 1.0 for Bridge 2, 
and 0.34 for Bridge 3, respectively. For reference, [5] used a 
constant contraction coefficient of 0.62. 

To conclude, we can give the following remarks and 
suggestions, when applying this approach for modelling 
unsubmerged and submerged bridges: 

• The algorithm works well for a wide range of flow 
conditions, however, during high flow conditions 
the standard Borda-Carnot equation tends to 
underestimate the energy losses exerted by the 
bridge structure. Although we introduced a 
dynamic calibration coefficient, it may be 
necessary to perform additional calibration for 
each individual case. 

• Our investigation reveals that the proposed module 
remains largely stable when the underlying 
hydrodynamics are stable. This emphasizes the 
importance of considering the overall 
hydrodynamic conditions to ensure the model's 
reliability and robustness. 

• During our simulations, we observed minimal 
slowdown when incorporating the bridge 
structures (at least with three bridges). This 
demonstrates the computational efficiency of the 
proposed approach, making it a practical choice for 
large-scale applications. 
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Abstract – A simplified approach has been implemented in the 
openTELEMAC system to represent most types of obstacles, or 
hydraulic structures, including weirs, culverts, bridges, turbines, 
pumps, sluices, porous or solid barriers, storage ponds, etc., each 
including several variations of their defining hydraulic 
characteristics taken from empirical formulations. For instance, 
weirs can now either be sharp- or broad-crested, v-shaped or 
tilted, submerged or not, reversable or linked to a storage pond. 

The objective of the work was to simplify user inputs and 
completely generalise hydraulics structures based on an 
abstraction of “obstacle”. For instance, the user should not have 
to enter node numbers or duplicate information while providing 
georeferenced definition of geometries. 

To achieve this, the geometry of the obstacle is defined 
through a set of georeferenced lines, within a single file for all 
geometries, whether open polylines or closed polygons. The 
defining parameters are keyword-based similar to those of the 
steering files of the openTELEMAC system, again, stored in a single 
file for all obstacles. Other files can then be used to control the 
operation of the obstacle, whether driven by time sequences or 
water level variations. Finally, as it is customary with the 
openTELEMAC system, user subroutines can also help manually 
control gates, sluices, pumps, turbines, etc. 

Keywords: Hydraulic Structure, Obstacle, Weir, Turbine, Pumps, 
Barrier, Sluice, Bridge, Culvert, Storage Pond. 

I. INTRODUCTION 
A very few hydraulics structures had been implemented 

within TELEMAC-2D and 3D so far, to represent either a weir, 
a dyke, or a culvert. Unfortunately, their usage required the 
setup of complex input files defining their geometrical 
characteristics and parameterisations, including having to 
maintain lists or mesh-dependant node numbers and manually 
pairing nodes across or along obstacles. 

This article presents the initial implementation of a novel 
approach to modelling obstacles in the openTELEMAC system, 
which defines an abstraction of “obstacle” capable of holding 
the characteristics of most types of hydraulics structures, if not 
all. The approach also includes a complete automatization of 
the search for mesh information given geometrical inputs, 
automatically connecting nodes, control locations and ponds 
where necessary. This approach is inspired from the work of 
the authors together with N. Durand and co-authors on the 
modelling of the Northern European waters to inform tidal 
power industry decisions (see [1]). 

This initial work has been carried out in a branch on the 
open git repository of the openTELEMAC system, the so-called 
searobin branch, and is due to be merged to the main trunk of 
the system later in 2023. It includes examples of applications 
of five of its concepts: (a) a weir for which the flow goes over 
the length of the obstacle; (b) a storage pond which can be 
connected to one or more obstacles; (c) a control location 
which can be used to automate the operation of an obstacle; 
(d) a culvert, for which the flow tunnels through the length of 
the obstacle; and (e) both a porous and solid barrier blocking or 
controlling the flow through the obstacle. 

Section II introduces the simplification of user inputs 
defining obstacles in openTELEMAC. Section III details the 
automation procedure linking properties of the mesh to the user 
inputs, including its parallelisation. Section IV follows with a 
detailed explanation of the simplified implementation of all 
hydraulic laws representing all obstacles. Section V shows 
results from examples of test cases and Section VI concludes 
with anticipated developments. 

II. SIMPLIFIED USER INPUTS TO OBSTACLE DEFINITION 

A. Obstacles’ defining characteristics 
The physical and operational characteristics of obstacles are 

now defined within a single file added to a simulation via the 
keyword: FILE OF SETTINGS FOR THE OBSTACLES. The content 
of the file is defined as a series of sections and subsections, one 
for each obstacle and obstacle type. 

Figure 1 below shows an example defining two types of 
obstacles (weirs and storage ponds, defined as sections), within 
which four weirs are named from WEIR 0 to WEIR 3 in the first 
section and one storage pond is named POND 1 in the second 
section (all obstacle names in green). Colours on Figure 1 are 
set only for illustrative purposes. 

Within each section (or for each type of obstacle), a number 
of obstacles of that type defines how many of those will be 
read. The physical characteristics of each obstacle are specific 
to that type of obstacle (defining subsections, dark highlight). 
While the order defining each type of obstacles in the file does 
not matter, it is important that all obstacles of the same type are 
defined within the same section. In Figure 1, the four NAME OF 
THE WEIR subsections are under the keyword NUMBER OF 
OBSTACLES DEFINED AS WEIRS = 4. Similarly, the one NAME OF 
THE POND subsection is under the keywork NUMBER OF 
STORAGE PONDS = 1. 
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As it is the case for the steering file, indentations and 
spaces between values and keywords do not matter. A pair of 
keyword and values are separated by either “:” or “=” 
indifferently. Multiple values provided for one keyword are 
separated by “;”. The decimal point follows the English 
convention of a “.”. Within a section, the order of the obstacles 
does not matter. For each obstacle, the order of the keywords 
defining its physical and operational characteristics does not 
matter either. Commented lines start with “#”. 

 
Figure 1. Example of file content setting characteristics for the obstacles 

Finally, it is important to highlight that the names of the 
obstacles (highlighted in green in Figure 1) have to match 
those in their associated geometric definitions to enable 
openTELEMAC to make the connection. 

B. Obstacles’ defining geometries 
Similar to the obstacles’ physical characteristics detailed 

previously, the geographical characteristics of obstacles are 
defined within a single file added to a simulation via the 
keyword: FILE OF GEOMETRIES FOR THE OBSTACLES. For now, 
the content of the file follows the Blue Kenue i2s file format 
(see [2]). Extension of that format to i3s or to shape file is 
planned for future developments. 

Figure 2 below shows an example of i2s defining the five 
geometries associated to those obstacles shown on Figure 1, 
four open lines (although these could be polylines) each 
associated to the name of a weir (highlighted in green) and one 
closed polygon associated to the storage pond. Colours on 
Figure 2 are here only for illustrative purposes. 

Similar to those examples of weirs, geometrical lines can 
also be used to represent culverts, tunnels, turbines, pumps, etc, 
connecting ponds and areas on either ends of the lines, with 
their mesh connectivity and processing being handled 
automatically by openTELEMAC. 

 
Figure 2. Example of file content setting geometries for the obstacles 

Finally, it is noted that the polygon associated to the 
obstacle named POND 1 is closed, following the Blue Kenue 
convention that duplicates the first and last point. Should a 
storage pond be defined by an open polyline, openTELEMAC 
would automatically close it. 

C. Conclusions on user inputs 
From a user viewpoint, obstacles can now be defined 

simply given only two files as detailed above, regrouping all 
obstacles for a given simulation. Physical characteristics are 
defined by keywords and values, just as the steering file, and 
geometric characteristics are defined through a georeferenced 
file. Besides, there is no requirement to tie obstacles to given 
node numbers on the mesh allowing the user to modify the 
mesh without having to regenerate the obstacles’ definition 
files. A simplified approach to modelling obstacles has been 
implemented in openTELEMAC. 

III. AUTOMATED APPROACH TO USER AND MESH INPUTS  
Once the geometrical definitions of the obstacles are read in 

and matched to their associated type of hydraulic structure, 
openTELEMAC will automatically set up the necessary structure 
to link those geometries to the nodes and elements of the 
domain mesh. Linking approaches vary depending on the type 
of hydraulic structures. Here below are details for each type of 
obstacle programmed so far. 

A. Barriers 
The simplest obstacle type is the barrier (also called a 

closure) as it does not require a connection nor a computed 
transfer of water across. It can be used to either define an 
embankment, a causeway, a reclamation, or an area separated 
from the rest of the model. A distinction is made between a 
porous or a closed barrier through the keyword TYPE OF 
IMPLEMENTATION, for which 1 is closed and 2 is porous, 
providing a porosity value for the latter between 0 and 1. 
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Figure 3 below show an example of two such obstacles, the 
second one being provided a porosity of 0.1. 

 
Figure 3. Example of file content setting characteristics of closures 

The automated approach of incorporating these types of 
barriers into a simulation consists of identifying all segments of 
the mesh (edges of the triangular elements) that cross the 
georeferenced polyline defining the obstacle and tagging left 
and right nodes for every intersection found. For illustration 
purposes, Figure 4 below shows part of the domain of the 
TELEMAC-2D test case of the Mersey Estuary, with two 
arbitrary user-defined barriers (in black) and their intersections 
(in light green) with the mesh (in light grey). Once all tagged 
nodes are known, a first row of elements (triangles) is 
identified for which all three nodes must be tagged. That row 
of triangles is subsequently widened (lighter white areas), if 
necessary, according to the user-defined thickness of the 
barrier, a value found in the georeferenced file (value in red in 
Figure 2). 

 
Figure 4. Example of computed intersections leading to proximity waves 

It is important to note that if the polyline does not intersect 
the domain mesh, then there would be no possible masking of 
any area, nor a possible way of defining a porous barrier. 
Additionally, although it is the case in the illustration above, 
the barriers do not necessarily have to join edges of the model 
domain. 

During the simulation, the area around the barrier (lighter 
white areas) is either masked out or defined as a porous region, 
depending on its type. Operational control files or user 
subroutines could be used to compute or define possible 
variations in the porosity value over time for each obstacle. 

B. Flow passing over or through obstacles 
The second type of obstacles regroups all structures for 

which water (and tracers) will be carried over from one side of 
the obstacle to the other side. It can be used to either define 
weirs, bridges, tidal barrages, or breaches over a dyke. 

The approach of incorporating these types of obstacles into 
a simulation is identical to that of barriers (or closures), which 
consists of identifying all segments of the mesh that cross the 
georeferenced polyline defining the obstacle and tagging left 
and right nodes for every intersection. Rows of triangular 
elements are then identified (for which all three nodes have 
been tagged) and are masked during the simulation effectively 
blocking the processes along that area. 

Once the first row of triangles (within the thickness of the 
obstacle) has been established, a cloud of nodes is added to the 
geometrical definition of each obstacle depending on the 
keyword DISTANCE OF INFLUENCE as set in the FILE OF 
SETTINGS FOR THE OBSTACLES for a given obstacle. This cloud 
is built iteratively in waves of connectivity away from the first 
row of triangles intersecting the obstacle. For illustration 
purpose, Figure 4 highlights in colours, the clouds of nodes 
around each obstacle. These are used as a physical support to a 
variety of local information and purposes. For instance: 

• Each node within the cloud is associated to one integer in 
particular, called “WAVE”, with positive values on one side 
and negative equivalent on the other. The WAVE integer 
values of 1 and -1 are used to establish a connections or 
pairs of nodes across the obstacle. They are part of the first 
row of masked triangles. Higher positive and negative 
values (called “MATES”) are used as support to compute 
spatial average of the free surface level over a wide area of 
influence. Figure 4 shows in variations of pink and blue the 
WAVE tags associated to the cloud of the obstacle on the 
right. 

• Each node within the cloud is associated to a distance 
projected along the obstacle, used to pair nodes (amongst 
those tagged with a WAVE of ±1) on either side of the 
obstacle. The projection is perpendicular to the segments of 
the polyline defining the obstacle. Figure 4 shows, in colour 
variations from red to green, the projected distances of the 
nodes in the cloud along the obstacle on the bottom left. 

• Each node within the cloud is also associated to a vector, 
the direction of which is computed perpendicularly to the 
segments of the polyline defining the obstacle, the 
magnitude of which is set according to the distance to the 
polyline. 

For illustration purposes, Figure 5 below shows part of the 
domain of the TELEMAC-2D test case of the flume (blue 
background), with one arbitrary user-defined angled weir (in 
black) and its intersection (in light green) with the mesh (in 
light grey). Given the thickness of the weir, seven rows of 
triangles are to be masked in that example (lighter white areas). 
As the weir is defined as a 90-degree angle, the arrows are 
fanning out from the corner on the right of the obstacle, while 
arrows combine on the longitudinal symmetry line on the left. 
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Figure 5 also shows the pairing of nodes (pink segments) 
on either side of the masked area (lighter white area). As said 
previously, the pairing is based on the projected distance along 
the segments of the polyline. For every node on the right and 
on the left of the masked area (WAVE = ±1), the closest 
(projected) node is chosen, and a pair is set. This approach 
guaranties that every node has at least one opposite, although 
some nodes could end up being connected to more than one 
opposite. 

 
Figure 5. Example of directionality of flow and pairing across an obstacle 

It is important to note that if the polyline does not cross the 
domain mesh, a cloud will still be built but according to the 
proximity of the nodes with the georeferenced polyline 
defining the obstacle, the proximity being defined through the 
same keyword DISTANCE OF INFLUENCE as set in the FILE OF 
SETTINGS FOR THE OBSTACLES for a given obstacle. 

To illustrate this last point, Figure 6 shows the domain of a 
modified version the TELEMAC-2D test case of the “weir” 
(blue background). The mesh is also displayed (in light grey). 
In the original test case, 4 ponds were separated by 3 gaps. In 
this case, one pond has been removed from the mesh and 
replaced by a virtual storage pond (see definition of storage 
pond below). Georeferenced polylines (in black) defining the 
3 weirs go through the original gaps. One could note that the 
domain has here been tilted by 45 degrees clockwise compared 
to the original TELEMAC-2D test case, to limit the size taken 
by the capture of the geometry within the figures of this article. 

 
Figure 6. Example of pairing across a gap and of mates’ connectivity 

Even though there are no intersecting segments between the 
obstacles and the mesh, the novel approach is able to 
automatically connect nodes between ponds (pink segments 
across the gaps) and to build clouds of nodes depending on the 
DISTANCE OF INFLUENCE. In this example, WEIR 1 is on the 
right and has been set with a minimum distance of influence 
sufficient to just bridge the gap: there are no MATES. In 
contrary, WEIR 3 is on the left and has been set with a large 
distance of influence, going up to WAVE=5 (in colour variations 
between pink and blue). 

As previously mentioned, the cloud of nodes is built 
iteratively in waves of connectivity away from the first row of 
triangles intersecting the obstacle (or not) and are used as a 
physical support to a variety of local information and purposes. 
Based on that support, MATES are selected within a certain 
vision angle away from the obstacle, and a connection is made 
for every node making up the pairing across the obstacle 
(WAVE = ±1). The vision angle for this type of obstacle is by 
default about 14 degrees (= 𝑎𝑎𝑓𝑓𝑐𝑐𝑜𝑜𝐶𝐶𝑎𝑎(1/4)) defined around the 
direction associated to each node, perpendicularly to the 
segments of the polyline defining the obstacle. Figure 6 above 
shows the connections of the MATES (brown lines) with some 
the nodes of the pairs crossing the obstacle on the left. Using a 
narrow vision angle allows for the spatial averaging of 
variables elevation to remain directional away from the 
obstacle. 

C. Flow tunneling under or within an obstacles 
This third type of obstacle groups all hydraulic structures 

where water (and tracers) will be tunnelled under, from one 
opening of the obstacle to the other opening. It can be used to 
either define a culvert, a siphon, or a tunnel equipped with a 
pump, a valve and / or a turbine. 

The approach of incorporating these types of obstacles into 
a simulation is much simpler than the previous type of 
obstacles, as it considers only one pair of connected areas 
(together with their associated MATES). Besides, there is no 
crossing of polylines nor masking of elements nor building up 
WAVE tags in this case. 

To illustrate this type of obstacle, Figure 7 shows the 
domain of the TELEMAC-2D test case of the “siphon” (blue 
background, made of two ponds separated by a gap. The 
culvert is defined by a georeferenced line (in black) linking 
nodes from either pond (pink squares). The mesh is also 
displayed (in light grey). 

 
Figure 7. Example of pairing across two ponds and of mates’ connectivity 

Similar to other obstacles, clouds of nodes (brown squares) 
are built depending on the DISTANCE OF INFLUENCE centred on 
the nearest node on either end of the obstacle. These clouds 
will be used to maintain information around the connected 
nodes (in pink), such as to spatially average water level on 
either side of the culvert. 

Figure 8 shows the associated keyword settings for the 
example shown in Figure 7 above (accessed from FILE OF 
SETTINGS FOR THE OBSTACLES) defining two types of obstacles 
(a culvert and a storage pond, blue / red highlights, defined as 
sections), within which one culvert named SIPHON 1 in the first 
section and one storage pond is named POND 1 in the second 
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section (all obstacle names in green). One should note that 
some of the keywords have two values, for instance 
ELEVATION OF EACH OPENING, OPENING HEIGHTS, or HEAD LOSS 
COEFFICIENT AS ENTRY. Each value corresponds to one end of 
the obstacle, the order being the same as in the order of the first 
and last locations found in the georeferenced file. 

 
Figure 8. Example of file content linking a culvert to a storage pond 

Figure 9 shows an example of i2s defining the two 
geometries associated to those obstacles shown in Figure 7, 
one open line associated to the culvert and one closed polygon 
associated to the storage pond. 

 
Figure 9. Example of file for setting geometries of a culvert and a pond 

Similar to the examples of weirs, the processing of these 
geometrical lines is done automatically by openTELEMAC. 

D. Storage ponds 
The fourth object programmed as an obstacle has been 

called a storage pond to represent just that. This type of 
obstacle groups all areas where water (and tracers) will be 
stored and connected to the simulation through obstacles. It can 
be used to either define a reservoir, a retention pond, a tidal 
barrage, or a flood plain, for which the geometry does not 
require to be meshed but could be defined as a function of the 
water elevation to its volume of water (or tracer quantities). 

A storage pond is assumed to be connected to the 
simulation through at least one discharge law (provided by the 
pairing with one or more weirs, culverts, etc.). The discharge 
through the paired obstacle is computed from the difference in 
water levels between that of the storage pond on one side and 
that of the simulation domain (MATES) on the other side of the 
paired obstacle. The volume of water (and the tracer 
concentrations) in the storage pond varies according to the 
discharge computed (positive or negative). 

There are two approaches of incorporating these types of 
obstacles into a simulation: 

• The first approach consists in defining a virtual location. 
The virtual pond exists through the keyword NAME OF THE 
PAIRED STORAGE POND within the subsection of one or 
more paired obstacle definitions. For instance, Figure 8 
above shows that the CULVERT named SIPHON 1 is 
connected to the POND named POND 1 (names highlighted 
in green) through that keyword. In addition, multiple 
obstacles can be connected to the same pond as is the case 
for WEIR 2 and 3 shown Figure 1, both connected to 
POND 1. Finally, a virtual pond does not have to be 
associated to a georeferenced polygon but can be. 

• The second approach consists in defining a georeferenced 
polygon encapsulating an actual area of the domain mesh. 
Together with Figure 8, Figure 9 shows the five nodes 
defining the contour of POND 1, which is also shown as a 
georeferenced feature on Figure 7 (orange line). In that 
case, the simulation will mask the elements found in the 
delineated area and replace graphical output variables in 
that area by computed spatially averaged variables (such as 
water level or tracer concentrations). 

One should note that the function level-volume defined by 
the keywords H and V, should have the same number of “;”-
separated values, and that linear interpolation is used in 
between pairs. Additional keywords are used to define the 
initial water level and tracer concentrations in the pond (for 
illustration see Figure 1 and Figure 8). 

E. Control locations 
The last object programmed refers to user defined 

locations, anywhere in the domain, from which information 
will be gathered (and averaged spatially and temporally) so it 
can be accessible to all other obstacles for operation purpose. 
Having already programmed MATES around given nodes, a 
control location can be defined with the same structure. 

Within the cloud of MATES, computed variables such as 
water level, velocities or tracer concentrations can be spatially 
averaged around the control location and / or temporarily 
relaxed to finally be used to operate another defined control 
structure. In addition to computed variables, time dependent 
controls can also be read from a file given through the keyword 
TEMPORAL CONTROL FILE FOR THE OBSTACLES, which has the 
format of an openTELEMAC liquid boundary file. This 
operation procedure or hydraulic structure control can be 
programmed through user subroutines available for each type 
of obstacle. 
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Figure 10. Example of operation of a weir crest based on a control location 

For illustration purpose, Figure 10 above shows the core of 
the user subroutine USER_WEI_CONTROLS, that controls 
parameters of a weir at every time step, before the discharge is 
computed. 

In this case, the parameter O%YS (crest elevation, in bold) 
is lowered or raised according to both a time control variable 
read from a file and the total load computed at a control 
location (case of a disappearing barrage). 

The Fortran subroutine reads as follows: 

• The subroutine GET_OBS_CONTROLS is called twice to read 
the interpolated values of both QC and YS at the time AT 
from the file unit OBS_FTS corresponding to the file 
TEMPORAL CONTROL FILE FOR THE OBSTACLES. 

• The subroutine S_SMOOTH is called four times to average 
spatially over the MATES, the water depth (HC), the 
bathymetry level (ZFC) and the u- and v-components of the 
velocity (UC and VC), around the first control location 
OBS_CTR(1)%GEO. 

• The subroutine T_SMOOTH is called thrice to relax the 
dynamic variables HC, UC, and VC, over time. These are 
associated to the first control location OBS_CTR(1)%GEO. 

• Finally, at time when YS is negative, the weir’s crest 
(O%YS) is set according to a function of the total load less a 
function of a control flow QC or otherwise set to the 
provided value read from the file YS. 

Defining one or more control locations for a simulation 
provides, in parallel and scalar modes, a method to gather and 
spatially average model data around that location and use it to 
control the operation of any other hydraulic structure or 
obstacle. Given the specificity of the possible controls and 
operational procedures of an obstacle, these controls must be 
implemented with a user defined subroutine. 

F. Parallelisation of obstacles 
Given the relatively small footprint of an obstacle and its 

clouds of MATES, it was decided that all processors would share 
the information as well as the computation of discharges given 
their associated hydraulics laws. A dynamic array of pointers 
for every obstacle, the so called IPID array, is used to sort the 
global list of nodes linking a given processor to the local node 
number on the processor’s mesh. Having said that, information 
is shared as follows: 

• Each processor contributes its computed variables (such as 
water depth, velocities, tracer concentrations) at every time 
step to a referred place within common arrays of variables 
based on the order provided by the IPID array of pointers. 
The values of these common arrays are then shared through 
the standard parallelisation interface to all processors. 

• Each processor has all the information on all nodes to 
compute the flow and tracer concentrations through all the 
obstacles within the simulation. 

• Each processor computes source and sink values on all 
nodes of the clouds for every obstacle that is within its local 
mesh, again using the IPID array of pointers. 

In scalar mode, the IPID array of pointers simply becomes 
the list of nodes on the mesh. Test cases developed so far for 
the implementation of obstacles show that the comparison of 
results between parallel and scalar modes is identical. 

IV. SIMPLIFIED APPROACH TO ALL HYDRAULIC LAWS 
In addition to providing a simplified approach to user 

inputs, this work on obstacles has also looked into a simplified 
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approach to the implementation of hydraulic laws, for each of 
the types of obstacles. 

The pairing of nodes on either side of the obstacle allows 
for the computation of the total discharge across or through the 
obstacle to be divided into one or more 1D segments. These 1D 
segments act as the support to empirical hydraulic discharge 
laws, depending on the type of obstacle and of the type of law 
chosen. 

To sort out these numerous empirical laws, each obstacle 
has been built as a separate Fortran module within which 
characteristics specific to that obstacle are stored, including the 
hydraulic discharge laws for that obstacle. For instance, the 
module OBS_WEIR contains a function called 
GET_WEI_HYDRAULICS, returning the discharge given the 
upstream and downstream water level. An extract of that 
function is shown in Figure 11 below. 

As can be observed: 

• The discharge Q (character in bold black) is computed as a 
function of the upstream and downstream water level (SLUP 
and SLDW respectively) and from a weir coefficient CD, 
itself set according to the hydraulic laws chosen (here 
5 laws have been implemented so far). 

• A correction to the CD coefficient is made to go from a 
sharp-crested weir to a broad-crested weir, or to a tilted 
weir. 

• A correction to the discharge Q is also made to go from an 
unsubmerged weir to a completely submerged weir. 

• Other hydraulics laws can be added for v-shaped weirs or 
trapezoidal weirs, for instance, or as user defined. 

Similarly, the module OBS_BRIDGE has a function called 
GET_BDG_HYDRAULICS, that includes all hydraulics laws, the 
module OBS_CULVERT has GET_CVT_HYDRAULICS, (formerly 
known as BUSE in the openTELEMAC system) etc. 

It is the view of the authors that the implementation of all 
discharge laws characterising a type of obstacle within a single 
function simplifies the approach of having to code or modify 
existing user defined laws. Additionally, all other structural 
aspects of the obstacle and its interaction with the mesh, its 
nodes, and the parallelisation of it all has been abstracted in 
this implementation leaving the user just the important part: the 
definition of the hydraulic laws. 

 
Figure 11. Example of the weir’s implementation of discharge laws 

Similar functions exist for each obstacle (culverts, bridges, 
turbines, pumps, etc.), many of which remain to be 
implemented and documented with references. 

Finally, one could note that the pairing of nodes across 
obstacles, represented by one or more 1D segments also allows 
for the implementation of actual 1D models along these pairs, 
depending on the obstacle properties. This could be a future 
extension of the work on obstacles. 
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V. EXAMPLES OF APPLICATIONS 
To support this simplified approach to obstacles in the 

openTELEMAC system, several test cases have been created, 
some to reproduce existing test cases (for instance “weir” and 
“siphon”). In fact, the illustrations shown so far in this article 
have been extracted from these test cases, the results of two of 
which will be presented here. Detailed descriptions of the other 
test cases will be part of the openTELEMAC system. 

A. Test case for weirs and storage ponds: “obs_weirs_v1” 
The test case “obs_weirs_v1” in fact includes three test 

case configurations, each referred to by a different steering file 
and their associated obstacle files. 

1) The clone: The first steering file is a clone of the 
existing “weir” test case (“t2d_obstacle-weirs_v01.cas”). 
Figure 12 below shows the domain (blue background) and the 
mesh (in light grey). The test case includes 4 ponds separated 
by 3 gaps, with georeferenced polylines (in black) representing 
the 3 weirs going through the gaps. One could note that the 
domain has here been tilted by 45 degrees clockwise compared 
to the original TELEMAC-2D test case, to limit the size taken 
by the capture of the geometry within the figures of this article. 

 
Figure 12. Example of test cases playing with weirs and storage ponds 

The initial condition is at still water, with a free surface 
elevation of 1.8 m (bottom elevation is at 0 m). A constant 
discharge of 600 m3/s is imposed on the upstream boundary 
(on the left) and a water level of 1.35 m is imposed on the 
downstream boundary (on the right). The simulation is run 
until a steady state is reached. Figure 1 and Figure 2 describe 
the characteristics and the geometry of the 3 weirs, the 3 weirs 
having different crest level making the case of a stepping 
ponds, the highest crest elevation being at 1.8 m. 

 
Figure 13. Example of test cases playing with weirs 

Resulting time series of water elevation extracted from the 
middle of each pond are shown on Figure 13. While the level 
in POND 1 (blue curve) is essentially driven by the downstream 
boundary conditions, the water levels in the 3 other ponds are 
the result of a balance between their upstream and downstream 

pond level, given the constant discharge through the model and 
the weir characteristics. 

2) The virtual pond: The second steering file is a modified 
version of the first (“t2d_obstacle-weirs_v02.cas”), in which 
POND 3 has been removed from the mesh and replaced by a 
virtual storage pond.  
Figure 6 illustrates the domain (blue background) and the mesh 
(in light grey) with only 3 ponds and georeferenced polylines 
(in black) representing the 3 weirs as before. 

Initial and boundary conditions are unchanged. Figure 1 
and Figure 2 describe the characteristics and the geometry of 
the 3 weirs respectively, together with the virtual pond. 

One should note that, having removed POND 3 from the 
domain, results within that pond are not available anymore, but 
instead results within the virtual storage pond are written 
within the on-screen listing printout. Because time series are 
identical to the next configuration, these are not shown here. 

3) The masked pond: The third steering file is a yet another 
modified version of the first test case (“t2d_obstacle-
weirs_v03.cas”), in which a georeferenced polyline encircling 
POND 3 has been added to the definition of the obstacles in the 
simulation. 
Figure 12 shows the closed polyline in orange. 

Again, initial and boundary conditions are unchanged. 
Figure 1 and Figure 2 describe the characteristics and the 
geometry of the 3 weirs and of the pond. 

As shown previously, resulting time series of water 
elevation extracted from the middle of each pond are shown in 
Figure 14. While part of the mesh has been masked of (or 
entirely removed from) the computation, the results using 
virtual or masked storage ponds are almost identical to those of 
the original test case. The only slight difference is in that 
pond 3 now has a uniform water level, while the original test 
case had a slight slope in the direction of the flow, changing 
slightly the balance over the WEIR 3 and 2. 

 
Figure 14. Example of test cases playing with storage ponds 

Should the hydrodynamic of the storage pond or the flood 
plains not be critical for a simulation, then this new feature has 
the potential to save on computational time. 

B. Test case for culverts: “obs_siphon” 
The test case “obs_siphon” also includes three test case 

configurations, each referred to by a different steering file and 
their associated obstacle files. The first steering file 
(“t2d_siphon-v01.cas”) is a clone of the existing “siphon” test 
case. The two others see the replacement of one of the two 
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ponds by a virtual and a masked storage pond respectively. 
Having illustrated the use of storage ponds previously, only the 
clone siphon is presented here. 

Figure 7 shows the domain (blue background) and the mesh 
(in light grey). Figure 8 and Figure 9 describe the 
characteristics and the geometry of the culvert linking the two 
ponds (called SIPHON 1). 

Initial conditions are set as a level difference between the 
two ponds, instantly triggering a discharge through the culvert. 
The initial water level is set at 4 m in the pond on the left and 
at 2 m in the other pond. 

Resulting time series of water elevation extracted from the 
middle of each pond are shown in Figure 15. Given that the 
two ponds have the same surface area, the decrease of water 
level in one pond corresponds exactly to the increase in the 
other pond. The use of a temporal relaxation and of a spatial 
averaging renders the results stable with no oscillatory 
behaviour. As anticipated, both levels eventually converge to a 
water level of 3 m. 

 
Figure 15. Example of test cases playing with a siphon between ponds 

VI. CONCLUSION AND PERSPECTIVES 
A simplified and generic approach has been implemented 

in the openTELEMAC system to enable the representation of 
most type of obstacles, or hydraulic structures, including weirs, 
culverts, porous or solid barriers, storage ponds, etc. In doing 
so, additional structures can now be included within the same 
framework, such as bridges, sluices, tidal barrages, bypasses, 
pumps, etc., together with their empirical variations. For 
instance, weirs can now either be sharp- or broad-crested, v-
shaped or tilted, submerged or not, reversable or linked to a 
storage pond or not, etc. 

The novel approach is believed to have simplified both user 
inputs (through the combination of a keyword based steering 
file and a georeferenced geometry file of polylines and 
polygons) and the implementation of empirical hydraulic laws 
(grouped by types of obstacles as a single discharge function of 
upstream and downstream information). The objective of the 
work was indeed to completely generalise hydraulics structures 
based on an abstraction of “obstacle”. Besides, although it is 
recommended, the geometry and density of the modelled mesh 
does not have to be aligned with the presence of the obstacle. 

Other files can also be used to control the operation of the 
obstacle, whether driven by time sequences or water level 
variations or by information computed at a control location 
within the domain. User subroutines have also been introduced 
to help manually control gates, sluices, pumps, turbines, etc. 

Still, a lot of work remains before the branch “searobin” 
can be merged with the main version of the openTELEMAC 
system. Remaining work includes: 

• The implementation of other empirical hydraulic laws for 
all obstacles, in particular for bridges, pumps and tidal 
barrages. Should you have references to empirical laws, 
EDF R&D would be pleased to add these with the code for 
you. 

• The documentation of the work remains to be written, also; 
this article will be used as a reference for the time being 
and a starting point for the future user manual. 
Contributions are evidently welcomed. 

• The validation remains to be augmented with many more 
test cases, both in 2D and 3D, at least one for every type of 
obstacle and their associated empirical laws. 

• A new output file format could be developed to track the 
structure of the obstacles once linked to the mesh as well as 
time varying variables passed through obstacles or stored 
within ponds. 

• Use of 3D shape file format as input geometries for a better 
integration with open source graphical applications such as 
QGIS, and e.g. the use of additional elevation data for 
possible variation of the crest of the weir. 

Finally, it is anticipated that ongoing work on other types of 
advanced hydraulic structures will benefit from this work. For 
instance, a dynamic coupling of the openTELEMAC with the 
rainfall underground pipe network code SWMM (see [3]), will 
use similar linking features. Further, a detailed representation 
of dynamic breaching mechanisms inspired by the code 
EMBREA (see [4]) will be built through the 1D segmentation 
of obstacles. 
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Abstract – In this paper, two different coupling methodologies 
between near-field and far-field models are presented. In the first 
coupling methodology, the near-field model of Lee and Cheung [3] 
is coupled directly (online coupled) to TELEMAC-3D, in order to 
calculate the vertical displacement of the near-field plume, taking 
into account the flow velocity and density in the far field model to 
calculate the near-field model. In the second methodology, an 
offline methodology is presented, in which the results of an 
separate calculation with CORMIX are used to generate input in 
a far-field TELEMAC-3D model. Three applications are 
presented. In the first application, the online coupling is used to 
generate the spreading of a plume generated during deep-sea 
mining activities. In the second example, the modelling of faecal 
bacteria due to the release of waste water in the Adriatic sea are 
presented. Finally, the use of online coupling of near-field and far-
field models to model the impact of dredging on the turbidity are 
shown. 

Keywords: plumes, TELEMAC-3D, Near-field model; Far-field 
model; Model coupling 

I. INTRODUCTION 
Plumes play an important role in environmental problems. 

Examples consist of sediment plumes generated by dredging 
works, thermal plumes or waste water releases.  

The physical processes concerning plumes differ between 
the near field and the far field. In the near field, plumes move 
due to inertia and buoyancy, while strong entrainment of 
ambient fluids occur. In the far field on the other hand, these 
processes are not significant and the plume behaves as a passive 
plume, which moves due to advection and turbulent diffusion. 
Because of the different physical processes in the near-field and 
far-field, different numerical models are typically used for each 
of these, where TELEMAC-3D is often used to model the far-
field dispersion of plumes.  

Different near-field models exist. An often used model is 
CORMIX [1]. CORMIX consist of a decision support system, 
in combination with different modelling approaches for the 
simulation of the near-field plume, which are chosen based on 
the conditions (based on the release, the ambient flow and the 
ambient stratification). For each of these cases, the appropriate 
near-field model is based on integral models for the conservation 
of mass, momentum, buoyancy and scalar quantities [4,5,6]. In 
this way point sources as well as line sources can be simulated. 
CORMIX  is a closed source model, which makes it difficult to 
couple it to directly to TELEMAC. 

A different modelling approach was taken by Lee & Cheung 
[3]. They model the near-field plume using a Lagrangian 
(particle tracking) approach. The flow velocity of the plume is 
determined based on the conservation of mass and momentum 
of the plume, using a simplified expression to determine the 
entrainment of fluid from the ambient flow into the plume. This 
approach is used for example in the model VISJET. 

The objective of this paper is to present the coupling between 
near-field models and TELEMAC-3D. Two different 
methodologies are discussed for the coupling: 

• An online approach. In this approach the 
Lagrangian plume is used directly coupled with 
TELEMAC-3D, where the vertical flow and 
stratification profiles in TELEMAC-3D are used in 
the near-field calculations. The resulting data of the 
near-field model is then applied every time step in 
TELEMAC-3D as a Dirac source. 

• An offline approach. In this approach, near-field 
calculations are performed beforehand for different 
typical conditions using CORMIX. Based on the 
results of these calculation, and the expected results 
of the simulation (put into TELEMAC-3D as a text 
file), a source term, is generated and applied every 
time step in TELEMAC-3D. 

In this paper, first the coupling approaches are discussed in 
section II. Then, the use of the coupled models is illustrated 
using three different cases. In the first case, plumes generated 
during deep sea mining are simulated using an online coupled 
model. The modelling of faecal bacteria is illustrated as a second 
case. In this case, the offline modelling approach is used. As a 
third example, the online coupling approach is used to model 
dredging plumes due to dredging works. Finally, an outlook is 
given on future developments to improve the coupling 
methodology, and the paper is finished with comes conclusions. 

II. COUPLING TELEMAC-3D TO NEAR FIELD MODELS 

A. Requierements for coupling near-field and far-field models 
When coupling, a near field model to a far field model, there 
are different considerations that need to be taken into account:  

• Coupling dynamics: there are different coupling 
methods. A coupling can be offline or online and 
dynamic or static [2]. In an online coupling, the near-
field model uses data from the far-field model and/or 
the far field model uses data from the near field model. 
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In case only one of these couplings, we speak of one-
way coupling, whereas when both area present, we 
speak of two-way coupling. In a dynamic coupling [2], 
the transfer of data from or to the near-field and far-
field model occurs on time scale that is small 
compared to the variation of the  ambient conditions. 

• Tracer mass conservation: this is the most important 
requirement in the coupling. The mass of the released 
material must be the same in the near-field and far-
field model, in other to have meaningful balances of 
the released material in the far field model.  

• Water mass conservation: In many cases, also mass 
conservation is applied to the released water by adding 
the same amount of water in the far field model. The 
objective of doing so, is to have some effect of the 
release on the large scale flow structure in the far field 
model. Care must be taken when doing so, because the 
near field model considers entrainment of the ambient 
fluid into the jet. Therefore, sources as well as sinks of 
fluid might be considered in the far field model. 
Different methods were considered in [7]: 

o Use undiluted source in the far field model 
o Use the diluted source in the far field model.  
o Use the diluted source in the far field model 

in combination with sink terms to represent 
the entrainment. 

It was found that the third method works best. 
Note that the water mass balance in many cases 
has a limited influence on the results, especially 
when the released volume is small compared to 
the volume in the far field model. In those cases, 
the addition of water can be ignored altogether. 

• Separation of scales: there should a clear difference 
between the length and time scales in the near field and 
in the far field. If not, coupling between these two 
models is not needed and either a far field or a near 
field model can be used stand alone. 

• Dynamic coupling: [2] 
 

B. Online coupling for the Lee and Cheung model 
In order to couple TELEMAC-3D to a near field model, a 

new Fortran module was developed called 
moving_source.f, in which the equations from Lee and 
Cheung [3] are solved in a one-dimensional vertical profile 
model. The velocity and tracer concentration from TELEMAC 
at the location of the release are applied as input data to this near 
-field calculation. From this, the concentration distribution in the 
near-field is calculated with different methods for specific 
methods. In order to release the tracers, the existing Dirac source 
terms in TELEMAC-3D are used. When using Dirac source 
terms, the flowrate and concentration need to be prescribed. In 
the present implementation, the flow is homogeneously divided 
over the vertical profile, in order to limit disturbance to the flow 
as much as possible. Using these flow rates, the concentrations 
are calculated, taking into account the vertical profile calculated 
by the near field model, and correcting the data, in such way that 
the released tracer mass correspond exactly to the amount 

specified by the user. The fluid flux in the far field model is 
equal to the amount of fluid released in the near field model, i.e. 
the influence of the entrainment was not taken into account. 

In developing the current approach, several simplifying 
assumptions were made. First it is assumed that the time for the 
tracer transport in the near-field is negligible compared to the 
time scales at which the plume and flow adopts in the far field, 
and to the time scale at which the releases vary in time. Hence 
the delay between the release of tracer in the near field model 
and the time the tracer enters the far field model is not taken into 
account. Second, it is assumed that the horizontal distance 
travelled in the near-field model is small compared to the 
dimensions of the far-field plume. Hence the release of tracers 
and waste water is applied at the location of the release, rather 
than at the calculated distance downstream of the release. Third, 
it is assumed that the horizontal size of the plume (at the moment 
it enters into the far field model) is small compared to the mesh 
resolution. Hence the release is applied at one node in the mesh. 

C. Offline coupling of Cormix  
Because the CORMIX software is not open source, a fully 

coupled approach is not possible. Instead an offline approach 
was developed. In this approach, CORMIX simulations are 
performed first for a set of flow and stratification conditions that 
occur in the model domain. For each of these conditions, the 
elevation, height and width of the resulting plume are 
determined. These conditions are then given to TELEMAC-3D 
in the form of an Ascii input file, together with the released 
amount of tracer. In the offline coupling, the water release is not 
taken into account. Therefore, the total amount of tracer released 
during a time step is added to the existing tracer in TELEMAC-
3D using a shape function, that is based on the gaussian profile 
of the plume that is assumed in CORMIX: 

Δ𝐶𝐶 = 𝐹𝐹Δ𝑇𝑇
exp �−𝑥⃗𝑥 −  𝑥𝑥0����⃗

𝜎⃗𝜎 �
2

  

∫ exp �−𝑥⃗𝑥 −  𝑥𝑥0����⃗
𝜎⃗𝜎 �

2
𝑚𝑚𝑥⃗𝑥

 

 
Here, F is the tracer flux, Δ𝑇𝑇 the time step, 𝑥⃗𝑥 the (3d) 

coordinates of the mesh, 𝑥𝑥0����⃗  the coordinate of the location of the 
release and, 𝜎⃗𝜎 the width and height of the plume coming from 
CORMIX. 

In this approach, the same limiting assumptions are applied 
as in the online approach (section II.B), with one exception. The 
third assumption, that the dimensions of the plume are small 
compared to the mesh size in the far field model, is lifted here. 

III. APPLICATIONS 

A. Deep sea mining 
During deep sea mining, nodules are collected from the sea 

bed and pumped towards the surface. The water sediment 
mixture that is pumped can form plumes when released in 
midwater. The online coupling between TELEMAC-3D and the 
Lee- and Cheung [3, section II.B] model was used to study these 
plumes (see section). The TELEMAC-model was setup for an 
area in the deep ocean (with a depth of 4-5 km), using a 
combination of 66 z and sigma layers. Here, the z layers are used 
in the top 1500 m of the water column, in order to limit artificial 

227



29th TELEMAC User Conference Karlsruhe, Germany, 12-13 October 2023 
 
 

mixing of the temperature and salinity, whereas the sigma 
coordinates are used below. The KPP turbulence from the 
General Ocean Turbulence Model (GOTM) was used to 
parametrize the turbulence [9]. The model was driven by 
meteorological data, in combination with data from OSU/TPXO 
for the tide [10] and HYCOM [11] for the large-scale flow [more 
details can be found in 8]. 

In order to couple the near field and far field, the near field 
model was run every time step of the far field model. From the 
result of the near-field model, the release height in the far field 
model was determined, as the vertical location, where the 
vertical velocity in the near field had decreased to a sufficiently 
low value. At this location, the near field material was released 
into the far field model. A gaussian distribution for the 
concentration profile was used, for which the thickness depends 
on the cross section of the plume calculation in the Lagrangian 
plume model. In the far field model, the sediment was modelled 
as a tracer with a constant settling velocity.  

A typical result of the calculation is shown in Figure 1. A 
comparison between experimental data and a similar near field 
model [8] shows that these near field models work well to 
simulate the near field behaviour of this kind of plumes. 
Unfortunately, no measurements are available to validate the far 
field approach. 

 
Figure 1. Example (top view of the plume of a midwater release) 

B. Faecal bacteria modelling 
Bathing water in coastal areas is unfortunately not always 

meeting the water quality required standards for faecal bacteria. 
To guarantee a good quality of bathing water, or to asses 
potential risks causing poorer quality, (local) governments have 
measurements being carried out to base assessments on. 
However, these often lack the temporal and spatial extent to 
make a sound assessment of the water quality of a coastal area. 
Numerical water quality models can provide these insights by 
simulating both the dispersion and fate of introduced faecal 
bacteria.  

An example of this, is a recently developed numerical model 
train which has been used to study of the dispersion of sewage 
effluent (faecal bacteria) along the Istrian coast. Here, a large-

scale TELEMAC-3D model of the Istrian coast was constructed 
to study the dispersion and fate (decay) of faecal bacteria 
released through an opening at the end of a number of sewage 
outfall pipes at the sea bed. The initial dispersion and mixing 
processes of the waste water discharge from the outfall pipes 
cannot be captured well using the coastal model. Therefore, a 
near-field CORMIX model is applied to analyse the near field 
behaviour of the waste water discharge and results are used to 
provide boundary conditions for the far-field model. For each 
outfall. A CORMIX model was set up consisting of a diffusor or 
single pipe outlet. As input, it furthermore uses the local water 
depth, ambient flow velocity from the far-field model and a 
schematized density profile. The latter is in this area different 
for summer (stratified) and winter (mixed) conditions (Figure 2) 
and hence investigated as distinct scenarios. 

 
Figure 2. Variation in sea water conditions over the vertical for winter and 
summer. Left: variation in temperature, middle: variation in salinity, right: 

variation in water density (blue: well mixed winter conditions, red: stratified 
summer conditions that are represented by the grey dashed line in CORMIX). 

The calculated result of CORMIX indicates the dimensions 
(vertical position in the water column and width) of the waste 
water plume at the edge of the near field mixing area. At this 
point, the dispersion of the waste water plume is dominated by 
the local flow conditions, which are calculated using the far-field 
coastal model. Because the density of the waste water effluent 
(having zero salinity) is lower than the sea water, a positively 
buoyant jet is generated, which has the tendency to move 
towards the water surface. Depending on the water depth and the 
exit velocity from the pipe, the waste water plume will be fully 
mixed or spread towards the higher parts of the water column. 
Examples of the plume dimensions calculated using CORMIX 
are shown in Figure 3 and Figure 4 for respectively a winter case 
(well mixed sea water conditions) and a summer case (stratified 
sea water conditions). The comparison of the cross section 
shows that the waste water plume during summer is trapped 
beneath the thermocline in summer.  

 
Figure 3. Illustration of CORMIX results for the winter case with indication 

of the direction of ambient flow (Ua). Left: top view of the waste water plume 
(black is the diffusor), right: cross section through the waste water plume 

indicating that the plume spreads from 3 meters above the bed towards the 
water surface. 
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Figure 4. Illustration of the CORMIX results for the summer stratified case 
with indication of the direction of ambient flow (Ua). Left: top view on the 
waste water plume (black is the diffusor), right: cross section through the 
waste water plume spreading from one meter above the bed towards the 

location of the pycnocline. 

The shape of the waste water plume at the edge of the near 
field mixing area is given by CORMIX as the parameters (width 
and height) of a top-hat profile to TELEMAC, and applied using 
the method described in section II.C. 

In this study, a model mesh was constructed with 97,000 
nodes and a mesh resolution ranging between 50 m in the area 
of interest to 4 km near the offshore model boundary. The model 
domain is divided into 15 double sigma vertical layers. Because 
a good turbulence model is essential in order to correctly model 
the vertical stratification and mixing in the Adriatic Sea, GOTM 
was coupled to TELEMAC-3D [9] using a k-epsilon model with 
a second-order algebraic closure model for the stratification 
fluxes. To capture the fate of faecal bacteria, a decay rate was 
used in TELEMAC. 

 

 
Figure 5. Model grid (zoom) of the Istrian coast TELEMAC model. Red dots 

indicate the approximate locations of sewage outfall pipe ends. 

Time averaged ECOLI concentrations for a ten day 
simulation period are shown for the summer and winter case in 
Figure 6 and Figure 7, respectively. Both cases show that there 
is a main north south transport orientation of the concentration 
patterns of the faecal bacteria around the outfalls. 

Similar to the near field model, it is found that during 
stratified conditions (which often occur in summer), the waste 
water discharge is trapped deeper in the water column and 
cannot reach the surface easily, even though it consists of fresh 
water with a density smaller than the sea water. Therefore, the 
highest faecal bacteria concentrations are found near the middle 

of the water column, where the density gradient is strongest 
(Figure 6), whereas significantly less ECOLI bacteria are found 
near the surface. Conversely, for the mixed winter case (Figure 
7), results show that the highest concentrations are found at the 
water surface. This is due to the fresh water effluent being 
strongly positive buoyant, by which faecal bacteria quickly 
disperse to the water surface after which the bacteria further 
disperse with the local currents. 

 

 
Figure 6. Summer scenario results of time averaged ECOLI concentrations at 

a level of 12 m water depth (top figure) and at the water surface (bottom 
figure). 
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Figure 7. Winter scenario results of time averaged ECOLI concentrations at a 

level of 12 m water depth (top figure) and at the water surface (bottom 
figure). 

With this kind of water quality modelling, model results can 
be used to identify beaches with a likelihood of being exposed 
to high concentrations of faecal bacteria or for instance to 
investigate the effectiveness of potential measures such as 
filtering systems of waste water treatment plants. 

C. Dredging plume simulations 
Dredging works are often executed, for example to maintain 

a sufficient draft for shipping traffic. Different equipment is used 
to dredge. An often used vessel is the trailing suction hopper 
dredger (TSHD). These vessels dredge sediment, and store it in 
a barge. In order to store as much sediment as possible, an 
overflow is used to release water and fine sediment from the 
barge while the coarser sediment settles in the barge. This 
generates plumes of sediment, whose behaviour is important to 
know for to environmental reasons. 

For the simulation of dredging plumes, the online model of 
Lee and Cheung [3] is used, which uses the local flow velocity 
in a profile in TELEMAC-3D to calculate the sediment 
concentration profile. The results of the Lee and Cheung model 
were then used in the parametric model develop by [12], that 
was based on CFD simulations of the dredging plume around a 

TSHD (Figure 2). In the far-field model, a standard advection 
diffusion approach is used to simulate the transport of suspended 
sediment. 

In the coupling code, a functionality was made, such that the 
location of the dredging vessel can change each time step, based 
on prescribed positions in a text file, in order to simulate the 
motion of the dredging vessel. Additionally, the release of 
sediment at the dredge head was simulated using a simple 
parametric profile, and the resuspension of sediment by the 
propeller of the dredging vessels was simulated using an 
additional parametrisation based on a parametrised model of the 
propellor jet, in combination with the Partheniades equation to 
calculate the resuspension of sediment from the bed from the jet 
velocity. 

 
Figure 8. Example result of the CFD calculations of the dredging plume of 

TSHD from [11] 

The characteristic result of an application is shown in Figure 
9. In this figure different dredging plumes are visible, calculated 
using the coupled TELEMAC-3D near field model.  

 
Figure 9. Instantaneous snapshot sediment concentrations due to  dredging 

activities simulated using the coupled near-field far-field model. 

IV. OUTLOOK 
The current methodologies work well in practise, despite 

some limiting approximations. The online-approach is the 
preferred method for future tracer dispersion modelling. 
However, the offline approach uses a slightly more advanced 
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approach for applying the near-field data in the far field model 
(using a plume that is not restricted to a single node). Therefore, 
the idea is to merge these two approaches, in order to have the 
advantages of each of these two approaches. 

There are multiple limitations in the online model. First,  the 
calculation of the plume in a 1DV vertical profile model, instead 
of in the full model, which leads to the neglect of horizontal 
displacements of the near-field plume. Further, no time lag is 
applied between material entering the near-field model and 
leaving the near-field model, which is not fully realistic 
(particularly for large near-field plumes and low vertical 
velocities). In order to overcome these two assumptions, the idea 
is to use the particle tracking module (streamline.f) in 
TELEMAC to calculate the Lagrangian model of Lee and 
Cheung [3]. For this, the flow field needs be modified such that 
the particle tracking module uses the velocity of the near-field 
jet, which depends on its buoyancy and momentum as well as 
on the entrainment of the ambient fluid. A methodology to use 
particle velocities that differ from the ambient fluid velocity has 
previously been applied in the simulation of macro-plastic 
objects in TELEMAC-3D [13], and seems applicable here as 
well. 

V. SUMMARY AND CONCLUSIONS 
In this paper, two different approaches were presented for 

coupling near-field models to TELEMAC-3D for the 
simulations of plumes: 

• An online approach, based on the Lagrangian model 
of Lee and Cheung [3]. Successful applications of this 
model for simulation of dredging plumes as well as 
plumes due to return flow of deep sea mining activities 
were shown. 

• An offline approach, in which results from separate 
CORMIX calculations were applied into TELEMAC-
3D. A successful application is shown for the 
calculation of plumes of faecal bacteria in the Adriatic 
Sea, where it is shown that the seasonal differences in 
the spreading of the bacteria are well captured by the 
model. 
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Abstract – In this work we apply a local Lax-Friedrichs flux (LLF) 
as numerical flux to the finite volume method of GAIA. The 
numerical flux is applied to compute the bedload flow between the 
local elements/nodes of a finite volume/finite element method. We 
present two different methods to estimate the bed celerity, which 
is used as dissipation parameter of the local Lax-Friedrichs flux. 
The first method applies a scaling between the shallow water flow 
and the bedload flow (SLLF). The second method uses the 
assumption the water depth is considerable higher than the bed 
evolution and the bedload formula of Grass to estimate the bed 
celerity (GLLF). In order to validate both methods, we study 1D 
test cases with moving dunes under different flow conditions.  The 
results of GLLF and SLLF are compared with the standard finite 
volume method and the standard finite element method of GAIA. 
It is shown that the finite element method of GAIA and the GLLF 
create unphysical oscillations when the characteristics of the 
underlying equation intersects. We also present the results from a 
1D finite volume model for the same test cases. It is shown that 
both estimations of the bed celerity for the local Lax-Friedrichs 
flux (GLLF and SLLF) lead to stable results without oscillation. A 
further test shows that the 1D model can also reproduce the 
pattern of an antidune. 

Keywords: bedload transport, stability, numerical flux, TELEMAC. 

I. INTRODUCTION 
Bedload transport is usually modelled by solving the shallow 

water equations (SWEs) and the Exner equation [1] in a coupled 
system of equations (SWE-Exner system). In this system, the 
SWEs describe the relation between water flow and water depth. 
The Exner equation describes the relation between bed elevation 
and bedload. Different methods exist to solve the coupled SWE-
Exner system. GAIA applies a splitting approach and solves first 
the shallow water equations and afterwards the Exner equation 
for each time step. Applying a splitting approach to the SWE-
Exner system can lead to instabilities [2]. Therefore, it can be 
beneficial to solve the coupled SWE-Exner system with a 
coupled method, as it has been done by several researchers. 
Stadler [3] developed a 2D prototype with a fully implicit time 
discretization, solving the coupled nonlinear equations with a 
Newton method. Bilanceri et al. [4] avoided the need of a 
nonlinear solver by creating a linearized implicit scheme. 
Audusse et al. [5] applied a relaxation scheme to solve the 1D 
and 2D SWE-Exner system.  

Instabilities in the solution process of the SWE-Exner 
system are often triggered by the numerical flux which is applied 
to compute bedload flow between elements/nodes. A more 

diffusive numerical flux is often able to damp numerical 
instabilities [2]. Therefore, the computation of bedload fluxes 
between elements/nodes becomes a critical part of bedload 
modelling. Usually, the bedload discharge 𝑞𝑞𝑚𝑚𝑢𝑢𝑢𝑢 is computed 
with a bedload transport formula for each element/node. Later a 
numerical flux is applied to compute the resulting bedload flux 
𝑓𝑓𝑚𝑚𝑢𝑢𝑢𝑢 between elements/nodes. The use of empirical formulas for 
bedload transport, bed roughness and shear stress make it hard 
to define a general numerical flux which can be applied to all 
bedload formulas. Several numerical fluxes and schemes have 
been developed, some of them combine the hydrodynamic and 
bedload fluxes in a coupled system (e.g. by a Riemann Solver) 
to increase the stability and accuracy (e.g. [6] and [7]). 

Numerical fluxes with a high complexity in their 
computation may have some drawbacks for real-world 
applications. Especially when the velocities from the 
hydrodynamic system are adapted for the bedload flux 
computation to account for effects like secondary currents and 
gravitational transport. It is unclear how these changes can be 
incorporated into the coupled flux. If different sediment 
fractions are considered (multigrain model), the bedload 
discharge is often computed for each sediment fraction 
individually. Some of the more complex numerical fluxes can 
only be applied to a SWE-Exner system with a single sediment 
fraction. 

The aim of this work is to study if the local Lax-Friedrichs 
flux can be applied to the finite volume method of GAIA as a 
general monotone and stable numerical flux. For this purpose, 
we investigate two different methods to compute the diffusion 
parameter of the local Lax-Friedrichs flux. Both methods can be 
applied to multigrain models. First, we introduce a simple 
scaling method to estimate the bed celerity for the local Lax-
Friedrichs flux (SLLF). The SLLF was successfully applied in a 
2D prototype for the SWE-Exner system [4]. Second, we 
introduce the Grass local Lax-Friedrichs flux (GLLF) which 
uses the bedload transport formula of Grass to estimate the bed 
celerity [8]. It should be noted that this approach assumes that 
the water depth is considerable higher than the bed evolution. 
The GLLF can also be applied for other bedload formulas. 
Therefore, the wave speed can be estimated by transforming 
these bedload formulas into the general Grass formulation [8]. 
The bedload discharge itself can be calculated by the original 
bedload formula, since the bed celerity is only applied to 
estimate the diffusion parameter of the local Lax-Friedrichs flux. 
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Figure 1. Computation of the sediment flux 𝑓𝑓𝑚𝑚𝑢𝑢𝑢𝑢  over an interface/edge. 

We present three 1D test cases with moving dunes under 
various flow conditions to study the different numerical fluxes. 
We compare the results of the local Lax-Friedrichs fluxes 
(GLLF, SLLF) with the upwind scheme of the finite volume 
method of GAIA (UPWIND) and the finite element scheme of 
GAIA (FEM). In addition to GAIA, we created a 1D finite volume 
model in Python to study the GLLF and SLLF in detail. The 1D 
model combines the HLL solver [9] for the 1D shallow water 
equations with the GLLF/SLLF flux to solve the Exner equation. 
The 1D model allows to solve the problem with an explicit or a 
fully implicit time integration (fully coupled system). 

II. THE LOCAL LAX-FRIEDRICHS FLUX 
Figure 1 shows the interface/edge between two nodes in 

GAIA. There are two different states on the left side (node i) and 
the right side (node j) of the interface. The state variables are 
used to compute the numerical fluxes of the SWE-Exner system. 
The given state variables on both sides are the water depth ℎ, the 
velocities 𝑢𝑢 and 𝑣𝑣, the bed elevation 𝑧𝑧 and the bedload discharge 
𝑞𝑞𝑚𝑚𝑢𝑢𝑢𝑢 . The bedload discharge can be computed with one of the 
available bedload formulas of GAIA. For simplicity’s sake, in the 
test cases herein the Grass formula is applied. The numerical 
properties of the underlying Exner equations makes it 
impossible to apply a simple average between the discharge of 
the left (𝑞𝑞𝑚𝑚𝑢𝑢𝑢𝑢,𝑙𝑙) and right side (𝑞𝑞𝑚𝑚𝑢𝑢𝑢𝑢,𝑓𝑓) of the interface to compute 
the bedload flux 𝑓𝑓𝑚𝑚𝑢𝑢𝑢𝑢 over the interface. The following formula 
with the bedload fluxes normal to the interface 

 𝑓𝑓𝑚𝑚𝑢𝑢𝑢𝑢 = 0.5 � 𝑞𝑞𝑚𝑚𝑢𝑢𝑢𝑢 ,𝑙𝑙 +   𝑞𝑞𝑚𝑚𝑢𝑢𝑢𝑢,𝑓𝑓�  (1) 

will lead to an unstable scheme. The finite volume method 
of GAIA applies an upwind scheme to overcome this problem. 
Upwind schemes can be written in a general notation, 

 𝑓𝑓𝑚𝑚𝑢𝑢𝑢𝑢 = 𝛼𝛼 𝑞𝑞𝑚𝑚𝑢𝑢𝑢𝑢,𝑙𝑙 + (1 −  𝛼𝛼)𝑞𝑞𝑚𝑚𝑢𝑢𝑢𝑢,𝑓𝑓 , (2) 

where 𝛼𝛼 is the upwind parameter. Typically, 𝛼𝛼 is computed 
depending on the flow direction or the Froude number [10]. A 
fully upwind scheme will set 𝛼𝛼 as 0 or 1, depending of the 
propagation direction. Therefore, the bedload discharge is taken 
from the left/right side (fully upwind). Setting 𝛼𝛼 equal to 0.5 will 
lead to the unstable centered scheme (1). Fully upwind schemes 
tend to be very diffusive, since all information is always taken 
from just one side.  

The local Lax-Friedrichs method can be seen as a 
combination of a centered flux (1), with an additional diffusive 
term to guarantee stability 

 𝑓𝑓𝑚𝑚𝑢𝑢𝑢𝑢 = 0.5 �𝑞𝑞𝑚𝑚𝑢𝑢𝑢𝑢,𝑙𝑙 + 𝑞𝑞𝑚𝑚𝑢𝑢𝑢𝑢,𝑓𝑓� − 0.5 𝜆𝜆 (𝑧𝑧𝑓𝑓 − 𝑧𝑧𝑙𝑙),    (3) 

where the dissipation parameter λ is the parameter 
controlling the diffusive part of the equation and (𝑧𝑧𝑓𝑓 −  𝑧𝑧𝑙𝑙) is the 
difference in the bed elevation between the right and the left  
side. For the Exner equation, λ can be set to the bed celerity. The 
computation of the bed celerity is not trivial, since the bedload 
formulas compute only the bedload discharge 𝑞𝑞𝑚𝑚𝑢𝑢𝑢𝑢  and not the 
bed celerity. 

Stadler (2021) estimated λ from the wave speed of the 
hydrodynamic model and the discharge relation between 
bedload and the water flux. For the SLLF λ is defined as: 

𝜆𝜆𝑙𝑙 = 𝑎𝑎𝑜𝑜𝑜𝑜(𝜆𝜆𝑤𝑤,𝑙𝑙 𝑞𝑞𝑠𝑠𝑒𝑒𝑑𝑑,𝑙𝑙
𝑢𝑢𝑙𝑙ℎ𝑙𝑙

) (4) 

𝜆𝜆𝑓𝑓 = 𝑎𝑎𝑜𝑜𝑜𝑜(𝜆𝜆𝑤𝑤,𝑟𝑟 𝑞𝑞𝑠𝑠𝑒𝑒𝑑𝑑,𝑟𝑟
𝑢𝑢𝑟𝑟ℎ𝑟𝑟

) (5) 

𝜆𝜆 = max (𝜆𝜆𝑙𝑙 , 𝜆𝜆𝑓𝑓), (6) 

where 𝜆𝜆𝑤𝑤,𝑙𝑙 and 𝜆𝜆𝑤𝑤,𝑓𝑓 are the eigenvalues of the hydrodynamic 
problem. For details for computing the eigenvalues with a 
Riemann solver see [9]. We applied a hydrostatic reconstruction 
[11] to modify the Riemann problem in the case of a varying 
topography.  
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A more sophisticated approach to estimate λ is to calculate 
the bed celerity (𝜆𝜆𝑙𝑙 and 𝜆𝜆𝑓𝑓) with the general Grass formula as 
presented in [8]  

𝜆𝜆𝑙𝑙 = 𝜁𝜁 𝐻𝐻𝑔𝑔 𝑚𝑚
ℎ𝑙𝑙

𝑢𝑢𝑙𝑙𝑚𝑚 (7) 

𝜆𝜆𝑓𝑓 = 𝜁𝜁 𝐻𝐻𝑔𝑔 𝑚𝑚
ℎ𝑟𝑟

𝑢𝑢𝑓𝑓𝑚𝑚. (8) 

With 𝜁𝜁 as the porosity and 𝑚𝑚 = 3. As mentioned before, this 
approach can also be applied to many other bedload formulas 
by transforming them into the general Grass formulation [8]. 

III. NUMERICAL BENCHMARK - GAIA 
Three test cases are presented to compare the local Lax-
Friedrichs fluxes GLLF and SLLF with the upwind scheme of 
the finite volume method of GAIA (UPWIND) and the finite 
element scheme of GAIA (FEM). All test cases use the bedload 
formula of Grass with one grain class. We implemented both 
local Lax-Friedrichs schemes in GAIA by adding local  
FORTRAN files in the user directory for the files 
‘bedload_solvs_vf_gaia.f and ‘user_bedload_qb.f’.  

 

A. Dune evolution low and high interaction 
The test cases for low and high interaction between the 

hydrodynamic and morphodynamic system are taken from 
Cordier et al. [2]. The initial bed topography for both test cases 
is defined as  

 𝑧𝑧 = 0.1 + 0.1𝑒𝑒−(𝑏𝑏−5)2 . (9) 

A discharge boundary condition is applied as inflow on the 
left side of the domain. The specific discharge is set to q = 0.5 
m2/ s and is constant over time. On the right side, a fixed water 
depth of 0.5 m is applied as outflow boundary condition. The 
domain is 10 m long times 1 m wide, and a mesh with 4000 
elements and a distance of 0.1 m between the nodes is used for 
the studies.  

A simulation with a fixed bed was carried out to compute the 
initial conditions for the shallow water equations. Bedload 
transport is simulated with the Grass formula. Reference [2] 
applied two different Grass parameters to generate a system with 
low interaction (Ag = 0.005) and a system of high interaction 
(Ag = 0.07) between bedload transport and shallow water 
equations. The parameter for the high interaction was chosen to 
show that most splitting schemes will fail to predict the bed 
evolution. 

Figure 2 shows the bed development for the all four schemes 
for the case with low interaction. The FEM and GLLF show 
good results until the formation of a discontinuity. This 
discontinuity occurs when the characteristics of the bedload 
system intersect. Afterwards numerical instabilities 
(oscillations) are visible near the top of the dune. UPWIND and 
SLLF show no oscillations. 

 

 
Figure 2. Dune evolution with low interaction [2]. 

For the system with the higher interaction (Figure 3), 
UPWIND shows strong oscillations over the whole domain. 
FEM and GLLF show again oscillations after the characteristics 
intersect. The SLLF is the only scheme which produces a 
monotone solution. However, the results of the SLLF are much 
more diffusive compared to the FEM and GLLF after 2.6 
seconds. The oscillations are maybe caused by the free surface 
boundary condition at the outflow boundary. We observed an 
upstream moving variation in the flow velocity which may 
trigger the first oscillation, later the oscillations are maybe 
amplified. As mentioned by Cordier et al. [2], a more diffusive 
numerical bedload flux can damp such small oscillations. 
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Figure 3. Dune evolution with high interaction [2]. 

B. Dune evolution -Hudson bump 
The test case of Hudson [12] is a common benchmark for 

bedload transport modelling since an analytical solution for the 
bed evolution exists. The solution is valid until the 
characteristics off the bedload problem intersects. The initial bed 
of the 1000 m long and 10 m wide channel between 300 ≤ 𝑥𝑥 ≤
500 m is given by: 

 𝑧𝑧 = 0.1 + 𝑠𝑠𝐶𝐶𝑎𝑎((𝑏𝑏−300)𝜋𝜋
200

)2 (10) 

and a constant bed elevation (𝑧𝑧 = 0.1 𝑚𝑚) elsewhere. A 
constant specific discharge with q = 10 m2/s is set at the left side 
(inflow) and free surface of 10 m is set at the right side (outflow). 

The computational domain is discretized using 10000 elements 
and a distance between 2 m between element nodes.  

 
Figure 4. Dune evolution Hudson bump test case [12]. 

In Figure 4, FEM and GLLF show again good results at the 
beginning of the simulation, later the solution gets unstable with 
large oscillations.  UPWIND and SLLF are both more diffusive, 
but stable over the whole simulation time. It seems like the 
numerical diffusion of the SLLF and UPWIND scheme prevents 
both schemes from oscillations. We observed some small 
wiggles at the inflow boundary condition which travel 
downstream during simulation. However, it is not clear if the 
wiggles are caused by the instabilities for FEM and GLLF. 

IV. NUMERICAL BENCHMARK – 1D FINITE VOLUME MODEL 
In the following, the previous test cases are simulated with a 1D 
finite volume model, which we created in Python to study the 
behavior of the GLLF and the SLLF. A further test case of the 
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evolution of an antidune has been added to study the GLLF and 
SLLF under supercritical flow conditions. 

 

 
Figure 5. 1D results: Cordier et al. [2] example with low interaction. 

 
Figure 6. 1D results: Cordier et al. [2]  example with high interaction. 

A. Dune evolution low and high interaction 
Figure 5 and 6 show the results of the GLLF and SLLF for 

the dune test case of Cordier et al. [2] with high interaction and 
low interaction respectively. The domain is discretized using 
100 cells with a constant length of 0.1 m. The differences 
between SLLF and GLLF are negligible for both test cases. 
There are also no visible differences between the explicit 
approach and the fully coupled implicit solution (Figure 6).  

B. Dune evolution – Hudson bump 
Figure 7 shows the results of the 1D model for the Hudson 

bump test case. Here we can see that the SLLF is much more 
diffusive and the GLLF would be the better choice (Figure. 7) 

 
Figure 7. 1D results: Hudson bump test case [12]. 

C. Evolution of an antidune  
Audusse et al. [5] presented a test case for simulating the 

evolution of an antidune under supercritical flow conditions. 
The domain is 24 m long and includes a parabolic bump in the 
center of the domain given by: 

 𝑧𝑧 = 0.2 − 0.05 + 𝑠𝑠𝐶𝐶𝑎𝑎(𝑥𝑥 − 10)2 (11) 

Between 8 ≤ 𝑥𝑥 ≤ 12 m and z = 0.2 m elsewhere. A 
constant uniform specific discharge q = 1.7 m2/s  is applied on 
the left side of the supercritical system. A water height of 0.5 m 
and a fixed flow velocity v = 0.85 m/s are set as boundary 
condition on both sides. A free outflow boundary condition 
might be better choice at the outflow boundary. Nevertheless, 
Figure 8 shows that the 1D method is able to reproduce the 
upstream propagation of the sediment bump (antidune). The 
differences between SLLF and GLLF are negligible, both fluxes 
can reproduce qualitatively the antidune pattern presented in [5]. 

V. DISCUSSION AND CONCLUSION 
The results show how hard it is to create a general-purpose 

numerical scheme for bedload transport modelling. The FEM of 
GAIA and the implemented GLLF scheme are only stable as long 
as the characteristics of the sediment problem do not intersect. 
The UPWIND scheme of GAIA is more stable, but fails for the 
Cordier example with a high interaction. The SLLF scheme was 
the only scheme that was able to simulate all three test cases with 
GAIA without oscillations. However, the SLLF scheme can be 
more diffusive compared to the other schemes, especially if the 
bed celerity is small. Nevertheless, the SLLF scheme in 
combination with a higher mesh resolution can be a good choice 
if the UPWIND scheme cannot be used. Reference [10] 
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discussed the situations where the UPWIND scheme of GAIA 
should not be applied in detail.  

 

 
Figure 8. 1D results: antidune evolution [5]. 

The results of the benchmark with the 1D finite volume 
model, which we implemented in Python to investigate the 
behavior of the GLLF and the SLLF show that the both schemes 
can produce monotone and stable solutions for all investigated 
problems. Both schemes are also able to simulate the evolution 
of an antidune under supercritical flow conditions. The 
differences between GLLF and SLLF are negligible for the test 
cases with a high interaction and high bed celerity. However, the 
GLLF shows better results for the test case with a low 

interaction. The only disadvantage of the GLLF is that the 
applied bedload formulas must be transferred to the general 
Grass formula to estimate the bed celerity. We know from other 
simulations with the 2D finite volume model of DuMux 
(https://dumux.org) that the GLLF scheme can also be applied 
in 2D on triangular grids. The DuMux results of the GLLF are 
much less diffusive compared to the SLLF. Therefore, future 
work in GAIA should focus on finding a way to implement a 
stable version of the GLLF scheme into GAIA. It looks like our 
implementation in GAIA underestimates the bed celerity λ, 
leading to the unstable centered flux (1). However, it is also 
possible that the instabilities are caused by an error in the 
hydrodynamic solution. 
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