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Abstractð The impact of terrestrial vegetation is becoming more 

important in federal German waterways for flood control and 

for a natural design of inland waterways. For estimating the 

hydraulic resistance of submerged and non-submerged 

vegetation, several vegetation approaches are available in 

Telemac-2D. The vegetation is characterized by selected 

parameters which serve as input parameters for the vegetation 

approaches.  Hence, uncertainties in the modelling of 

roughness caused by vegetation results from both the natural 

variability of vegetation and the vegetation approaches 

themselves. In this paper, the interdependencies of relevant 

vegetation parameters and their mathematical description by 

allometric relations are analysed, deriving an interdependency 

between hydrodynamic density and stem diameter. The 

uncertainties of the vegetation parameters resulting from the 

natural range of variation are determined by allometric 

relations and by a literature review. By means of an uncertainty 

analysis using a 2D hydro-numerical model of a straight 

compound channel, it is apparent that the uncertainties of the 

vegetation parameters outweigh the uncertainties of the 

vegetation approaches. 

I. INTRODUCTION 

Floodplain and riparian vegetation have a large impact on 
the flow field and morphological processes. In particular, the 
occurrence of terrestrial vegetation significantly increases the 
hydraulic resistance. A lot of research has been done on the 
interaction between flow and vegetation in the last decades. 
The result of these investigations are several promising 
approaches for non-submerged and submerged rigid or 
flexible vegetation. Several of these vegetation models for 
representing roughness effects have been implemented in 
TELEMAC-2D [1] and are available to the user in the official 
release. As input data different vegetation parameters such as 
vegetation density and height are needed. It should be noted 
that vegetation parameters can change over time (e.g. height 
and width growth), but are also subject to seasonal variations 
(e.g. foliage). In addition, these exhibit natural ranges of 
variation. However, uncertainties can also arise from the 
recording of the parameters. Therefore, the question arises 
what influence the total uncertainties of the vegetation 
parameters have on the resulting roughness effect of 
vegetation.  

Some of the needed vegetation parameters are 
interdependent. For example, large trees have greater spacing 
than small trees and with the growth in height the plants also 
grow in width. In this paper relevant allometric relations are 
presented and a statistical description of the variability of 
individual vegetation parameters, e.g. by mean value and 
standard deviation or minima and maxima values with a 
corresponding distribution was derived. 

The aim of the work was to evaluate different vegetation 
models considering the influence of the existing uncertainties 
of the input parameters. This was achieved by means of an 
uncertainty analysis with the uncertainty analysis tool 
Unantopy (Uncertainty Analysis Tool in Python) developed by 
BAW [2]. An uncertainty analysis can be used to investigate 
the influence of the variation ranges of the vegetation 
parameters on the roughness effect of the vegetation 
approaches. In this framework, the overall uncertainty of the 
vegetation parameters was analysed in comparison to the 
uncertainty of the vegetation approaches, but also the 
influence of the individual parameters. 

The dependencies of relevant vegetation parameters on 
each other were analysed and described mathematically using 
allometric relationships. Furthermore, the uncertainties of the 
vegetation parameters were investigated by means of a 
literature research and allometric relations. This study 
focusses on natural variability of vegetation parameters. Other 
uncertainties, e.g. of measurement, were not considered. 

II. VEGETATION MODELS AND VEGETATION PARAMETERS 

The vegetation types tree and bush are considered in this 
study. Since the height of trees is usually greater than the flow 
depth on the floodplains, only non-submerged conditions have 
to be considered. For bushes both non-submerged and 
submerged conditions can occur. Furthermore, in this case 
flexibility of the plants can affect the vegetation-induced 
hydraulic resistance. Based on this, three categories were 
defined that are investigated within the framework of the 
study: 

A. Rigid non-submerged tree 

It is assumed that the crown is completely above the water 
level. In this case a simplified assumption of the vegetation 
elements to rigid cylinders is widely accepted (e.g. [3]). Petryk 
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and Bosmajian [4](referred to as P&B) introduced a 
vegetation model for rigid non-submerged vegetation based on 
the hydrodynamic density άὈ  (unit m-1) and the 
dimensionless drag coefficient ὧ  of a single element. The 
hydrodynamic density is defined as the sum of the projected 
areas of the vegetation elements divided by the ground surface 
multiplied by the water depth. For rigid regularly arranged 
cylinders, it simplifies to 

 άὈ  (1) 

with the stem diameter Ὀ  and the spacing ɝ  between the 
individual trees. For the drag coefficient [4] indicates that this 
is approximately 1.0. 

Lindner [5] and Pasche and Rouv® [6] (referred to as 
LIND) developed a method to quantifying the drag coefficient 
at the reach scale. The method assumes that the drag 
coefficient of a cylinder in the wake zone depends on the drag 
coefficient of a single non-submerged cylinder, the resistance 
due effects of the adjacent cylinders, and the resistance due to 
the gravity wave. The LIND vegetation model needs as input 
parameters the stem diameter and the spacing between the 
vegetation elements. 

 

Figure 1: Allometric relation for trees of [7] between stem diameter and 

hydrodynamic denisty with allometric factor  ὥ in the intervall of 11 to 13 
referred to [8]  

The vegetation parameters stem diameter and spacing are 
interdependent. For this relation [7] formulated an allometric 
rule  

 ὔ Ὡ
Ȣ Ȣ

  (2) 

with number of stems per hectare ὔ , and breast height 
diameter Ὀ . For the species-specific and site-dependent 
allometric factor ὥ , [8][8] determined a range of variation 
from 11 to 13 for stands in southern Germany. Using (1) and 
(2) a relation between the hydrodynamic density and the stem 
diameter can be derived for trees. In Fig. 1 the range of values 
is shown. 

B. Rigid non-submerged and submerged bush 

The roughness effect of bushes can only be adequately 
represented if a distinction is made between non-submerged 

and submerged conditions. Furthermore, a simplification of 
the vegetation elements to rigid cylinders is not valid. 

The 2-layer approaches of Baptist et al. [3] (referred to as 
BAPT), Huthoff et al. [9] (referred to as HUTH) and van 
Velzen et al. [10] (referred to as VANV) are all based on the 
vegetation model of P&B and consider the vegetation as rigid. 
To account for the submerged case also the vegetation height 
Ὤ is needed as input parameter. The three models differ with 

respect to the assumptions for the vertical velocity profile 
within the free upper layer. Only HUTH needs additional 
information about spacing between the vegetation elements. 

In literature higher values for the hydrodynamic density of 
bushes can be found compared to trees. E.g. [10] gives values 
for alluvial softwood forest (trees) from 0.027 m-1, and for 
softwood bushes from 0.233 m-1 (young) to 0.097 m-1 (older) 
for the hydrodynamic density. 

In forestry the focus is on trees. For this study no usable 
allometric relations for bushes could be found in literature. 

C. Flexible non-submerged and submerged bush 

Depending on the species and degree of foliage, the 
flexibility of the vegetation can have a significant impact on 
resistance behaviour. Jªrvelª [11] (referred to as JAER) 
introduced a 1-layer approach for flexible just-submerged and 
submerged vegetation based on the empirical concept of [12]. 
To account for vegetation density [11] is using the leaf-area 
index ὒὃὍ  and the vegetation height. Additionally, the 
species-specific parameters ὅ , … and ό are needed. 

Reference [13] extended the JAER approach for non-
submerged conditions by assuming a logarithmic velocity 
distribution in the free layer above analogue BAPT (extended 
approach referred to as HYBR). 

All vegetation models used and the corresponding 
vegetation parameters are summarized in Tab. 1. 

TABLE 1: USED VEGETATION MODELS AND THE CORRESPONDING INPPUT 

PARAMETERS 

Vegetation model Approach Parameters 

P&B [4] 1-layer, rigid ὅ, άὈ 

LIND [5], [6] 1-layer, rigid ɝ, Ὀ 

BAPT [3] 2-layer, rigid ὅ, άὈ, Ὤ 

HUTH [9] 2-layer, rigid ὅ, άὈ, ɝ, Ὤ 

VANV  [10] 2-layer, rigid ὅ, άὈ, Ὤ 

JAER [11] 1-layer, flexible ὅ , …, ό, ὒὃὍ, Ὤ 

HYBR [13] 2-layer, flexible ὅ , …, ό, ὒὃὍ, Ὤ 

 

III.  NUMERICAL MODEL 

In this study a TELEMAC-2D model of a straight 
compound channel was used. The cross-section had a total 
width of 300 m and was composed of a 60 m wide main 
channel, a 60 m wide bank with a slope of 1:10, and a 180 m 
wide vegetated floodplain as shown in Fig. 2. The total 
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channel length was 3600 m with a slope in streamwise 
direction of 0.5 ă. 

 

Figure 2: Cross-section of  investigated compound channel 

The bottom roughness was modelled using the Nikuradse 
roughness law. The equivalent sand roughness Ὧ of the main 
channel and the bank were set to 0.15 m, and of the floodplain 
to 0.10 m. 

To consider the additional resistance caused by vegetation 
the principle of linear superposition is used. Thus, the total 
friction ‗ is the sum of the bed roughness coefficient ‗ᴂ and 
the vegetation form resistance per unit surface ‗ᴂᴂ . In this 
study the vegetation on the floodplain is assumed to be 
uniform.  

Three different flow events were investigated with flow 
depth on the floodplain (FP) of 1.0 m (h_FP_1m), 3.0 m 
(h_FP_3m) and 6.0 m (h_FP_6m). Flow depths were selected 
to both flow through and over brushy vegetation. Trees are 
always considered as non-submerged. To ensure normal flow 
conditions the discharges were calibrated using the vegetation 
P&B with a hydrodynamic density of 0.05 m-1 and a drag 
coefficient of 1.0. The boundary conditions are summarized in 
Tab. 2.  

TABLE 2: BOUNDARY CONDITIONS 

Event Qinlet houtlet,main houtlet,FP 

h_FP_1m 1600 m³/s 7 m 1 m 

h_FP_3m 2750 m³/s 9 m 3 m 

h_FP_6m 4250 m³/s 12 m 6 m 

 

All simulations were carried out with the open-source code 
TELEMAC-2D (v8p0r2) using the horizontal mixing length 
turbulence model. The total number of elements of the 
computational grid is 12798 and the average node distance is 
around 14 m. 

IV.  UNCERTAINTY ANALYSES 

To investigate the effect of the uncertainties of the 
vegetation parameters on the hydraulic parameters water level 
and discharge distribution an uncertainty analysis was carried 
out. For this, the tool Unantopy (Uncertainty Analysis Tool in 
Python) developed at BAW [2] was used. The unique feature 
of this study is that the investigation was conducted with 
nature-based vegetation parameters. 

As a first step all vegetation parameters used in the 
investigated vegetation laws (see Table 1) were assumed 
uncertain. Their natural variability was found in literature. The 
uncertain parameters need to be independent or the 
dependencies between them must be known. To ensure 
statistical independency the allometric relations described 

before were considered. In general, normal distribution was 
presumed for all parameters. The impact of uniform 
distribution was investigated exemplarily. For a statistical 
description of a normal distribution the mean value ‘ and the 
standard deviation „  are needed. For the present study 
minimal (ὓὭὲ) and maximal (ὓὥὼ) values of the uncertain 
vegetation parameters were taken from literature. It was 
assumed that the vegetation parameters are normally 
distributed. To determine the standard deviation, it was 
assumed that 99.73 % of all values lie within the min and max 
values. The mean values and standard deviation were 
approximated by the following formulas: 

 ‘  (3) 

 „  (4) 

In Unantopy three uncertainty quantification methods can 
be chosen: First-Order-Second-Moment (FOSM) method, 
Monte-Carlo method (MC) or metamodeling using a non-
intrusive polynomial chaos method. For a steady state flow 
without sediment transport the FOSM method is 
recommended (e.g. [2], [14]). This method needs only a small 
number of simulation runs (two for each uncertain parameter 
plus one for the reference settings) but requires a linear system 
behaviour in the range of the parameter variability and normal 
distributed uncertain parameters.  

The FOSM method was applied in this study. Exemplarily 
the assumption of the linear system behaviour was validated 
exemplarily using MC method.  

For the uncertainty analysis the three categories described 
in Sec. II were used. For the category rigid non-submerged 
tree, several cases with different stem diameters were 
considered. The corresponding hydrodynamic densities were 
derived from the allometric relations. The category rigid non-
submerged and submerged bush was subdivided into the two 
cases, small bush and large bush. To investigate the influence 
of flexibility only one case was analysed for the category 
flexible non-submerged and submerged bush.  

Tab. 3 summarizes the mean values and the standard 
deviations of the uncertain vegetation parameters for the 7 
cases. Reference velocity ό was not varied as it is defined 
as the lowest velocity used in the experiments to determine the 
species-specific vegetation parameters and was set constant to 
0.1 m/s. 

The final step in Unantopy is the statistical evaluation of 
the simulation runs. Unantopy provides automatically the 
sensitivity of all uncertain parameters, the probability interval 
or the failure probability. Further user defined evaluations can 
be done. 
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TABLE 3: USED PARAMETERS FOR THE VEGETATION LAWS 

 □╓ ╒╓ ▐▬ ╛═╘ ╒╓Ⱶ Ⱶ 

Tree 
D=0.10 m 

‘ 
„ 

0.063 m-1 
0.016 m-1 

1.0 
0.2 

- - - - 

Tree 
D=0.40 m 

‘ 
„ 

0.027 m-1 

0.007 m-1 

1.0 

0.2 
- - - - 

Tree 
D=0.70 m 

‘ 
„ 

0.020 m-1 

0.005 m-1 

1.0 

0.2 
- - - - 

Tree 
D=1.00 m 

‘ 
„ 

0.016 m-1 
0.004 m-1 

1.0 
0.2 

- - - - 

Bush 
small 

‘ 
„ 

0.285 m-1 

0.062 m-1 

1.35 

0.22 

1.50 m 

0.17 m 
- - - 

Bush 
large 

‘ 
„ 

0.224 m-1 

0.042 m-1 

1.35 

0.22 

3.50 m 

0.50 m 
- - - 

Bush 
flexible 

‘ 
„ 

0.284 m-1 

0.062 m-1 
1.35 
0.22 

3.00 m 
0.67 m 

2.45 
0.68 

0.45 
0.12 

-0.08 
0.03 

 

V. RESULTS 

Within this section the focus is on the resulting water depth 
on the floodplain. The water depth was evaluated at 
x=2200 m. Beside the mean value also the deviation within 
95 % probability of occurrence was considered. The ratio of 
the discharge distribution between floodplain and main 
channel was also evaluated and can be found in [15]. 

A. Uncertainty analysis using FOSM 

1) Rigid non-submerged tree: In Fig. 3 the resulting water 

depths on the floodplain are shown for the category rigid non-

submerged tree. The results show a decreasing water depth 

with increasing stem diameter for all three flow events. This 

can be explained by the decreasing hydrodynamic density 

with increasing stem diameter (cf. Fig. 1) which induces 

decreasing roughness. In addition, it can be seen that the 

deviation increases with increasing diameter. Overall, the 

deviations are smaller for event h_FP_1m than for the other 

two. 

The additional variation of the drag coefficient (light blue) 
to the hydrodynamic density (dark blue) within P&B's model 
results in an increase in the deviation of water level. The 
increase in the range of variation is about 12 to 27 %. 

Both, mean values and deviations of the water levels of 
LIND (black) are in good agreement with the values of P&B, 
but generally show somewhat larger values. For all flow 
depths, the ὅ value of LIND for stem diameter of 0.10 m 
was calculated from the LIND approach in a range from 0.90 
to 1.20 which gives a percent range of variation of Ñ14 %. For 
steam diameter of 1.0 m, the calculated range of variation was 
0.90 to 1.5 which gives the percentage range of variation of 
Ñ25 %. The calculated ὅ values of LIND are in a plausible 
range. They have a larger mean value than those of P&B, 
which explains the larger mean values of LINDôs water depths. 

Overall, the results show good agreement between the 
vegetation approaches studied for the rigid non-submerged 
tree case. Moreover, the P&B shows a small variation due to 
the variation of the ὅ  value. The ranges of variation 
resulting from the uncertainties of the vegetation parameters 

outweigh the uncertainties of the individual vegetation 
approaches in the present case. 

h_FP_6m 

 
 

h_FP_3m 

 
 

h_FP_1m 

 

Figure 3: Water depth for the category rigid non-submerged tree for the 

events h_FP_1m (bottom), h_FP_3m (middle) and h_FP_6m (top) 

evaluated on floodplain at x=2200 m; mean value (circle) and deviation 

within 95 % probability of occurrence (errorbars)  

2) Rigid non-submerged and submerged bush: Fig. 4 

shows the resulting water depth and the corresponding 

deviations for the cases small (left) and large (right) non-

submerged and submerged rigid bush. For the event h_FP_1m 

all models lead to the same results and the deviation are 

negligible. Here, both the small and the large bush are non-

submerged. As described above, in this case the three models 

treat the vegetation analogue to P&B. Due to the lower 

hydrodynamic density the large bush leads to slightly lower 

water depth compared to the small bush. 

For the event h_FP_3m and h_FP_6m the water depth in 
case of the large bush are higher compared to the small bush. 
The small bush is for both events submerged. In contrast to 
this, the large bush is for the event h_FP_3m non-submerged 
leading to only small deviations. 

With exception of HUTH the uncertainty due to the 
vegetation height (light blue) is larger compared to the 
vegetation density (dark blue). The additional variation of the 
drag coefficient (black) results for all vegetation models in a 
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small increase in the deviation of water level. Overall, BAPT 
shows somewhat less deviation than the other two models. 

In summary, the results for the small bush and the large 
bush show good agreement, although the considered 
vegetation approaches model the velocity profile in the free 
surface layer differently for the submerged case. The 
vegetation height has a large influence and the hydrodynamic 
density and the drag coefficient have a small influence on the 
output parameters water depth. However, the result of HUTH 
for the small bush is an exception, because in this case the 
hydrodynamic density has the largest influence and the 
vegetation height has a relatively small one. The ranges of 
variation resulting from the uncertainties of the vegetation 
parameters outweigh the uncertainties of the individual 
vegetation approaches in the present case.  

h_FP_6m 

 
 

h_FP_3m 

 
 

h_FP_1m 

 

       

Figure 4: Water depth for the category rigid non-submerged and 
subermerged bush (left: small, right: large) for the events h_FP_1m 

(bottom), h_FP_3m (middle) and h_FP_6m (top) evaluated on floodplain at 

x=2200 m; mean value (circle) and deviation within 95 % probability of 

occurrence (errorbars) 

3) Flexible submerged and non-submerged bush: In 

Fig. 5 the resulting water depths for the flexible submerged 

and non-submerged bush are shown. Beside the models for 

rigid vegetation, the JAER model was used in case of non-

submerged vegetation and in case of submerged conditions 

the adapted HYBR model. For the rigid approaches BAPT, 

HUTH and VANV only the results for the case when all 

parameters are varied are shown. 

h_FP_6m 

 
 

h_FP_3m 

 
 

h_FP_1m 

 
              

       

Figure 5: Water depth for the category flexible non-submerged and 

subermerged bush  for the events h_FP_1m (bottom), h_FP_3m (middle) 
and h_FP_6m (top) evaluated on floodplain at x=2200 m; mean value 

(circle) and deviation within 95 % probability of occurrence (errorbars) 

For all three events the mean water levels of the flexible 
approach are lower than the resulting of the rigid ones. In case 
of non-submerged (h_FP_1m) and just-submerged 
(h_FP_3m) conditions the flexible approaches show higher 
deviation of the water level and in the submerged case 
(h_FP_6m) lower ones compared to the rigid approaches. 

The variation width of the flexible approach is composed 
of a large variation width of the leaf area index ὒὃὍ, a large 
increase in the species-specific resistance coefficient ὅ , and 

a large increase in the vegetation height. The parameter … 
causes a very small change in the variation widths of water 
depth and runoff partitioning. The increase in water depth is 
less than 1 %. 

The results for the flexible submerged and non-submerged 
bush do not deviate strongly from each other and show a high 
overlap. The ranges of variation resulting from the 
uncertainties of the vegetation parameters outweigh the 
uncertainties of the individual vegetation approaches in the 
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present case. The approaches differ fundamentally from each 
other due to the modelling of a rigid vegetation on the one 
hand and a flexible vegetation on the other hand.  

h_FP_6m 

 
 

h_FP_3m 

 
 

h_FP_1m 

 
              

       

Figure 5: Water depth for the category flexible non-submerged and 
subermerged bush  for the events h_FP_1m (bottom), h_FP_3m (middle) 

and h_FP_6m (top) evaluated on floodplain at x=2200 m; mean value 

(circle) and deviation within 95 % probability of occurrence (errorbars) 

4) Comparision of vegetation types tree and bush (both 

considered as rigid): In the preceding analyses, the influence 

of the vegetation parameters for different vegetation 

approaches related to one vegetation category is considered 

in each case. In the following, the results of the vegetation 

categories tree and bush (rigid) are compared with each other. 

Only the results of BAPT are used for this purpose; and in the 

case of non-submerged tree, these correspond to the results of 

P&B. 

Fig. 6 shows the ranges of variation in water depths on the 
floodplain. For the comparison, the two steam diameters 
0.10 m and 1.00 m are focused on for the non-submerged tree. 

The deviations of the water level are smallest for 
h_FP_1m. The tree is non-submerged at all flow depths. The 
tree with a steam diameter of 0.10 m has a higher mean water 
depth for all flow depths compared to the tree with a steam 
diameter of 1.00 m as shown above.  

h_FP_6m 

 
 

h_FP_3m 

 
 

h_FP_1m 

 

Figure 6: Water depth for the vegetation types tree and bush predicted by 

BAPT for the events h_FP_1m (bottom), h_FP_3m (middle) and h_FP_6m 

(top) evaluated on floodplain at x=2200 m; mean value (circle) and 

deviation within 95 % probability of occurrence (errorbars) 

The bush is non-submerged for h_FP_1m. Compared to 
the tree, it has slightly larger water depth values for the VL-
WT of 1 m. This results from larger assumed hydrodynamic 
densities for the small bush and for the large bush and a larger 
assumed ὅ  value compared to the tree. For h_FP_3m the 
mean value of water depths for the small bush is within the 
range of values for the tree with a steam diameter of 0.10 m. 
Here, the small bush is submerged but covers around half of 
the water depth with its vegetation height (varies from 1 m to 
2 m). For h_FP_6m, the mean of the water depth of the small 
bush has the lowest water depth. The large bush in this case 
approaches the tree with the steam diameter of 0.10 m. Both 
types of bushes are submerged, but the large bush covers larger 
parts of the water depth with a variation in vegetation height 
from 2 m to 5 m.  

Comparison of vegetation categories illustrates the 
different mechanisms of vegetation resistance under non-
submerged and submerged conditions. At non-submerged 
conditions, the larger values of hydrodynamic density and 
drag coefficient are the primary factors that result in a higher 
water depth for bush compared to tree. For the submerged 
case, this is not apparent. In the submerged case, the mean 
values of the bush equal the mean values of the tree. 
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B. Validation of methodology 

In order to verify the applicability of the FOSM method 
with the assumption of a linear system behaviour, the MC 
method was applied for the two cases small and large bush of 
the category rigid non-submerged and submerged shrub and 
the event h_FP_6m. In Unantopy the Latin Hypercube 
Sampling [16] is used to reduce the number of needed random 
experiments without compromising reliability. In the present 
case, 1000 samples were simulated. Previous tests at BAW 
have shown that such number of samples are satisfactory for 
simple hydrodynamic situations as in this study. Nevertheless, 
this corresponds to about 140 times more computation time 
compared to FOSM, which requires only 7 simulation runs for 
3 uncertain input parameters. 

Fig. 7 shows that the results of FOSM (light blue) and MC 
(dark blue) are nearly the same. The deviation ranges differ by 
a maximum of around 5 % while the mean values were 
computed slightly smaller (max 0.15 %) with MC method.  

Furthermore, a uniform distribution (uni) instead of a 
normal distribution (normal) was used with the MC method. 
The results are presented in Fig. 7 (black). As expected a 
uniform distribution created more deviation of the water level 
as a normal distribution. Interestingly, the mean values were 
also slightly changed due to another probability distribution of 
the uncertain parameter. With the MC method the mean value 
was calculated slightly smaller than with FOSM method 
except for large bush and HUTH vegetation formula.  The 
differences are larger for HUTH which shows again the higher 
sensitivity of this vegetation formula. 

h_FP_6m 

 
         

Figure 7: Water depth for the category rigid non-submerged and 
subermerged bush (left: small, right: large) for the event h_FP_6m evaluated 
on floodplain at x=2200 m; mean value (circle) and deviation within 95 % 

probability of occurrence (errorbars) 

VI.  DISCUSSION 

The wide range of vegetation appearance results in a large 
variability of vegetation parameters. In practice, the 
determination of the vegetation parameters can prove to be 
difficult. The results of the uncertainty analyses performed in 
this work show that the range of variation resulting from the 
uncertainties of the vegetation parameters outweighs the 
uncertainties of the vegetation approaches. The unique feature 
of this work is that the ranges of variation of the vegetation 
parameters were included. 

To discuss the influence of the individual vegetation 
parameters, the deviations of water levels related to the 
relative standard deviations of the uncertain vegetation 
parameters hydrodynamic density, vegetation height and drag 
coefficient are shown in Fig. 8. The relative standard deviation 
(ὙὛὈ) is a relative measure of dispersion of the parameters 
and defined as 

 ὙὛὈ
 
. (5) 

Using the ὙὛὈ  values the uncertainty of the individual 
vegetation parameters can be compared with each other 
regardless of their absolute values. 

 
           

 

Figure 8: Deviation of the water level within 95 % probability of 

occurrence on floodplain at x=2200 m related to the RSD values of the 

vegetation parameters for the investigated rigid cases of BAPT 

The vegetation categories tree and bush (both rigid) for all 
three flow events were considered. The results of BAPT are 
shown exemplarily for HUTH and VANV. The results of these 
approaches are comparable while HUTH shows little 
differences due to the influence of the individual parameters. 
For non-submerged (emerged) conditions, the results of 
BAPT, HUHT and VANV correspond to those of P&B. 

The hydrodynamic density άὈ  (blue) generates large 
ranges of deviation for the water depth. In contrast, the drag 
coefficient ὅ  (orange) has smaller ὙὛὈ  values and 
generates much smaller ranges of deviation for water depth. 
Thus, the influence of the άὈ value is larger than that of the 
ὅ value for both submerged and non-submerged vegetation. 

The vegetation height Ὤ  (green, only relevant for 
submerged vegetation) has the smallest ὙὛὈ values, but still 
relatively large ranges of variation in water depth are evident 
compared to άὈ and ὅ. The influence of the vegetations 
height is strongly dependent of the level of submergence. 

Since the coefficient of resistance has a small influence 
compared to άὈ  and Ὤ , but still causes a change, it is 
further to be investigated whether the ὅvalue can be fixed or 
a calculation according to LIND should be done. The 
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calculation method of LIND was developed using rigid, 
uniformly arranged cylinders with flow. Therefore, it should 
be checked whether the calculation is also applicable for 
natural structures.  

For practical application, it is advantageous that the 
vegetation parameters άὈ  and Ὤ , which can be derived 
e.g. from remote sensing, have a larger influence than the drag 
coefficient ὅ . Apart from the LIND calculation, the drag 
coefficient can only be determined by laboratory tests, which 
makes the effort not worthwhile for the relatively small 
influence compared to other vegetation parameters. 

Reference [2] simulated different vegetation approaches 
using the FOSM method and the Monte Carlo method with a 
normal distribution, including for JAER, LIND, and P&B. 
They suspect that linearity of input and output parameters is 
present due to the direct relationship of vegetation parameters 
with vegetation resistance. Based on the study by [2], it is very 
likely that the results of the FOSM method in this work are 
robust despite the assumed linearity of the method. No 
conclusion could be made in the work as to whether the 
assumption of a normal distribution of vegetation parameters 
is justified. Furthermore, it has to be evaluated whether a 
uniform distribution, which generates similar results with 
larger ranges of variation, corresponds more to the statistical 
distribution of the vegetation parameters 

VII.  CONCLUSION 

The results of the uncertainty analysis show that the natural 
uncertainties of the vegetation parameters outweigh the 
uncertainties of the vegetation approaches. Thus, the quality 
of the input parameters should be in focus. Furthermore, the 
range of application of the approaches should be considered 
when choosing the vegetation approach. Provided that the 
flow field is influenced by predominant vegetation we highly 
recommend to use an appropriate vegetation approach. The 
use of e.g. Nikuradseôs roughness law is only valid if the 
roughness elements are in the order of ten times smaller than 
the flow depth. 

When overflowing vegetation occurs, a two-layer 
approach is to be used. For flexible vegetation, the degree of 
flexibility is decisive. In this work, the results of the flexible 
approaches did not show significantly larger deviations 
compared to the approaches of rigid vegetation. Therefore, 
depending on the local conditions, it should be decided 
whether flexibility should be considered or not.  

The hydrodynamic density and the vegetation height have 
a large influence on the output parameters. The vegetation 
height plays a crucial role for submerged conditions. The drag 
coefficient plays a minor role, and therefore a constant 
assumption is recommended in practice.  

The admissible use of the more inaccurate but computation 
time saving FOSM method for uncertainty analysis could be 
confirmed by comparison with the Monte Carlo method for 
individual tests. This is consistent with the research of [2] on 
vegetation approaches. 
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AbstractðRiver Energy Converters (REC) typically need to be 

installed in an array formation or farm layout to maximize their 

cost efficiency. Optimizing the arrangement of such formations 

plays a vital role in achieving the arrayôs maximum 

effectiveness. In order to analyse the performance of the 

turbines, a high-definition numerical simulation using a fine 

computational grid is the most practical approach. The 

Laboratoire de M®canique des Fluide Num®rique (LMFN) of 

Laval University, Quebec City, Canada, developed, in 

collaboration with the National Resources Canada (NRCan), a 

model approach called the Effective Performance Turbine 

Model (EPTM) that accurately predicts the wake recovery of 

turbines in an array formation [1]. The EPTM was originally 

developed using a computational fluid dynamics (CFD) model 

and validated with laboratory experiments performed at the 

National Research Council [2]. However, simulations for fluvial, 

coastal and ocean domains, spanning several hundred 

kilometres, are often out of reach for CFD models due to high 

computational costs. The authors have undertaken the task to 

implement and validate the EPTM in TELEMAC-3D in the goal 

of properly simulating power extraction and wake recovery in 

array turbine formation. The paper presents the 

implementation of the EPTM in TELEMAC-3D with an 

example. 

I. INTRODUCTION 

A well-planned river energy converter layout will achieve 
the best price-quality ratio for economic return. High-fidelity 
CFD numerical modelling is the chosen approach due to its 
high precision and flexibility in modifying and adding 
parameters. The Laboratoire de M®canique des Fluide 
Num®rique (LMFN) of Laval University developed a fully 
resolved CFD reference simulation with about 60 million cells 
in a 20-meter simulated flume. This simulation displayed and 
described the wake characteristics and power extraction of a 
crossflow turbine in both 2D and 3D [2]. Their work selected 
Unsteady Reynolds-Averaged Navier-Stokes (URANS) 
method for flow resolution and used about 60 million cells to 
simulate the turbine and turbulence region. The results were 
highly accurate, with only about 2-5% difference from the 
results obtained by [3] in 2D and 3D for both crossflow turbine 
and axial-flow turbine simulations. Natural Resources Canada 
(NRCan) subsequently tasked LMFN with the development of 
an efficient simplified CFD tool to reduce the impractical 
computational expenses, which took a couple of months with 
hundreds of cores to resolve, for large river energy converter 
projects. Effective Performance Turbine Model (EPTM) was, 

as such, proposed. EPTM has been used to simulate axial flow 
turbine and cross flow turbine in 2D and 3D [1]. Instead of 
using URANS, EPTM employed steady-state RANS equation 
as the solver. Combined with a coarser mesh, the computation 
speed was significantly improved while maintaining similar 
results. The region of turbine with its simulated drag forces 
was simplified to an actuating region. In the case of a cross 
flow turbine (CFT), an actuating annulus or cylindrical region 
is preferred, as proven by [4] and [5]. The present study aims 
to implement the EPTM 3D cross flow turbine (EPTM-
3DCFT) from Laval University into TELEMAC-3D. The 
TELEMAC-3D model can be further used for regional scale 
models spanning hundreds of kilometres across the domain of 
interest. Therefore, lowering the computational cost while 
maintaining reasonable accuracy is the focus and the aim of 
this project.  

As will be shown, the downstream wake topology 
produced by the TELEMAC-3D simulation showed very good 
agreement to the EPTM result, but noticeably longer wake and 
near wake (ὼȾὈ υ ) velocity discrepancies at about five 
turbine diameters downstream are found.  

II. METHODOLOGY 

A. EPTM 

The EPTM is a simplified numerical model which 
replaced the turbine rotor by an actuating region to simulate 
the wake zone induced by the interactions between the flow 
and the turbine objects. The actuating region takes the time 
averaged drag coefficients from the fully resolved reference 
model, therefore eliminating the need to calculate the 
interactions between the fluid and the blades. The turbine flow 
zone is reproduced by mimicking the mean flowrate and the 
time-averaged forces passing through the turbine. Given 
similar parameters, the actuating region will determine the 
averaged power extracted by the system [6] using a drag force 
equation. Three turbine models are simplified using the EPTM 
model: the axial flow turbine, EPTM-AFT, and cross flow 
turbine in 2D and 3D, EPTM-2DCFT and EPTM-3DCFT. In 
the scope of this simulation using TELEMAC, only the data 
from EPTM-3DCFT is used. 

mailto:aman070@uottawa.ca
mailto:Julien.Cousineau@nrc.ca
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B. Drag Force Equation 

The drag force which the turbine experiences was 
calculated using the following formula: 

Ὂ ”ὅᶻὃὠ          (1) 

Where ” is the density of the fluid (ὯὫȾά , ὅᶻ is the 
effective drag coefficient from EPTM simulation, ὃ  is the 
area of the turbineôs center plane (ά  , and ὠ  is the total 
averaged velocity from every node inside of the turbine 
(άȾί.  

The effective drag coefficient, ὅᶻ, is the drag coefficient 
normalized with effective velocity, ὠᶻ (άȾί. The effective 
velocity, ὠᶻ, or otherwise defined as the ñaxial disk-averaged 
velocity,ò is the time- and spatial-averaged velocity on the 
center mesh plane of the turbine object. The turbine 
centerplane is illustrated in Fig. 1. 

 

Figure 1 Turbine centerplane illustration [1] 

In Fig. 1, Ὗ   is the inflow velocity, —  indicates the 
rotation of the turbine in radians, ὦ is the turbine span, ὧ is 
the blade chord length of the turbine, while ὼȟώȟᾀ indicates 
the axes. 

 

Figure 2 Effective force distribution for each component from EPTM-
3DCFT [2] 



2020 TELEMAC User Conference Antwerp, BE, 14-15 October, 2021 

 

13 

Figure 2 represents the effective drag coefficient mapped 
on the turbine from the EPTM-3DCFT result. The notations 
ὧᶻȟὧᶻȟὧᶻ  are the same effective drag coefficient discussed 
above (ὅᶻ . In the x-direction, the region that faces the 
incoming flow has large negative effective drag coefficients 
indicated in red, while the top and bottom regions have very 
low magnitude of effective drag coefficients. The turbine 
experienced large positive effective drag coefficients 
indicated in blue in the y-direction, and a significant negative 
value was observed on the span of the turbine blade on the 
lower half of the actuating region. Moreover, in the z-
direction, the tip of the blade and shaft exhibited large ὅᶻ 
values, similar in magnitude but on the opposing side of the 
blade and shaft. It is noticeable that the forces vary with the 
changes of the positions of the blades. The model calculates 
the mean forces of a region in a narrow time interval. If the 
changes happen too rapidly, then there is a chance that the time 
interval will not capture the changes in the forces and disrupt 
the stability of the model [2]. 

III.  IMPLEMENTATION IN TELEMAC-3D 

A. Drag Force as Source Term 

S1U%R(), S1V%R(), and S1W%R() are defined as 

the implicit source terms on velocity in U, V, and W directions 
in [4] and [7]. These terms are used by TELEMAC-3D to 
update the velocity of each node at each time step. Since the 
source term is set to be drag force divided by volume, and the 
volume of the turbine object averaged in Laval Universityôs 
study, the source term is ὛρὟ ὈὶὥὫ ὪέὶὧὩȾὠέὰ . The 
complete formula is as follows: 

 ὛρὟὍσ ”ὅᶻὃὟ Ⱦὠέὰ (2) 

ὛρὟὍσ  is the source term in the x direction (ὯὫȾίά  ), 
and Ὅσ  is referring to each individual node of the 
TELEMAC mesh. ”  is the density of the fluid (ὯὫȾά  ), 
ὅᶻ  is the effective drag coefficient of each node in x-
direction obtained from the EPTM model. ὃ is area of the 
turbine centerplane shown in Fig. 1. Ὗ is the fluid velocity 
in the x direction (άȾί ), and ὠέὰ  is the sum of 
discretised mesh node volume within the defined turbine 
region (ά ).  

B. Turbine Volume and Mean Velocity 

EPTM-3DCFT takes the average of velocities from the 
center plane of the turbine as the averaged velocity the turbine 
experiences. Following the same logic, the velocity terms used 
for the drag force equation and the source term equation must 
also be the mean velocity of the turbine. Since the turbine is 
comprised of different mesh points in the TELEMAC 
simulation domain, by averaging the velocities from each 
mesh point inside the turbine object, turbine mean velocity can 
be calculated. Looping through all the mesh points and using 
inpoly  function to check if the mesh point is inside the 

turbine, all turbine mesh points are collected. The volume of 
turbine, ὠ , is the sum of the volumes of all the mesh nodes 
inside the turbine. The turbine mean velocity can be obtained 
by dividing the sum of all the velocities in three directions 
from each mesh point to the number of points. 

C. Computational Domain 

The TELEMAC simulation domain is set up with the same 
geometry as that of the EPTM-3DCFT test case. The channel 
is 30 meters long, 1.68 meters wide, and 2.24 meters in depth. 
With turbine diameter being 1 meter and a transverse span of 
0.75 meters, the blockage ratio is calculated to be 20%, which 
is one of the EPTM simulation trials that this project is aiming 
to duplicate. The spacing between each TELEMAC-3D mesh 
node, ɝὼ  and ɝώ , is set to 0.021 meters throughout the 
domain, yielding 4.6 million nodes across the domain. The 
channel has a free surface. Both sides of the wall and channel 
bottom are defined as solid wall. The inflow follows 
prescribed constant water elevation, and outflow is considered 
to be open boundary with free velocity and elevation. The 
turbine origin is set at (0,0) of the simulation domain, meaning 
that the span of the flume is from -10 m to 20 m in x direction, 
-1.68 m to 1.68 m in y direction, and -1.12 m to 1.12 m in z 
direction. 

BlueKenue is a data visualization software developed by 
National Research Council Canada. This tool supports direct 
data input from TELEMAC-3D simulation results. Various 
choices of perspectives enable users to have a graphical 
representation of the results, serving as a sophisticated tool for 
data analysis. 

IV.  CODE IMPLEMENTATION 

A. Supporting Modules 

The main Fortran subroutine for TELEMAC-3D simulations 

cannot work without supporting Fortran modules. These 

modules contain functions that handle the mathematics, 

geometry, objects, etc., enabling the main subroutine to be 

written in a more concise and efficient manner. The steering 

file is the most important supporting file as it governs many 

properties of the simulation including, fluids, boundaries, time 

step, and which solver equation sets to be employed. 

Geometry, input, and boundary files are specified in the 

steering file as well. There are two formatted data files as 

input. TELEMAC-3D will read the data from these files and 

store them in memory in the form of arrays for the program to 

use. The formatted data file 1 (FO1) is a text file for the turbine 

energy convertor (TEC) properties. This file includes the 

TECôs name, diameter, thickness of the blade, position in the 

domain, and rotations in degrees along x, y, and z axis. The 

number of lines indicates the number of turbines to be put in 

simulation. Formatted data file 2 (FO2) is a csv file detailing 

the EPTM data of the effective drag coefficient around the 

turbine object. The values are presented in cylindrical 

coordinates (radius, theta, z-elevation). The radius and theta 

will give us the points in óx and y directionô, unfortunately, due 

to the different coordinate convention, the y component from 

cylindrical coordinate system is the z in Cartesian coordinate 

system, as it signifies the depth. The z component becomes the 

y axis after the conversion, marking the width of the channel 

span. The x component stays the same, as both are describing 

the flow direction. The conversion to Cartesian coordinate 

system, along with rotation, transformation, and scaling of the 

turbine object are handled by Mat4.f90  module. To identify 
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if a node is located within the turbine, one needs to be inside 

of TECôs XY and XZ (front and side view). Qhull.f90 , 

adopted from Qhull, is used to draw convex hulls representing 

the two planes. Since the input arrays must be sorted in 

ascending order for the module to function, two quicksort 

modules were adapted and utilized, one for one-dimension 

array and another for two-dimension array. An intrinsic 

function Inpoly.90  then identifies if the given point is 

within the boundary of both planes. If it is, then this point will 

be considered when calculating the TECôs volume and 

average velocities. A list of supporting files with descriptions 

is presented below: 

¶ A_qsort.f90 : provides quick sort function to a 

given array. ñA_ò was added for TELEMAC to load 

this file first, as the program takes in files 

alphabetically. 

¶ Check.f90 : checks if a is equal to b for different 

element types. 

¶ File_csv.f90 : writes computed 2D array results 

in an .csv file. 

¶ Geometry.f90 : handles the translation, scale, 

rotation, and transform of the turbine object 

represented a 3D array format. 

¶ Inpoly.f : checks if a point is inside of a given 2D 

polygon  

¶ Mat4.f90 : handles a four by four arrayôs reset, 

translation, scale, rotation, and transform function. 

¶ Math.f90 : uses qsort.f90, unique.f90, unique2.f90 

to handle their functionalities. 

¶ Polyarea.f: computes the area of a given enclosed 

polygon.  

¶ Qhull.f90 : computes the convex hull of a given 

array. See [8] for more information. 

¶ Quicksort_include.f03 : calculates scenarios 

before calling quick sort module for optimal speed. 

¶ Turbine.f90 : defines and creates the turbine 

object and its values and functions, including reading 

CFD values from input file. 

¶ Turbines.f 90: creates the formation of the 

turbine objects constructed.  

¶ Unique.f03 : Used by Math.f90 to check if the 

value is unique in a given series. 

¶ Unique2.f03 : Used by Math.f90 to check if a 

point is unique in a 2D array. 

¶ User_condi3d_uvw.f : overwrites the default 

TELEMAC-3D input boundary condition of flow 

velocity in uvw direction. Works in conjunction with 

steering file. 

¶ User_mesh_transf.f : overwrites the default 

TELEMAC-3D mesh transformation 

¶ User_source.f90 : the main source file which is 

explained in the following section 

All supporting files can be found on the GitHub repository 
[9] : https://github.com/Julien-Cousineau/telemac3d-eptm.git. 

turbine.f90  is responsible for creating individual 

turbine objects, which can be considered as a óclassô in other 
programming languages. This type contains the numerical 
values read from FO1 and FO2. It also contains procedures to 

allow users to modify its special properties, such as, rotation, 
translation, and scaling.  

t urbines.f90  is set as an overall construction of the 

turbine formation. This module reads FO1 to gain information 

on the number of TEC and the characteristics of each. A one-
dimension array TEC(:)  which holds objects of type 

Tur bine  is defined. in the module turbine.f90  (to be 

differentiated from turbines.f90 ). There are two 

subroutines in the turbines.f90 , readTEC and 

readCD. readTEC reads the number of turbines in FO1 then 

it constructs TEC(:)  with size equal to that number. Since 

each element within TEC(:)  is of type Turbine, an initiation 

sequence called initialize is called with input arguments read 
from FO1. readCD follows the same logic, where it makes 

each turbine object to read the ὅᶻ  values from FO2.  

B. Main Source File 

This module functions as the main program of this 

simulation as it overwrites the source file (user_source.f90) of 

TELEMAC. It uses a few intrinsic modules such as BIEF, 

DECLARATIONS_SPECIAL, and 

DECLARATIONS_TELEMAC3D.  

a) Turbine Initialization 

After declaring variables, upon the first iteration (LT 

.EQ. 1 ), the program checks if the files (FO1, FO2) of 

turbine position and drag coefficient from the input files are in 

place, and will send error messages and calling the program to 

stop if they are not. readTEC and readCD are then called to 

read the data and store them into memory. Mesh points are 

saved into meshIds  array if a given mesh point is inside of 

the TEC boundary in 2D view. 

b) Inverse Distance Weighting (IDW) 

To mimic the total drag force calculated in EPTM in 

TELEMAC, it is vital to use the same drag coefficient data. 

The spatially distributed drag coefficients data needs mapping 

into the coarser mesh grid of TELEMAC. To achieve this, 

IDW method was employed to approximate the spatially 

averaged drag coefficients around each node within the 

turbine location region in TELEMAC. Each turbine mesh 

node gathers scattered EPTM drag coefficient values within 

the defined search radius. The distance dist  between each 

pair of EPTM and TELEMAC nodes is calculated using:  

ὨὭίὸὥὲὧὩ ὼ ὼ ώ ώ ᾀ ᾀ   

Since TELEMAC has an intrinsic coordinate value for 

each node, and EPTM node coordinates are stored in array 

temptec , the code is line 1 to 3 in the appendix. The unit is 

in meters. 

A distance threshold distThreshold  is defined; if the 

distance between two nodes is within the threshold, the value 

https://github.com/Julien-Cousineau/telemac3d-eptm.git
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of the EPTM node is used, instead of proceeding to obtain the 

value from the IDW method based on the surrounding nodes 

within the search radius. The defined threshold is a part of the 

variables that can be investigated in the sensitivity analysis. 

This procedure is to ensure the greatest accuracy and the most 

efficient use of computing power are taken into account. There 

is no need to use IDW to map EPTM value into TELEMAC 

grid if the two nodes are within a defined distance threshold. 

Furthermore, in order to maintain the highest accuracy of the 

approximated value, the closest EPTM node value is used. 

However, in most cases, there are no nearby EPTM nodes 

within the distance threshold, then the second order IDW 

method is employed to calculate the mesh node value from 

interpolating nodes within the search radius using: 

ὅ  
В

В
           (4) 

In Fortran, this is achieved by calculating the sum of both 

numerator and denominator on the x, y, z direction for each 

node, then dividing them. The search radius is the most 

impactful variable in IDW method, and it is crucial for the 

users to determine the best radius for their project needs. A 

logical flag pointsInRange  is set to check if there are any 

points within the search radius. Sample code is in the appendix 

from line 4 to 37. 

Parameters are reset at the end of each loop going 

through the nodes. Lastly, the effective ὅ values along with 
their node IDs are added to the updateArray  for velocity 

update. 

c) Source term update 

The velocity of each node is updated by calculating the 

drag forces as implicit source terms using the drag coefficients 

obtained earlier using Ὂ ”ὺὅὃ . The implicit source 

terms are defined by the drag force on each node divided by 

the volume of the turbine. Therefore, the drag force itself is 

the implicit source term multiplied by the volume of the 

turbine object in the simulation domain. Updating the implicit 

source terms along all axes and the collection of drag forces 

are coded as shown in the appendix line 38-40. 

In the code, S1U, S1V, S1W are the implicit source terms 

in u, v, w flow direction, and %R represents its value. I3  is 

the specification of the node ID being updated. effX , effY , 

and effZ  are the effective drag coefficient imported and 

calculated from the EPTM csv file. TcenterplaneA  is the 

turbineôs centerplane area. TECAvgU, TECAvgV, and 

TECAvgW are the turbine objectiveôs average velocity in u, v, 

and w direction from the last time step. TECVolu stands for 

the turbine objective volume in the mesh. 

 

V. SIMULATION EXAMPLE 

The CFD results are generated with the aim to validate the 
TELEMAC simulation results with coarser mesh against the 
EPTM-3DCFT results. The inflow flowrate is prescribed to be 
3.763 m3/s. With 1.68 m in width, and a prescribed fluid 
elevation of 1.12 m (2.24 m in flow depth), the inflow velocity 
is at 1 m/s, which is the reference velocity from the EPTM 
simulation. Several turbulence models were tested, and the 
most promising results were obtained when using the K-
Epsilon model. This turbulence model can be activated by 
setting both horizontal and vertical turbulence model key 
words to 3 in the steering file. This model solves the balance 
equations for turbulent energy and turbulent dissipation [10] 
to determine the local eddy viscosity. The diffusion coefficient 
for fluid is set as 1E-6, the default, as instructed in the manual. 
The law of bottom friction in the steering file is set to model 3 
which is the Stricklerôs law. And the friction coefficient is left 
at the default value of 60. 



2020 TELEMAC User Conference Antwerp, BE, 14-15 October, 2021 

 

16 

Figure 3(a) and (b) are the reference results generated by 
LFMN. Figure 3(a) is the high-fidelity CFD simulation result, 
and Fig. 3(b) is the EPTM version of the 3D crossflow turbine, 
which is scoped to be replicated using TELEMAC. Figure 4, 
5, and 6 presented the simulation using TELEMAC. The color 
legends on the left-hand side are for all three TELEMAC 
figures. Fig. 4 used K-Epsilon model while the Fig. 5 and 6 
employed the constant viscosity method with different 
diffusion coefficients. The simulation parameters are identical 
for all different scenarios. Time step ɝὸ is 0.05 seconds for 
1000 steps, yielding 50 seconds of simulation time. The center 
of the turbine is set at the origin (0,0). Spanning 1 meter long, 

the upstream and downstream of actuating cylinder 
representing the blades are located at x=-0.5 and x=0.5. The 
reduction of the velocity just upstream of the turbine is 
indicative of the blockage effect and the interaction between 
the turbine structure and the fluid. And the slight increase of 
fluid velocity near both walls in y-direction is the result of the 
fluid and boundary interaction. The reduction of velocity 
downstream of the turbine indicates energy loss in the fluid 
which is the energy extracted by TEC. The reference 
simulated wake from 3D-CFT takes a short distance to 
recover, and the simulated wake of EPTM-3DCFT requires 
more time to recover, resulting in a longer wake. The 
TELEMAC result of flow wake reaches to about seven to 

eight meters downstream of the TEC origin, depending on the 
choice of turbulence model. The Ὧ ‭ model yielded a more 
uniform and less turbulent wake similar to the reference 
results. The constant viscosity model produced a more chaotic 
and longer wake. The simulation results are similar to the 
result from Laval University; however, the key difference is 
that the TELEMAC generated wake is longer than the wake 
from EPTM [1], despite using the same effective drag 
coefficient; different turbulence models will produce different 
wakes. Therefore, the balance between computational 
resources and the accuracy of the results is left to the latitude 
of the researcher and to the requirements of specific project. 

 

 
Figure 3 High-fidelity CFD and EPTM reference simulation result (Top View) [1] 

 
 

 

 

Figure 4 Temporal averaged result using K-Epsilon model (Top View) 

 

 

Figure 5 Temporal averaged result using constant viscosity with diffusion coefficient ρ ρπ (Top View) 

 

 

Figure 6 Temporal averaged result using constant viscosity with diffusion coefficient ρ ρπ (Top View) 

(b) 

(a) 
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Figure 7 showed the velocity profile of the high-fidelity 
reference simulation and EPTM-3DCFT velocity profile at 1, 
5, 10, and 15 meters down stream of where the turbine is 
placed, given in this case the diameter of the turbine, Ὀ, is one 
meter. The black solid line represents the reference simulation 
while the blue dotted line shows the EPTM-3DCFT profile. 
Fig.8, and Fig. 9 are the velocity profile of the TELEMAC 
simulation using the K-epsilon method at different locations 
in vertical and transverse direction respectively. The jagged 
line in Fig. 8 is due to the fact that the data points had to be 
extrapolated from the 40 vertical layers defined. More vertical 
layers mean the result will be more refined at a cost of 
computational power. Both Fig. 8 and Fig. 9 resemble the 
velocity profile of the EPTM-3DCFT ones, except for when 
ὼȾὈ υ in the transverse direction. As one can notice from 
the profiles, the simulated wake from TELEMAC takes 
notably longer to recover. the reduction in velocity is most 
prominent at both ὼȾὈ ρπ and ὼȾὈ ρυ. 

VI. CONCLUSIONS 

This study utilized the Fortran programming language to add 

a module to TELEMAC-3D to mimic the results simulated 

using a high-fidelity CFD model and its simplified EPTM 

version. Actuating cylindrical region replaced the rotating 

blades, forming a time-averaged cylinder of drag coefficients 

around the turbine. Inverse distance weighting method was 

employed to distribute the input drag coefficients around the 

actuating region to ensure each mesh point has correct 

mappings of the drag coefficient, and therefore yields the 

correct drag force. A significant advantage of a coarser grid 

can reduce simulation time significantly, and the saved 

computing power can be allocated elsewhere or used to cover 

a large domain. The high-fidelity model 3D-CFT shown in 

Figure 3 took several months using 300 cores of a 

supercomputer centre. The EPTM-3DCFT model needed 

about 24 hours using 100 cores. The results obtained used the 

TELEMAC-3D model were achieved using a single core in a 

little more than half a day using the constant viscosity model. 

 
Figure 7 High fidelity and EPTM-3DCFT mean stream velocity profile at different locations, top: vertical direction, bottom: transverse 

direction [1] 

 
Figure 8 Velocity profile of the TELEMAC results using K-Epsilon method in vertical direction at different locations 

 
Figure 9 Velocity profile of the TELEMAC results using K-Epsilon method in transverse direction at different locations 
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The  Ὧ ‭  model adds about 25% to 40% of simulation 
time varying on the mesh resolution, including time step 

selection and the number of vertical layers. As suggested by 

the running time, the efficiency was significantly improved in 

magnitude by several hundred folds. The simulation was 

visualized using BlueKenue developed by the National 

Research Council, Canada. Results obtained were similar to 

the reference EPTM-3DCFT ones but exhibiting a longer 

wake region. Further sensitivity analysis, model 

improvement, and geometry adjustments are needed to 

achieve a better replication to the simulations obtained by [1]. 
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APPENDIX  

1.  dist = DSQRT((MESH3D%X%R(I3) -  

2.  temptec%xyz(K,1))**2+(MESH3D%Y%R(I3) -  

3.  temptec%xyz(K,2))**2+(MESH3D%Z%R(I3) -
temptec%xyz(K,3))**2)  

4.  IF (dist .LT. distThreshold) THEN  

5.  IF (closest .EQ. - 1.D0) THEN  

6.  closest = dist  

7.  effX = temptec%cd(K,1)  

8.  effY = temptec%cd(K,2)  

9.  effZ = temptec%cd(K,3)  

10.  ELSEIF (dist .LT. closest) THEN  

11.  closest = dist  

12.  effX = temptec%cd(K,1)  

13.  effY = temptec%cd(K,2)  

14.  effZ = temptec%cd(K,3)  

15.  ENDIF 

16.  ELSEIF (dist .LT. searchr) THEN  

17.  pointsInRange = .TRUE.  

18.  IDWSumX = IDWSumX+ 

(temptec%cd(K,1))/(dist**2)  

19.  IDWSumY = IDWSumY+ 

(temptec%cd(K,2))/(dist**2)  

20.  IDWSumZ = IDWSumZ +  

(temptec%cd(K,3))/(dist**2)  

21.  IDWSumDist = IDWSumDist + (1/dist**2)  

22.  ENDIF 

23.  IF (closest .EQ. - 1.D0) THEN  

24.  IF (pointsInRange) THEN  

25.  L = L + 1  

26.  updateArray(L,1) = I3  

27.  upda teArray(L,2) = IDWSumX/IDWSumDist  

28.  updateArray(L,3) = IDWSumY/IDWSumDist  

29.  updateArray(L,4) = IDWSumZ/IDWSumDist  

30.  ENDIF  

31.  ELSE 

32.  L = L + 1  

33.  updateArray(L,1) = I3  

34.  updateArray(L,2) = effX  

35.  updateArray(L,3) = effY  

36.  updateArray(L,4) = effZ  

37.  ENDIF 

38.  S1U%R(I3) = (0.5D0 * ( - effX) * 

TcenterplaneA * TECAvgU**2.D0)/TECVolu  

39.  S1V%R(I3) = (0.5D0 * ( - effY) * 

TcenterplaneA * TECAvgV**2.D0)/TECVolu  

40.  S1W%R(I3) = (0.5D0 * ( - effZ) * 
TcenterplaneA * TECAvgW**2.D0)/TECVolu  

 

http://dx.doi.org/10.1139/tcsme-2017-0088
http://www.opentelemac.org/downloads/MANUALS/TELEMAC-3D/telemac3d_user_manual_v7p1.pdf
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Abstractð Following the work presented at the TELEMAC User 

Conference 2019 [1], about the ship-current interactions using 

TELEMAC and HR Wallingfordôs Navigation Simulator, the 

investigation of ship effects within TELEMAC has been 

expanded. 

TELEMAC-3D hydrodynamic model has been used to examine 

the effects of passing ships on water surface elevations at berth. 

A range of scenarios were modelled to investigate how water 

surface elevations varied as a result of the number of passing 

ships, variations in their speed, distance between passing ships, 

the effects of deceleration and altering slowing locations.  

As well as estimating the free surface elevations, the TELEMAC 

model results were used to develop separate time series of surge 

and sway forces, and yaw moments that could be used as input 

to the SHIPMOOR dynamic mooring model. These time series 

were used to determine whether the effects of multiple passing 

vessels traveling in convoy, and decelerating upstream of a 

berth, are likely to result in increased vessel motions and 

mooring forces above certain thresholds. 

I. INTRODUCTION 

In an effort to understand the instances of mooring line 
failures at a berth located within a channel, HR Wallingford 
undertook a passing vessel study. A TELEMAC-3D 
hydrodynamic model was built and validated to determine the 
surface elevations at the berth for a range of variables, 
including ship speeds, distance between vessels and 
deceleration point. 

II. MODEL SETUP 

A.  Model extent and model bathymetry 

A TELEMAC-3D model (hydrostatic) was set up to cover 
approximately a 25 km length of channel, including the Port 
of interest. The area of the whole model is shown in Fig.1. 

TELEMAC-3D is used for this study because it reduces 
the instabilities near the moving ship, compared to using 
TELEMAC-2D. 

In terms of bathymetry, because of the limited available 
information outside the main navigation channel, the 
bathymetry in the shallow area to either side of the channel 
was estimated using two cross sections given: one cross 
section was at the north measurement site, the other one was 
at the south measurement site. 

 

Figure 1: TELEMAC-3D model extent 

B. Model mesh 

The model horizontal mesh size is 5m along the centre line 
of the channel, where the ships travel. In the shallower areas, 
to the sides of the channel, the mesh size is 10m. In terms of 
vertical mesh size, the model was set up to use only three 
horizontal planes. Sensitivity tests were carried and the 
number of planes had little impact on model results at 
locations of interest. The model mesh for the area around the 
berth of interest is shown in Fig. 2. 

C. Ship representation 

The moving ships are modelled by imposing a pressure 
field on the surface corresponding to the hull shape. The 
applied pressure is proportional to the depth of the hull below 
the water free surface, according to the equation below: 

P =  ́g d (1) 

mailto:j.parisi@hrwallingford.com
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where P is the pressure (in kg/ms2 or N/m2),  ́is the sea 

water density (1,025 kg/m3), g is the acceleration due to 
gravity (9.81 m/s2) and d is the depth of the shipôs hull below 
the water free surface (in m). 

 

Figure 2: Model mesh at the berth of interest 

 

III.  MODEL VALIDATION 

To validate the TELEMAC-3D model, runs were carried 
out and compared against measured surface elevation and 
current speed data for passing ships. Model runs were carried 
out where the most complete information on vessel 
characteristics and measurements were presented. 

The model was run for two scenarios (Ship 1 and Ship 2) 
where surface elevations and currents were measured at 
locations at the North site and South site, in relatively shallow 
water away from the main shipping channel. The model results 
are compared with time histories of observed level and current 
speed at a number of locations shown in Fig. 3 and Fig. 4. 

A. Ship 1 

Ship 1, a tanker 250 m long, 41 m wide with a 12 m 
draught, travelled inbound to the North at slack tide, so no 
mean flow has been imposed in the model. The ship was 
travelling at 8.6 knots past the South site and at 8.3 knots past 
the North site. 

The modelled ship track was shifted 25 m west to the 
centre of the channel. The vessel track was not provided and 
was therefore part of the validation process.  

Fig. 5 to Fig. 8 show comparison between predicted and 
measured water elevations. For the South Pressure Cell 1 and 
the South Capacitance Gauge, the modelled drop in level and 
subsequent rise in level is in good agreement with 
measurements. For the North pressure Cell (Fig. 7), the model 
matches the observations for the drop in the level and the start 
of the following rise in level, but does not rise to the observed 
level for the later time. 

For the North Capacitance Gauge (Fig. 8), the drop in the 
model elevation agrees well with the observations, but the 
model rise in level occurs later than in the observations. An 
alternative point (40m away from the channel) was taken in 
the model to compare against the North Capacitance Gauge. 
The comparison for this point (Fig. 9) shows that the level rise 
in the model agrees better with the observed rise. 

 

Figure 3: North Site 

 

Figure 4: South Site 
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Figure 5: Ship 1. Elevation time series. South Pressure Cell 1. 

 

Figure 6: Ship 1. Elevation time series. South Capacitance Gauge 
(shoreline) 

 

Figure 7: Ship 1. Elevation time series. North Pressure Cell 

 

Figure 8: Ship 1. Elevation time series. North Capacitance Gauge 

 

Figure 9: Ship 1. Elevation time series. North Capacitance Gauge. 
Alternative point 

 

B. Ship 2 

Ship 2, a tanker 250 m long, 42 m wide with a 11 m 
draught, travelled inbound at slack tide, so no mean flow has 
been imposed in the model. The ship was travelling at 
8.2 knots past the South site. 

Fig. 10 to Fig. 12 show comparison between predicted and 
measured water elevations. 

Fig. 10 shows the model matches very well the 
observations for the drop in level and subsequent rise at South 
Pressure Cell 1. Fig. 11 shows that the model drop and rise are 
slightly bigger than observed and the rise occurs slightly 
earlier at South Pressure Cell 2. For South Capacitance Gauge 
(channel), Fig. 12 shows that the drop and rise are about the 
same magnitude as observed, but the rise occurs slightly later. 

Predicted current speed were compared with observed 
speed at South Capacitance Gauge (channel), 0.6m above the 
bed. Fig. 13 shows that the value of the predicted peak speed 
is slightly smaller than the observed peak. However, the 
observed speed is noisy and seems to indicate a mean channel 
flow of about 0.3 m/s. If this mean speed is added on to the 
predicted peak, then the agreement between the predictions 
and the observations is better. 

 

 

Figure 10: Ship 2. Elevation time series. South Pressure Cell 1. 
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Figure 11: Ship 2. Elevation time series. South Pressure Cell 2. 

 

Figure 12: Ship 2. Elevation time series. South Capacitance Gauge. 

 

 

Figure 13: Ship 2. Speed time series. South Capacitance Gauge 
(channel). 

 

C. Model validation conclusions 

The overall conclusion from the validation of the 
TELEMAC-3D model is that the model reproduces the 
measured surface elevations and currents due to passing ships 
well. This is bearing in mind the limited information provided 
on which the model runs were performed, e.g. the bathymetry 
in the shallow regions where the measurements were taken and 
the vessel track. 

 

IV.  PASSING VESSEL STUDY 

In order to gain a good insight into the important 
hydrodynamic processes, including the interaction of two 
ships and the deceleration approaching the berth, 
TELEMAC-3D model runs were carried out covering a range 
of scenarios. The scenarios, as summarised in Table 1, were 
selected to account for:  

¶ 2 operating vessel speeds 

¶ Up to 2 vessels in convoy 

¶ Distance between vessels 

¶ An example / typical deceleration profile based on data 
provided by the pilots.  

Further tests were also performed to examine the 
sensitivity of the results to vessel transit direction and the 
effect of tidal currents. To generate the current in the model, a 
level difference at the two ends of the model was applied so 
that the target current speed was achieved. For example, for 
Case 15, with a current speed of 1.5knot ebb current the 
surface elevation level was raised by 0.15 m at the North and 
lowered by 0.15 m at the South.  This method was used 
because imposing the desired current directly at a model 
boundary caused the model to become unstable. 

All model runs were carried out with a ship moored 
starboard side alongside Berth 3 and a passing ship transiting 
along the centreline of the channel. 

Track information for two ships, from data provided, was 
used to derive a representative deceleration profile for the 
modelling. Fig. 14 shows the ship speeds plotted against the 
distance north of the berth. For the test runs with deceleration, 
the ship moved at 8 knots until it was approximately 1.5Nm 
upstream of the berth. It then decelerated uniformly until it 
was at 3 knots, at the berth. The same deceleration profile was 
also applied to test cases where the point at which the ships 
start to decelerate was moved 1Nm further upstream (2.5Nm 
upstream). These two locations are shown in Fig. 15. 

The results of the TELEMAC-3D modelling are presented 
as time series plots of the free surface elevation at a point along 
the centre of the navigation channel, adjacent to the Berth 3. 
Each time series graph shows the onset of the vessel generated 
pressure waves adjacent to the berth, the passing of the ship or 
ships, shown as the abrupt discontinuity in the time series 
record, and the residual disturbance after the vessel has passed, 
before returning back to a relatively undisturbed state. 

The time series plots are grouped so that the relative 
differences can be compared between different simulations. 
For example, Cases 1, 5, and 9 are grouped together in Fig. 16, 
as these all show the results from one or two outbound vessels 
all travelling at constant speed of 4 knots, and if there are two 
vessels they have a separation of 1 or 2 nautical miles. This 
figure shows that although the time series are different, the 
general amplitude and maximum free surface elevation is 
higher for two vessels (Cases 5 and 9) compared with one 
vessel (Case 1). 

  



2020 TELEMAC User Conference Antwerp, BE, 14-15 October, 2021 

 

23 

 

Case Number of 

ships 

Constant 

overground 

speed (knots) 

Passing ship 

course 

Variable overground 

speed deceleration 

profile (knots) 

Deceleration 

point (upstream 

of Berth 3) 

Separation when 

Ship 1 is passing 

berth (Nm) 

Current 

speed 

(knots) 

Current 

direction 

1 1 4 Outbound  n/a  0  

2 1 3 Outbound  n/a  0  

3 1  Outbound 8 to 3 1.5Nm  0  

4 1  Outbound 8 to 3 2.5Nm  0  

5 2 4 Outbound  n/a 1 0  

6 2 3 Outbound  n/a 1 0  

7 2  Outbound 8 to 3 1.5Nm 1 0  

8 2  Outbound 8 to 3 2.5Nm 1 0  

9 2 4 Outbound  n/a 2 0  

10 2 3 Outbound  n/a 2 0  

11 2  Outbound 8 to 3 1.5Nm 2 0  

12 2  Outbound 8 to 3 2.5Nm 2 0  

13 1 4 Inbound  n/a  0  

14 1 3 Inbound  n/a  0  

15 1 4 Outbound  n/a  1.5 Ebb 

16 1 3 Outbound  n/a  1.5 Ebb 

17 1 4 Outbound  n/a  1.5 Flood 

18 1 3 Outbound  n/a  1.5 Flood 

19 2  Outbound 8 to 3 1.5Nm 1 1.5 Flood 

20 2  Outbound 8 to 3 2.5Nm 1 1.5 Flood 

Table 1. Scenarios modelled 

 
Figure 14: Deceleration profile used 

 
Figure 15: Location of deceleration points considered in the modelling 
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Figure 16: Model elevation time series at berth. Cases 1 (1 ship), 5 (2 ships 

1Nm separation) and 9 (2 ships 2Nm seperation). Ship speed of 4 knots 

 
Figure 17: Model elevation time series at berth. Cases 2 (1 ship), 6 (2 ships 
1 Nm separation) and 10 (2 ships 2 Nm seperation). Ship speed of 3 knots 

 
Figure 18: Model elevation time series at berth. Cases 3 (1 Ship), 7 (2 ships 

1 Nm separation) and 11 (2 ships 2 Nm seperation). 8 to 3 knots, 1.5 Nm 
decleration 

 
Figure 19: Model elevation time series at berth. Cases 4 (1 ship), 8 (2 ships 

1 Nm separation) and 12 (2 ships 2 Nm seperation). 8 to 3 knots, 2.5 Nm 
deceleration 

 
Figure 20: Model elevation time series at berth Cases 1 (inbound ship 4 

knots), 2 (inbound ship 3 knots), 13 (outbound ship 4 knots) and 14 
(outbound ship 3 knots) 

 

 
 

 

 
 

 

 
 

 
Figure 21: Model elevation time series at berth Cases 1 and 15 

(effect of ebb current, 4 knots) 

 
Figure 22: Model elevation time series at berth Cases 2 and 16 

(effect of ebb current, 3 knots) 

 
Figure 23: Model elevation time series at berth Cases 1 and 17 

(effect of flood current, 4 knots) 

 
Figure 24: Model elevation time series at berth Cases 2 and 18 

(effect of flood current, 3 knots) 

 
Figure 25: Model elevation time series at berth Cases 7 and 19 

(effect of flood current, 8 to 3 knots, 1.5 Nm deceleration) 

 
Figure 26 : Model elevation time series at berth Cases 8 and 20 

(effect of flood current, 8 to 3 knots, 2.5 Nm deceleration) 
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Fig. 17 shows the corresponding results, but for vessels 
traveling at 3 knots. Compared with Fig. 16, this figure shows 
that travelling at 3 knots, leads to a noticeably lower free surface 
elevation, but again two vessels travelling in convoy leads to 
generally higher free surface elevations at the berth location. 

The results of tests including vessel deceleration from 8 to 3 
knots are shown in Fig. 18 and Fig. 19. Fig. 18 shows the results 
with the deceleration point (approximately 1.5Nm upstream of 
Berth 3), whereas Fig. 19 shows the results from beginning to 
decelerate approximately 2.5Nm upstream of Berth 3. Both sets 
of results show a significant increase in the water surface 
elevations when there are two ships (Cases 7 and 11 or Cases 8 
and 12), compared with one ship (e.g. Case 3 or Case 4). 

The effect of vessels travelling inbound (to north) as opposed 
to outbound (travelling south) is illustrated in Fig. 20. This 
figure show a similar range in the predicted free surface 
elevations, with the high speed (4 knots for Cases 1 and 13) 
leading to slightly higher surface elevations than when travelling 
at 3 knots. 

Fig. 21 and Fig. 22 show the effect of an ebb current of 
1.5 knots, i.e. in the same direction of the outbound ships being 
simulated. To generate the target current speed, a level 
difference at the two ends of the model was applied. For 
example, for Case 15 (Fig. 21) with an ebb current of 1.5 knots, 
the level was raised by 0.15 m at the North and lowered by 0.15 
m at the South. This resulted in an initial condition at the berth 
where the level was below zero. This negative elevation 
continues throughout the run. For both ebb current cases, the 
predicted free surface elevation range is noticeably lower when 
including the tidal current effect. 

In contrast, as shown in Fig. 23 to Fig. 26 the effect of the 
1.5 knots opposing current, noticeably increases the predicted 
free surface elevations. To generate the flood current, a level 
difference at the two ends of the model was applied. This 
resulted in an initial condition at the berth where the level was 
above zero. This positive elevation continues throughout the 
run. The increase in predicted surface elevation shown is not 
surprising as the ship speed through the water is increased by the 
speed of the opposing current. For the Cases 19 and 20 the effect 
of the opposing current gives the highest predicted free surface 
elevations of all simulations. 

A. Vessel study conclusions 

If a single ship passing at a constant speed of 4 knots is taken 
as the reference case, representative of the limit of acceptable 
passing speeds from earlier analysis, the model predicts water 
surface elevations to increase slightly when ships are traveling 
at a constant speed in convoy. However, when the effects of 
deceleration are considered, model predictions of the water 
surface elevations are significantly greater than the reference 
case. Also important is when there is a current running against 
the direction of ship travel, as the associated water surface 
elevations also noticeably increase. 

Whilst the model results presented provide a useful insight 
into the free surface elevations and currents associated with the 
different scenarios, it is not possible to conclude from these 
results alone that the increased water surface elevations will 

result in a corresponding increase in moored vessel motions and 
mooring line forces. TELEMAC-3D modelling results were 
then used to develop a force time series as input to the 
SHIPMOOR model in order determine whether the increased 
water surface elevations resulted in a corresponding increase in 
moored vessel motions and mooring line forces. 

V. SUMMARY 

A computational modelling study using a TELEMAC-3D 
model has been performed to examine the effects of passing 
ships on water surface elevations. After verifying that the model 
performed well against measurements, a range of scenarios were 
modelled to investigate how water surface elevations varied as 
a result of the number of passing ships, variations in their speed, 
distance between passing ships, the effects of deceleration and 
altering slowing locations.  

As well as estimating the free surface elevations, the 
TELEMAC-3D model results were used to develop separate 
time series of surge, sway forces, and yaw moments that could 
be used as input to the SHIPMOOR dynamic mooring model. 
These time series were used to determine whether the effects of 
multiple passing vessels traveling in convoy, and decelerating, 
are likely to result in increased vessel motions and mooring 
forces above that estimated in the previous passing vessel study. 

When compared against a case of a single passing vessel 
travelling at a constant speed, vessel surge motions and mooring 
forces are predicted to increase as a result of passing vessels 
travelling in convoy and decelerating upstream.  

It has not been possible to fully understand the complex 
relationships between the forcing parameters as part of this 
study. Further research is required to further understand the 
relationship between the following parameters and the relative 
mooring forces and surge motions: 

¶ the location of the deceleration point   

¶ distance between vessels in convoy and passing speed 

¶ width and draught of the ships  

¶ direction and magnitude of the currents 
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Abstractð The Berre lagoon (South East of France near 

Marseille) is among the largest brackish lagoons in Europe, 

connected to the Mediterranean Sea through the Caronte 

channel, while receiving freshwater from two tributaries and a 

hydroelectric power plant. An average depth of 6 m makes the 

lagoon strongly sensitive to wind conditions, i.e. when the mistral 

is not blowing, thermohaline vertical stratification occurs in the 

lagoon. Anthropogenic activities (i.e. industry and urbanisation 

since mid-20th century) have seriously affected its ecosystem 

(strong variability of salinity, water column stratification, 

pollutants, and eutrophication). A continuous and real-time 

hydro-environmental monitoring program has been carried out 

since 2006. Previous TELEMAC-3D models of the Berre lagoon 

had been developed at Laboratoire National dôHydraulique et 

Environnement (LNHE) for simulating hydrodynamics, salinity 

and temperature. The aim of this paper is to present recent 

improvements of the TELEMAC-3D model to accurately 

reproduce stratification and mixing in the Berre lagoon, with 

particular focus on the effects of the advection schemes and 

turbulence models. The use of the LIPS scheme for the advection 

of tracers salinity and temperature, combined with the Yap 

correction for the k-e turbulence model are the options that have 

mostly improved the previous TELEMAC-3D model of the 

Berre lagoon without tidal flats. 

I. INTRODUCTION 

EDF manages hydropower plants along the Durance-
Verdon chain to produce electricity. This chain releases fresh 
water into the Berre brackish lagoon, which is connected to 
the Mediterranean Sea and has two tributaries. One of the 
main characteristics of the Berre lagoon is the strong haline 
stratification (i.e. freshwater and saltwater entering the 
lagoon do not mix easily due to the difference of density). 

One of the goal of the TELEMAC-3D modelling of the 
Berre lagoon is to reproduce accurately stratification and 
mixing events, which is a key factor to represent the lagoon 
behaviour. It has been used and improved for years. The aim 
of this paper is to show recent improvements by using some 
recent features in TELEMAC-3D, dealing with less diffusive 
advection schemes and variants of turbulence models. 

The second section of this paper presents the studied area 
and available measurements. The third section describes the 
preliminary TELEMAC-3D model of the Berre lagoon and the 
features that are tested (mainly advection schemes and 
turbulence models). Results of different tests and comparison 

with in situ measurements are given in section 4, followed by 
conclusions in section 5. 

II. PRESENTATION OF THE STUDIED AREA 

A.  Location and environment 

The Berre lagoon is located in the south of France (west of 
Marseille), at the end of the Durance canal (a chain of 
hydropower plants) that diverges the water from the Durance 
River (250 km long) to the lagoon. The lagoon has a surface 
of 155 km2 with a volume of water around 980 Mm3. Being 
connected to the Mediterranean Sea through the Caronte 
channel, the lagoon receives sea salty-water in tide-driven 
pulses. Two rivers (Arc and Touloubre) and the EDF Durance 
Canal releases fresh water (through the Saint-Chamas 
hydropower plant) into the lagoon, in addition inputs from 
rain, runoff and wastewater treatment plants. The mean annual 
flowrate through Saint-Chamas power plant is between 20 to 
30 m3/s (since 2006), whereas mean flowrate of rivers Arc and 
Touloubre is around 6 m3/s. Dense seawater enters during 
rising tide and plunges to the bottom, whereas fresh water 
spreads over the surface where it mixes vertically in the first 
few meters. Therefore, the lagoon remains stratified when 
there is no strong wind (the salinity difference between the 
bottom and the surface can be up to 10 g/L). During summer 
and with weak wind, anoxia (oxygen depletion) often appears 
in the bottom layers. Anoxia enhances the release of unwanted 
components and lethal gases from the sediments as well as it 
produces mortality of organisms by asphyxia. Only long and 
strong wind events (mistral events) can mix completely the 
lagoon and re-oxygenate the bottom layer. 

B. In situ measurements 

Many in situ measurements are available in the lagoon: 
EDF owns four measuring stations where temperature and 
salinity (CTD Seabird SBE-19) have been recorded every hour 
since 2006. Three stations (SA1, SA2 and SA3) are located 
inside the lagoon, whereas the fourth (SA4) is located in the 
Caronte channel (Fig. 1). Measurements are recorded at five 
different depths. At SA4 station, velocity in the water column 
(Teledyne-RDI ADCP) is also measured every hour, so that 
flow rate exchanges between the lagoon and the 
Mediterranean Sea could be calculated. At the three other 
stations, a 3-month period in 2008 of velocity measurements 
is also available. 
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Fig 1: Berre lagoon extent and location of the measurement stations.  

Metocean data are also used in this paper as input of the 
TELEMAC-3D model: meteorological data, flowrates of 
rivers or tidal levels. Meteo France data at Marignane are used, 
on the Berre lagoon bank: wind magnitude and direction, air 
temperature, relative humidity, air pressure, cloud coverage, 
rain and solar radiation. For the Gulf of Fos, tidal levels at 
Marseille and in the Gulf of Fos, as well as salinity and 
temperature in the Gulf of Fos are used. Flowrates and 
temperatures of the rivers are regularly measured by the 
Rh¹ne-M®diterran®e-Corse Water Agency. The flowrates and 
temperature of water released by the Saint-Chamas station are 
provided by EDF every hour. 

III.  PRESENTATION OF THE TELEMAC-3D MODEL 

The previous release of the TELEMAC-3D Berre lagoon 
model was built in 2016. The main characteristics of the 3D 
model have been kept for this paper and are reminded here. 

A. Model domain and bathymetry 

The computational area includes the Gulf of Fos, the 
Caronte channel and the Berre lagoon (Fig. 1). 

The mean depth of the lagoon is 6 m and maximum depth 
is around 10 m, reaching 45 m in the Gulf of Fos. 

B. Computational mesh 

The 2D mesh is made of 4,214 nodes and 7,707 triangular 
elements, refined where velocities are large: in the Caronte 
channel and the three freshwater intakes (Arc and Touloubre 
rivers, and Saint-Chamas power plant). The elements sizes 
vary from 1 km for the largest elements to 3 m for the smallest 
ones. 

There are 41 horizontal planes over the vertical with fixed 
elevation (except the last one following the free surface). 
Combined with the 2D mesh, the 3D mesh is made of 172,774 
nodes and 308,280 prisms. The horizontal planes are tightened 
where the salinity gradients are strong, around 8 m deep. As 
the bottom is not flat, and in order to prevent from artificial 
velocities, some planes are crushed, in particular near the solid 
boundaries. 

The 3D mesh can be seen in Fig. 2 with the vertical 
direction distorted with a ratio of 250. 

 

 

 

Fig 2: The Berre lagoon 3D mesh. 

C. Initial and boundary conditions 

The TELEMAC-3D model of the Berre lagoon has four 
open boundaries. Three of them where flowrates are 
prescribed corresponding to freshwater (Arc, Touloubre and 
Saint-Chamas power plant): daily data for the two rivers and 
hourly data for the power plant are interpolated at each time 
step. Salinity and temperature are also prescribed at these open 
boundaries with the same frequency. 

The fourth and last liquid boundary corresponds to the 
interface between the Gulf of Fos and the Mediterranean Sea 
where the free surface elevation is prescribed, corresponding 
to the sea level estimated from both Marseille and Fos tidal 
gauges. At this location, the flowrate is not prescribed, so the 
flow can be entering or exiting. At every time step, if the flow 
comes in, temperature and salinity are prescribed; if the flow 
goes out, the two tracers are let free. 

A few freshwater intakes have not been measured: they are 
mainly runoff on the banks (more than 70 km long). This 
flowrate has been estimated and is taken into account by 
increasing the Arc and Touloubre flowrates with a few cubic 
meters per second (~ 2 m3/s). 

Meteo data (wind, temperature, pressure, humidity, cloud 
coverage, rainfall, and solar radiation) are given as input of the 
TELEMAC-3D model since the THERMIC model of the 
WAQTEL module is coupled to TELEMAC-3D to take into 
account heat exchange of water with atmosphere. Meteo data 
are available hourly and linearly interpolated at every time 
step. 

At the initial time step, zero velocities are taken. The water 
level is taken equal to the one prescribed at the Gulf of Fos 
boundary. Temperature and salinity are initialised in different 
areas, in particular with salted concentration = 38 g/L in the 
Gulf of Fos. In the Caronte channel and inside the Berre 
lagoon, the computation is initialised with the measurements 
at SA4 and SA3 respectively. As the stratification is usually 
around 8 m deep, initial values below 8 m are taken equal to 
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the deepest measurement, whereas above 8 m, initial values 
are taken equal to the average of the four other measurements. 

D. Numerical settings 

The initial setting for advection schemes is: 

- Method of characteristics (MOC) for velocities and k-

e variables, 

- PSI scheme for tracers (temperature and salinity). 

Since TELEMAC release v7p2, recent advection schemes 
belonging to the MURD family are available in TELEMAC-
3D after Sara Pavanôs PhD [1]: Predictor-Corrector schemes 
(PC) [2] which does not work with tidal flats and LIPS 
(Locally Implicit Predictor-corrector Scheme) which works 
with tidal flats [3]. 

To prevent from issues with tidal flats, in the TELEMAC-
3D model of Berre lagoon, which used the PSI scheme (this 
one also does not work with tidal flats as the PC scheme), the 
bottom elevation is lowered at a maximum value of -0.5 m to 
be always wet. To compare the results obtained from different 
advection schemes, the same modification of the bottom 
elevation is kept. 

Accuracies to solve linear system are equal to 10-6 except 
for the diffusion of tracers where an accuracy of 10-9 is 
retained to ensure mass conservation of tracers (salinity and 
temperature). 

E. Physical settings 

Nikuradse law is chosen to model friction on the bottom 
with a roughness height equal to 0.1 mm in the Berre lagoon 
(fine sand) and 10 cm in the Caronte channel (concrete bottom 
covered by mussels). 

To model thermohaline stratification of the lagoon, a 
density law of water depending on temperature and salinity is 
used (corresponding to keyword DENSITY LAW = 3): 

” ” ρ χȢρπ Ὕ Ὕ χυπȢρπȢὛ , 

With r density, T temperature, S salinity, T0 reference 

temperature (= 4Á C) and r0 reference density at T0 
(= 999.972 kg/m3). 

The non-hydrostatic version of TELEMAC-3D is used. 

The Coriolis force is taken into account due to the wide 
surface of the Berre lagoon. 

In 2016, the standard k-e turbulence model was used both 
in horizontal and vertical directions. Other turbulence models 
(mixing length models with various mixing length formulae 

with or without damping functions, k-w) have been tested and 

compared in this paper, but also variants of the k-e model 
(limitation of the production term and the Yap correction). 

F. Parallel setting 

Every computation is run on a cluster with 112 cores (= 4 
nodes of 28 cores, 128 Go RAM, Intel Xeon CPU E5-2680 v4 
@ 2.4 Ghz). 

IV.  RESULTS 

In order to study the impact of advection schemes when 
modelling salinity, two 1-month periods have been chosen: 

- September 2006 when hourly measurements of 
salinity started in the lagoon. During this month, two 
periods when mistral blew occurred, from 18th to 19th 
and from 26th to 27th. Large water releases from the 
power plant were observed during this period: from 
13th to 16th and from 25th to 26th. This month is 
representative of how the lagoon behaves, 

- January 2008, when four measurement stations were 
active. There was a lot of wind during the first half of 
this month and water releases from the power plant 
were often done, in particular during the second half 
of this month. 

Salinity measurements are compared to computational 
results at stations SA3 and SA4 at the surface and at the 
bottom. 

From this section, ñreferenceò means the options used in 
2016 (in particular PSI scheme for the advection of tracers, 
method of characteristics for the advection of velocities and k-

e, and a 10 s time step). 

A. Advection of tracers salinity and temperature 

Results with LIPS and PC schemes are compared to results 
from the PSI scheme (used as a ñreferenceò computation) for 
the advection of tracers only. The advection of velocity 

components and k-e is computed with the method of 
characteristics. 

For the PC scheme, a 5 s time step has to be used (instead 
of 10 s for the ñreferenceò model) so that advection steps 
converge. Although with other schemes, larger time steps can 
be used, comparisons are shown only with a 5 s time step. 
Whereas computations with PSI and LIPS schemes need 
similar CPU times (3 h 15 min, 4 h 15 min respectively), 
using the PC scheme requires nearly a time twice longer 
without sub-steps or corrections (8 h 20 min). 

During September 2006, the succession of stratification 
and mixing is well reproduced by the computation. 
Nevertheless, the measured stratification (6-7 g/L between 
bottom and surface) is stronger than the modelled one 
(~ 4 g/L). (Fig. 3). 

However, at SA3 station, using the LIPS scheme yields a 
stronger stratification than the ñreferenceò PSI scheme 
(around 1 g/L), as the PC scheme but better modelled with the 
LIPS scheme (Fig. 3). We can assume that numerical diffusion 
is partly responsible for the stratification weakness and that the 
LIPS scheme (less diffusive) may correct this drawback. A 
longer simulation lasting one whole year confirms this idea for 
the LIPS scheme (Fig. 4). No result is given for one year with 
the PC scheme as CPU time is big. 

As the LIPS scheme is suitable for CPU time and quality 
of results, it should be used when advecting tracers for this 
TELEMAC-3D model and is then used from subsection IV.C.
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Fig 3: Salinity at SA3 in September 2006. Measurements (points), LIPS, PC and PSI schemes for tracers only (solid lines). 

 

Fig 4: Salinity at SA3 from September 2006 to August 2007. Measurements (points), LIPS and PSI schemes for tracers only (solid lines). 

B. Advection of velocity components 

In this subsection only, the same advection scheme is used 
for the advection of both velocity components and tracers 
(replacing the method of characteristics for velocity 
components and PSI for tracers): PC and LIPS schemes are 
tested. 

The PC scheme requires the use of a 2 s time step to 
converge, but the CPU time strongly increases (27 h). For that 
reason, this choice is dropped out. 

Using the LIPS scheme does not require decreasing the 
time step. Comparisons are then done with the same time step 
as the ñreferenceò model, i.e. 10 s. Using the LIPS scheme for 
velocity components is slower than the previous choice 
(method of characteristics): with the same time step, CPU time 
increases by 50 %. 

Inside the lagoon at SA3 station, salinity values computed 
with LIPS and PC scheme are close to the ones from the 
ñreferenceò model with PSI scheme. Contrary to the 
comparisons with advection schemes for tracers, no 
improvement is observed for stratification (Fig. 5). 

On the other hand, using LIPS and PC schemes for 
velocities improves the salinity results in the Caronte channel. 
Fast variations of salinity due to tide (a few hours time scale) 
are better modelled (Fig. 6). 

In the Caronte channel (direction East-West), velocity is 
directed alternatively toward the lagoon (rising tide) or toward 
the Gulf of Fos (falling tide) and maximum velocities are 
around 1 m/s. Velocity are well modelled, which is mandatory 
to reproduce correctly the exchanges between salted water and 
brackish water coming from the lagoon. When looking at 
velocity, small differences may appear depending on the 
advection scheme. If only the advection scheme is modified 
for tracers, the differences for velocity are minor. However, 
with LIPS for the advection of velocities, the maximum 
velocity is increased by around 25 % (Fig. 7), which may 
explain the fast variations of salinity above. Compared to 
measurements, this is also an improvement of the numerical 
model. Inside the Berre lagoon, velocities are very low (a few 
cm/s), which cannot be reproduced accurately. 

Regardless of the advection scheme, during mistral events 
the surface current from North to South and the bottom current 
from South to North are well reproduced (Fig. 8). 
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Fig 5: Salinity at SA3 in September 2006. Measurements (points), LIPS, PC and PSI+MOC schemes for tracers and velocities (solid lines). 

 

Fig 6: Salinity at SA4 in September 2006. Measurements (points), LIPS, PC and PSI+MOC schemes for tracers and velocities (solid lines). 

 

Fig 7: Velocity in the Caronte channel in January 2008 (LIPS t = LIPS for tracers only and MOC for velocities, LIPS tv = LIPS for tracers and velocities). 

 

 

Fig 8: North-South velocity in the lagoon (SA3), January 2008  (LIPS t = LIPS for tracers only and MOC for velocities, LIPS tv = LIPS for tracers and 
velocities). In blue are shown events with strong mistral where a circular current appears in the lagoon.
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Salinity of the lagoon is not well reproduced during a 
whole year (Fig. 9). On the one hand, the salinity difference 
between surface and bottom is divided by two compared to the 
measurements. On the other hand, a salinity shift of around 
2 g/L can be seen after one year.  

Although the exchanges through the Caronte channel fit 
the measurements, the results inside of the lagoon are not 
improved. This leads us not to retain this set of advection 
schemes (LIPS for tracers and velocity components). 

C. Sensitivity analysis for the advection schemes 

A 3 min time step accelerates the computation, but the 
results are worse. Using a time step below 30 s does not 
change the results: convergence with time step is reached. A 
balance between CPU time and accuracy has led us to choose 
a 60 s time step with LIPS for tracers (compared to 10 s with 
PSI for tracers) (Fig. 10). For the sensitivity to sub-iterations, 
nearly no influence on the results is observed but the CPU time 
increases: this feature is not chosen. For the sensitivity to the 
number of corrections, which is an option available with the 
LIPS scheme (at least and by default, one is done), tests with 
two and four corrections do not show modifications of results 
nor strong increase of CPU time: this feature is also not 
chosen. 

The LIPS scheme for the advection of tracers enables a 
better modelling of stratification than the PSI previous 
ñreferenceò scheme for tracers. The LIPS scheme for velocity 
components better replicates large velocities in addition to fast 
variations of salinity, but there is a salinity drift when 
modelling one whole year. The LIPS scheme is then chosen 
only for tracers and the method of characteristics is kept for 
velocity components and turbulent variables. No sub-
iterations and additional correction are retained. 

A whole year can be modelled with 7 h CPU time using a 
60 s time step. 

D. Turbulence modelling 

After choosing the numerical parameters dealing with 
advection schemes, we would like to better model the physics 
of stratification. In particular, we would like to model 
succession of stratification and mixing correctly so that water 
quality can be studied afterwards. Modelling turbulence is 
then a key factor to take into account the exchanges in the 
Caronte channel, the mixing with incoming fresh water and 
weak exchanges between the two layers of different densities 
of water when the lagoon is stratified. 

Some turbulence models available for TELEMAC-3D 
have been tested: 

- Mixing length turbulence model with various mixing 
length formulae (Prandtl, Nezu & Nakagawa, Quetin, 
Tsanis) coupled with a damping function to better 
reproduce stratification (e.g. Toorman or Munk and 
Anderson functions), 

- Transport equation turbulence model: k-e as used in 
the ñreferenceò model and some variations. 

Mixing length turbulence model: 

In case of a stratified lake like the Berre lagoon, a simple 
mixing length solution is not accurate without any damping 
function because the stronger the density gradient, the smaller 
the eddies: the turbulent kinetic energy k available is not 
sufficient to mix two layers of large density differences. Hence 
the use of a damping function equal to 1 in case of unstable 
stratification and decreasing with density gradient in case of 
stable stratification. 

 

Fig 9: Salinity at SA3 from September 2006 to August 2007. Measurements (points), LIPS and PSI schemes for tracers and velocities (solid lines). 

 

Fig 10: Salinity at SA3 in September 2006. Comparison between results with different time steps (5 s, 20 s, 60 s, 180 s). 
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The four mixing length formulae provide similar results. 
Fig. 11 shows results with Munk & Anderson damping 
function. Tsanis model seems to give better results as the 
modelled stratification is the strongest, but no model can 
reproduce a stratification as strong as the one measured. 

Nevertheless, Toorman damping function combined with 
any mixing length model enables keeping a strong 
stratification, in particular when the lagoon is stratified. But 
the mixing periods and the mixing at stations SA1 and SA2 
are not well reproduced (see Figs 12 and 13). 

To summarize: although modelling stratification quite 
well, the mixing length model with damping function does not 
fit during strong mistral periods (in particular during the 
mixing of deep and surface layers). 

 

k-e turbulence variants: 

Sensitivity to the Schmidt turbulent number (ratio between 
the turbulent viscosity and the turbulence diffusivity) has been 
tested. In the literature, this coefficient can vary from 0.8 to 
1.3. As there are few variations of results, the default value of 
1. is kept. 

Among the options of the k-e model, some can limit the 
turbulence production or the turbulence kinetic energy, what 
may a priori limit the mixing. 

One first solution is to limit the production term: 

ὖ ὅ Ὓ, 

With P production term, Cm the Prandtl-Kolmogorov 
constant, S scalar mean rate of strain. 

 

Fig 11: Salinity at SA3 in September 2006. Comparison between results with various mixing length models combined with  
Munk and Anderson damping function. 

 

Fig 12: Salinity at SA3 in September 2006. Results with mixing length models combined with Toorman damping function. 

 

Fig 13: Salinity at SA2 in January 2008. Results with mixing length models combined with Toorman damping function. 
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If the dissipation is larger than the production, the 
production term is kept. If not, the production term is replaced 

by the square root of the product production times e (i.e. 

Ѝὖ‐). For the Berre lagoon, this variation has a slight positive 
effect for representing the stratification, around 0.5 g/L (Fig. 
14). This can be done by setting the variable OPTPROD to 1 
in the CSTKEP subroutine, and implementing this correction 
for the surface nodes in the SOUKEP subroutine. 

A second limitation of turbulence comes from a physical 
criterion on the size of large vortices: the size cannot be larger 
than the distance between the considered point and the lagoon 
bottom. Yap (1987) suggested a correction to decrease the 

coefficient Ce2. This leads to the increase of dissipation e: 

ὅ ᴼὅ πȢψσ
k

ρ
k
, 

With ὒὒ ὅ
Ⱦ Ⱦ

  , k Karman constant and d is the 

distance to the bottom. 

This correction strongly improves the modelling of 
stratification in the Berre lagoon: the salinity difference 
between the bottom and the surface increases around 1 g/L 

(see Fig. 14). A one-year simulation confirms this result. This 
Yap correction is then kept to model the Berre lagoon. It can 
be activated by setting YAP = .TRUE. in the CSTKEP 
subroutine. 

Other modifications of the k-e model have not been 
chosen, as they do not improve the results. Moreover, the 
GOTM module has not been investigated so much due to the 
lack of both relevant preliminary results and experience of this 
module. 

Regarding the turbulence modelling of the Berre lagoon, 

the k-e model seems to better fit the results. Contrary to the 
mixing length models, it enables to model alternating periods 
of stratification and vertical mixing, but also the mixing of 
incoming water (fresh or salted with brackish water of the 
lagoon). 

Compared to the initial setup, two variations are chosen: 
the limitation of the turbulence production and the Yap 
correction. This leads to the modelling of stratification closer 
to the measurements with a slight trend to underestimate 
measured stratification.

 

Fig 14: Salinity at SA3 in September 2006. Results with or without the modification of the production term and with or without the Yap correction. 

V. CONCLUSION 

Modelling the Berre lagoon is a tough task, which has been 
carried out for years. Reproducing stratification and mixing 
events is crucial to deal with water quality. In case of a 
TELEMAC-3D model without tidal flats, some improvements 
have been obtained using not so usual options: 

- LIPS scheme for the advection of tracers salinity and 
temperature which is less diffusive, 

- A variant to limit the turbulent production term and 

the Yap correction to tune the k-e model. 
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AbstractðTropical river deltas are hotspots of human activity, 

but their vulnerability to flood risks is increasing due to sea level 

rise and worldwide conversion of mangroves, acting as natural 

buffers against marine flooding, into human land use. Moreover, 

extreme sea levels notably driven by climatic fluctuations such 

as the El Ni¶o-Southern Oscillation, are projected to intensify 

with global warming. Hydrodynamic models offer a valuable 

tool in reaching a better understanding on the distribution of 

extreme sea levels in tropical deltas, but often their development 

is hampered by data scarcity. We combined state-of-the-art 

techniques to overcome that challenge by setting up a 

TELEMAC-2D model for the Guayas delta (Ecuador), a large 

(Ñ 3,000 kmĮ) delta with a complex geometry of branching river 

channels and mangrove forests. First, we used remote sensing to 

(1) obtain channel widths, which in turn determine the cell size 

in a flexible mesh, allowing us to capture both regional and local 

processes, (2) estimate intertidal flat topographies, and (3) 

delineate intertidal mangrove forests. Furthermore, we used an 

along-channel-coordinate interpolation to ensure channel 

connectivity in channels with scarce bathymetric observations. 

Finally, to capture the land-sea gradient in the water surface 

slope, we referenced all bathymetric and tide gauge data to a 

global geoid. Applying these techniques allows us to build a 

model which simulates tidal ranges (of 2 to 4 m) with an error 

ranging between 0.2 and 29 cm (i.e. 0.2 and 7.8 % of the observed 

tidal range), depending on tide gauge station. In a next stage, our 

model can be used to test how both El Ni¶o and land use changes 

affect extreme sea levels in this tropical delta. 

I. INTRODUCTION 

A. Coastal flooding in tropical deltas 

Coastal deltas are highly vulnerable to flood risks which are 
very likely to increase in the near future [1]. Intensifying storms 
and climatic cycles such as the El Ni¶o Southern Oscillation 
(ENSO) along with long-term sea level rise will trigger more 
frequent and more severe coastal floods [2,3,4] In addition, over 
90 % of  deltaic communities are located in developing countries 
with already dense populations expected to double before 2060 
[5]. This increasing population pressure along with intensifying 
coastal hazards pose enormous risks to coastal communities, 
framing tropical deltas as communities which will be 
disproportionately hit by climate change [6]. 

B. Paper outline 

Hydrodynamic models are valuable tools in understanding 
how extreme sea levels originate and propagate through deltas but 
especially in tropical areas, data scarcity often hampers the 
development of such models. This paper presents an integrated 
model setup where we combined several state-of-the art 
techniques to overcome the data scarcity challenge and setup a 
tidal model (no wind or short-period waves) model in the Guayas 
delta, Ecuador. The propagation of tides through a tropical delta 
is driven by ebb-and-flow currents in the open ocean but when 
these tidal waves enter the delta, geometric properties of tidal 
channels and vegetated wetlands, mangroves, govern deltaic 
hydrodynamics. In the first part, we describe how we used remote 
sensing and GIS-techniques to build an unstructured mesh in 
order to cover the multi-scale character of deltaic hydrodynamics. 
Secondly, we list two methods which were used to interpolate 
scarce bathymetric observations in order to ensure hydrodynamic 
connectivity over the entire domain. Thirdly, we stress the 
importance of using a vertical reference level which allows the 
model to include all major drivers, including a land-to-sea 
gradient. In the final section, we shed light on the calibration 
process of the channelôs bottom friction and the mangroves forest 
floor elevation. The combination of these methods allowed us to 
build and calibrate a TELEMAC-2D model which in later stages 
will be used to further investigate the propagation of ENSO-
driven extreme sea levels in a tropical delta. 

C. Study area 

The Guayas delta is the largest river delta along the Latin 
Pacific coast and flows into the Gulf of Guayaquil (Fig. 1). The 
gulf and delta are subject to semi-diurnal tides with a mean tidal 
range of Ñ 2 m at the SW seaward boundary of the gulf. When 
propagating landwards, the mean tidal range is amplified up to Ñ 
5 m near the city of Guayaquil. Freshwater river discharge into 
the Guayas delta comes from the Babahoyo and Daule rivers in 
the North. Discharges vary strongly with values between 125 and 
400 mį/s in the dry season (April ï November) and values up to 
1600 mį/s in the wet season (December ï March) [7]. Similar to 
many other tropical deltas, the mangroves are heavily degraded 
after large parts of the delta were converted to aquaculture [8]. 
The tarnished ecosystem and its exposure to El Ni¶o puts the delta 
under risk, a threat highlighted by a global study on risks of flood 
damage (relative to local GDP) in coastal cities, ranking 
Guayaquil on the 3rd highest place [9], highlighting the Guayas 
delta as a global hotspot of coastal hazards. 
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Fig.1: Map of the Gulf of Guayaquil, the western part of the domain 
containing the region of interest: the Guayas Delta. Both mangroves and 

open water are included in the model domain. The city of Guayaquil is not. 

The open ocean boundary is located east of the shown extent. Both 

freshwater boundaries are indicated (Daule and Babahoyo river). 

II. MESH GENERATION 

A.  Model domain 

The domain of the model covers the entire Gulf of 
Guayaquil, stretching from the continental shelf at the open 
ocean (-81.25Á) to 50 km upstream at the Babahoyo and Daule 
river from Guayaquil. The natural wetlands, mangroves, flood 
during high water levels and therefore, are included in the 
domain. After conversion to aquaculture, mangroves can no 
longer flood due to the construction of levees and therefore, 
aquaculture ponds are excluded from the domain. 

B. Delineation of mangroves and channels 

The use of satellite-borne remote sensing allowed us to 
delineate the mangroves and channels from aquaculture 
ponds, urban areas and surrounding agricultural land. ESAôs 
Sentinel 2 is a collection of multi-spectral optical images 
which allows calculating the Normalized Difference 
Vegetation Index (NDVI) at a spatial resolution of 10 m.  
NDVI ranges from -1 to 1 with values above zero, indicating 
the presence of vegetation. In our study, mangroves were 
determined by pixels with a NDVI-value above a threshold 
value. To determine that value, we randomly selected 50 
points in the mangroves and 50 points in other land cover types 
(e.g. aquaculture ponds, built-up areas, etc.). NDVI at all 
points in mangroves exceed the value of 0.6 while 49 of 50 in 
other land cover types did not. Consequently, mangroves were 

determined as all pixels with a NDVI-value > 0.6. To ensure 
channel connectivity, we applied a 1-pixel-wide dilation and 
erosion algorithm (Fig. 2). Afterwards, the entire domain was 
visually checked and compared with aerial pictures collected 
through Google Earth. If needed corrections were applied. 
Finally, manually delineated data of mangroves and channels 
for subareas within our study area were available through 
ESPOL, and after visual comparison, our NDVI-based results 
were considered satisfactory.   
 

 

Fig 2.: (A) close up of original delineated channel (B) dilation process of 
1 pixel wide (blue pixels) (C) erosion process after dilation, light green 

pixels indicate pixels which were removed again after erosion. Note how 

the channel kept its original width but is connected now. 

C. Cell size 

We constructed a mesh where cell sizes inside the delta are 
determined in function of the channel width. We developed a 
Python-based set of functions, ótidealgeoproô [10], to build a 
set of polylines representing the center line of the channel 
polygons (channel skeleton). In addition, as traditional stream 
order systems were insufficient because tidal channels do not 
have a clear flow direction, we developed a stream order 
system to rank all tidal channel segments (portion of channel 
in between the joining of tributaries) as illustrated in Fig. 3. To 
calculate channel width for each location in the channel, we 
first calculated the channel width for each vertex of the 
skeleton. Next, per segment, we applied a nearest neighbour 
interpolation to extrapolate the channel widths at the channel 
vertices to a raster (pixel size of 5m) in order to assign a 
channel width to each location in the channel. At tributary-
joints, the interpolated channel-width rasters overlapped but 
priority was given to higher order streams. This resulted in a 
raster file representing channel width for all channels (Fig. 
4A).  

 

Fig. 3: Example of channel skeleton with colors representing stream orders 

per channel segment (green = 1, red = 2, yellow = 3, blue = 4). 
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Next, we expressed cell size in function of the channel 
width in order to ensure a minimum number (5) of mesh nodes 
broadwise. In addition, a minimum cell size of 5 m was 
enforced to limit the total number of elements. The cell size at 
the mangroves was set at 400 m. The latter might lead to strong 
gradients in cell size where narrow channels border mangrove 
forests, which could cause numerical instabilities. Therefore, 
we implemented stepwise buffers around the channels to 
impose smooth transitions in mesh cell size at the borders 
between channels and mangroves (Figure 4B & C). Cell sizes 
at the open ocean varied from 1000 m at the seaward boundary 
to 400 m at the entrance of the delta. The mesh was created 
using the finite element mesh generator GMSH [11]. 

III.  AVAILABLE DATA 

Water levels were obtained through 3 different sources: 
INOCAR shared water levels (1976 - 2019) from 8 tide gauge 
stations spread over the Gulf of Guayaquil, however many of 
the stations had significant gaps in the time series. Jan De Nul 
shared water levels from 11 tide gauge stations from which 10 
are located along the main channels in the delta. Thirdly, water 
pressure sensors were installed at three different locations in 
the delta appr. 10 - 50 m inside the mangrove forests, 
permanently logging water depth since March 2019.  

Bathymetry data at the open ocean were obtained from the 
General Bathymetric Chart of the Ocean (GEBCO, 2020). 
Limited bathymetric data inside the delta were shared by the 

Oceanographic Institute of the Navy (INOCAR) as well as 
nautical charts in JPG-format. 

IV.  BOUNDARY CONDITIONS  

Boundary conditions at the seaward boundary were 
derived from the global tidal models TPXO9 [12]. Upstream 
river discharge data were obtained through INHAM. The 
available data did not cover the entire watershed of the Guayas 
river, but the available data was extrapolated by means of a 
linear precipitation-weighted interpolation with monthly 
precipitation data collected from OpenLandMap [13]. 

V. BATHYMETRY INTERPOLATION 

At the open ocean and major channels, bathymetry at the 
mesh nodes was derived by a linear TIN-interpolation of the 
available data. No bathymetric data covering intertidal flats 
were available. To interpolate the bathymetric data in the 
channels dissecting the mangrove forests, observations were 
too scarce to apply a simple linear TIN interpolation.  

A. Intertidal flat topographies 

Based on the nautical charts in JPEG-format and Sentinel 
2 images, we delineated 20 zones covering significantly large 
(area > 40 kmĮ) intertidal flats. Per zone, we collected a time 
series of all available cloud-free Sentinel 2 imagery through 
the Google Earth Engine. For each image, the Modified 
Normalized Difference Water Index (MNDWI) was calculated 

Fig. 4: (A) Example of channel width raster. (B) Example of raster file imposing the cell size of the eventual mesh (C) Example of mesh 
where the cell size has been calculated in function of the channel width. 
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(eq. 1), which ranges between -1 & 1 with positive values 
representing open water (Fig. 5A). 

ὓὈὔὡὍ   (eq 1.) 

With Green and SWIR being the measured reflectance in 
the respectively, green part of the visible part of the 
electromagnetic spectrum and short-wave infrared part of the 
spectrum. 

 Submerged lands can be determined as cells with a 
MNDWI-index which exceeds a certain threshold value. Thus, 
the border between submerged and emerged cells is an 
estimation of the waterline at the timing of recording of that 
Sentinel 2 image [14, 15]. To define the value above which 
cells are considered submerged, we made use of an automatic 
thresholding technique called Otsu thresholding. In the latter, 
a threshold value is calculated to minimize intra-class variance 
(in our case of MNDWI) and maximize inter-class variance 
[16]. By obtaining the time of recording of each image, the 
obtained water lines could be linked to water levels of nearly 
located tide gauge stations. For instance, on Fig. 5B all areas 
which emerged when a nearby tide gauge station listed a water 
level of 0.66 m below mean sea level (MSL) are indicated by 
a red shade. The corresponding waterline can then be 
interpreted as contour lines of 0.66 m below MSL. By 
applying this algorithm for multiple Sentinel 2 images, 
acquired at different times and thus, different water levels, it 
is possible to build an estimated topography of an intertidal 
flat, as shown in Fig. 5C.  

B. Channel bathymetry interpolation 

Scarcely distributed point measurements of channel 
bathymetry were available to us, however, the resolution of the 
mesh strongly exceeded the resolution of the available 
observations, compelling an interpolation of the bathymetric 

observations. However, traditional cartesian interpolation 
techniques are insufficient. One could argue that the bed 
elevation within a channel is stronger related to its distance to 
the channel edge and position along the channel axis than its 
cartesian coordinates. Following this reasoning, we applied a 
linear TIN-interpolation after cartesian coordinates were 
projected to a channel fitted coordinate system [17]. Similar to 
section II.C, we first calculated the channel skeleton and 
divided the channel system into its different segments. On its 
turn, all bathymetry observations were assigned to a channel 
segment, which they were most closely located to.  

Per segment and its related bathymetric observations, all 
cartesian coordinates of the bathymetry observations were 
projected to channel-fitted coordinates (see example in Fig. 6): 
(1) along-skeleton coordinate (as) which is the distance along 
the center line from the onset of the segment until the 
observation projected on the center line and (2) perpendicular-
skeleton coordinate (ps) which is the distance from the 
observation to the center line. Such an approach conserves the 
geomorphic shape of a channel, even after interpolation. For 
instance, the interpolated channel bathymetry on the outside 
bends of channels will be more influenced by deep 
observations more down- and upstream than more closely 
located measurements at the inside bend.  

VI.  VERTICAL REFERENCE LEVEL 

All collected data (bathymetry and tide gauge data) were 
referenced to the local mean sea level (MSL). However, when 
tidal waves enter and propagate through the delta, they are 
being pushed upwards, a process called tidal wave run-up. 
Along with significant freshwater river discharge, this creates 
a land-sea water surface slope in the MSL. Therefore, since 
MSL is derived from the hydrodynamics, it cannot act as an 

Fig. 5: (A) Modified Normalized Difference Water Index (MNDWI) of an intertidal mudflat. (B) Areas with MNDWI values lower 

than a given threshold, representing areas which were not submerged when a nearby tide gauge station measured a water height of 

0.66 m below MSL. (C) Estimated topography of mudflat by combining MNDWI values at 4 different water heights. 
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independent reference level as it already includes an 
hydrostatic gradient from the ocean land inwards (Fig. 7). 
Therefore we referenced all data to a so-called geoid (XGM 
2019). A geoid is a model describing an equi-potential 
gravitational field covering the entire globe. In other words, it 
is the shape which the ocean would take if the oceanôs water 
level would only be governed by gravity and the rotation of 
the earth. Hence, if used as a vertical reference for 
hydrodynamic modelling, there would be no hydrostatic 
gradient between two locations with the same water surface 
level in reality as well [18]. 

 

VII.  MODEL CALIBRATION 

A. Mangroves forest floor elevation 

No topographical data were available on the height of the 
mangrove forest floor. However, water depth measurements at 
the forest edge at three different locations, spread over the 
delta, were available. For instance, during the period 29th of 
September 2019 4:00:00 ï 1st of October 2010 16:00:00, 
maximum water depths in the mangrove forest reached 60 cm, 
averaged over all three locations. Implicitly, we can estimate 
the mangrove forest floor elevation to be 60 cm lower than the 
high water mark surface in the mangroves. In other words, the 
mangrove forest floor elevation can be estimated based on the 
high water mark surface, however, the latter is affected by the 
mangrove forest floor elevation. Therefore, we set up an 
iterative process to estimate the mangrove forest floor 
elevation: 

1. The first simulation excluded the mangroves from the 
floodable domain resulting in a high water mark 
surface which only included the channels. The high 
water mark surface was extrapolated to the mangroves 
by means of a 7th order polynomial surface and the 
mangrove forest floor elevation was set at this 
extrapolated high water mark minus 60 cm.  

2. The updated mangrove forest floor was used as the 
input for a second simulation. This simulation resulted 
in a new high water mark, which did include the 
mangroves as the new mangrove topography allowed 
flooding in the mangroves since the forest floor 
elevation was set 60 cm below the high water mark in 
the channels.  

As all three surveyed locations are located near the 
border of the mangrove forest and channels, we can 
only assume that the forest floor is 60 cm below the 
high water mark at the edge of the forest. Hence, the 
newly updated elevation of the mangrove forest floor 
elevation was only set 60 cm lower than the high 
water mark at all nodes located on the border between 
mangroves and channels.  Mangrove forest floor 
elevations inside the mangrove forest were again 
extrapolated by means of a 7th order polynomial 
surface.  

3. On its turn, the resulting mangrove topography of the 
second simulation was used to simulate 
hydrodynamics, again resulting in a high water mark 
surface. The mangrove forest floor topography was 
updated by again, subtracting 60 cm for the last 
obtained high water mark and extrapolating the 
elevations to the inside of the mangrove forest. This 
iterative process was repeated until the RMSE of 
elevations at mangrove nodes between the two last 
iterations did differ less than 5 cm. 

B. Channel bottom friction  

Bottom friction in both the mangroves and open water 
areas is represented by the Manningôs friction law. The dense 
network of aerial roots and branches in a mangrove forest adds 

Fig. 7: Schematic representation of the geoid model (red line), the actual 

equipotential surface (black dashed line) and MSL (blue dashed line). 

Fig. 6: (A) Example of channel segment with limited density of bathymetry observations (yellow markers). Channel coordinates are 
calculated as (as) the distance along the center line/skeleton measured from the start of that channel segment until each bathymetry 

observation projected on the center line and (ps) distance between the observation point and the center line. (B) Bathymetry of the channel 

segment after interpolation. Each marker represents a node on the final mesh. Nodes inside the mangrove forest are not shown. 
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a significant amount of friction to the bottom friction and thus, 
an appropriate value of 0.14 was set as the Manningôs friction 
coefficient n, based on previous studies (Zhang et al., 2012; 
Liu et al., 2014; Rhadarian & Niksokhan, 2017). One single 
value for the Manningôs n was used to cover all open water 
areas, both the channels and the intertidal flats. To define this 
value, we ran model was with 7 different values for the 
Manningôs n: 0.0050, 0.0075, 0.0100, 0.0125, 0.0150, 0.0175, 
0.0200, 0.0225. Each simulation covered 60 hours and 
boundary conditions during a neap tide (the 5th of October 
2019 22:00:00 - the 8th of October 2019 10:00:00, during 
which the mangroves do not flood) and a spring tide (the 29th 
of September 2019 4:00:00  - the 1st of October 2019 
16:00:00). To evaluate each simulation, high and low water 
levels are compared at 11 separate stations spread over the 
delta. For both periods, simulated high and low water levels 
fitted best with observations, using a Manningôs n of 0.0125. 
The time resolution of both the outputted model results and the 
observations were 5 minutes.  

The model succeeded in simulating tidal propagation with 
errors in tidal range ranging from 2 mm to 24 cm (i.e. a relative 
error of 0.2 ï 7.8 % of the observed tidal range). During the 
simulated spring tides, errors ranged from 15 cm to 39 (i. e. 
relative error of 4.4 ï 8.73 % of the observed tidal range).  
Timing of high water levels and velocities did not contribute 
to the evaluation process. 

VIII.  CONCLUSION 

Often, the development of hydrodynamic models is 
hampered by limited coverage of data on land use and 
topography & bathymetry. Here we have proven that the use 
of remote sensing and GIS-techniques such as waterline-
extraction and channel-fitted coordinates could contribute in 
setting up a model, with relatively good agreement with 
observed water levels (errors on tidal range smaller then 9 % 
of the observed tidal range). 
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AbstractðAt its downstream part, the Bandama river flows into 

Tagba lagoon, located 150 km west of Abidjan on the Ivoirian 

coast. The large lagoon system is separated from the Atlantic 

Ocean by a 15 km-long and 200 m-wide ridge of sand 

interrupted by a 300 m wide inlet that allows hydraulic 

exchanges between fresh water and ocean due to tidal 

oscillations of sea level and hydraulic regime of Bandama river 

(flood and low water periods). Settled on this sandy ridge, the 

fishing village of Lahou Kpanda is the remains of the ancient 

wealthy colonial city of Grand-Lahou, and is highly vulnerable 

to coastal erosion, East-West migration of the mouth of the 

Bandama river with a speed of 160 m/year over the past 10 years, 

as well as coastal and river flooding. 

The TELEMAC-MASCARET modelling system, coupling 

TELEMAC-3D (3D hydrodynamic module) ï TOMAWAC 

(wave propagation module) and GAIA (hydro-sedimentary 

module), calculates the 3D hydrodynamics and resulting 

sediment transport. This complex model succeeds in correctly 

simulating longshore coastal transport and seasonal inlet 

morphodynamics. The main significant result is the modelling of 

the mean annual migration rate of the inlet in the opposite 

direction of the littoral drift. This phenomenon is mainly due to 

the secondary currents generated at the extrados of the 

Bandama channel during lagoon drainage (Aubrey and Speer, 

1984). However, the good results obtained for short-term 

morphodynamics get worse for mid and long terms: satisfying 

at the beginning of the simulation, the simulated erosion 

affecting the West side of the inlet and consecutive East-West 

inlet migration is stopped due to the non-inclusion of the cross-

shore processes that are responsible for accretion of the sandy 

eastern ridge (for its emerged part). The correction of the cross-

shore profile requires the development of a unique numerical 

tool able to re-profiling automatically the bathymetry between 

the coastline and the closing depth. 

A preliminary review of the state of the art has shown that one-

line models (based on equilibrium beach profile concept and 

bypassing cross-shore processes resolution) are perfectly suited 

for long-term shoreline evolution modelling. However, their 

validity domain is limited to simple shoreline shapes under quite 

simple hydrodynamic conditions. For complex configurations, 

1D modelling has to be supported by a cross-shore calculation 

module in a so-called ñhybrid modellingò (Kristensen et al, 

2016). The main difficulty of this coupling is how to generate 

automatically a 1D mesh from any 2D mesh considering a time 

varying bathymetry. For that reason, since 2016, ARTELIA has 

been developing a hybrid model based on the unstructured 

triangular mesh used by TELEMAC-MASCARET. Automatic 

re-profiling of the seabeds located between the coastline and the 

closing depth is carried out considering principles of equilibrium 

profile and cross-shore mass transfer by ensuring mass 

conservation. This new hybrid model has been first validated on 

simple theoretical cases such as a growing sand spit and is 

applied for the first time to a complex concrete case: the Grand-

Lahou site. 

I. INTRODUCTION 

The village of Lahou Kpanda (Ivory Coast), located 
immediately to the west of the Bandama river mouth, on the 
barrier island of Tagba lagoon (Fig 1 and 2), is subject to 
intense coastal erosion, threatened by the migration of the tidal 
inlet at an average speed of 160 m/year over the last decade 
with an acceleration of the migration observed during this 
period [1, 2 and 3].,  

Since the 1960s it has migrated about 1.5 km. The entire 
colonial city is already destroyed and the remaining fishing 
village has been subjected to a significant shoreline retreat. As 
the sandy ridge is very low, the village is regularly flooded, as 
a proven consequence of climate change. 

Despite the decision in 1973 to adopt a strategy of 
relocating the stakes to the site of N'Zida, located 18 
kilometres to the north on a high plateau, some inhabitants of 
the fishing village reluctant to leave the lagoon, stayed in 
Lahou Kpanda objected to the risks of migration of the inlet, 
shoreline retreat, and coastal and river flooding. Their assets 
are threatened with programmed disappearance if no human 
intervention is undertaken. The call for help from the local 
population and the opportunity of economical development of 
the lagoon - make however question this passive strategy.  

Thus, the WACA program has funded in 2017 a 
Multisectoral Investment Program (MIP) to study different 
scenarios for sustainable management of the inlet. This plan 
has notably concluded to the need for a more detailed study of 
the hydro-sedimentary dynamics of the system composed of 
Bandama outlet- lagoon - inlet - sandy ridge, a proper 
understanding of the system being an essential prerequisite for 
the choice and sizing of solutions of development and 
maintenance for a sustainable stabilization of the inlet. 

Artelia was therefore commissioned to carry out a 
technical, environmental and social feasibility study for a 
sustainable management of Grand Lahou inlet. This study is 
based on a scientific investigation of the system, relying on a  
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Figure 1. Location of the studied system, Grand Lahou, Ivory Coast  

 

Figure 2. System evolution since 1960  

 

numerical hydro-sedimentary modelling which aims at 
reproducing the observed morphodynamic evolutions of the 
system, in order to deduce future trends, with and without 
development, in order to compare the benefits of the different 
tested solutions for sustainable management of the mouth and 
to identify the better scenario. 

The first goal of this feasibility study is to validate the 
model by reproducing past event, in particular the inlet 
migration opposite to the littoral drift Error! Reference 
source not found.. Adaptive solutions were then proposed and 
tested with the model. 

II. HYDRODYNAMIC MODEL 

All the software used for this regional coastal numerical 
modelling comes from the TELEMAC-MASCARET software 
chain except the re-profiling tool. TELEMAC-3D 
(hydrodynamic), TOMAWAC (wave propagation) and GAIA 
(sediment transport) are all coupled together. 

A. TELEMAC-3D   

Telemac-3D allows simulating the dynamics of three-
dimensional free surface flows. The software calculates, at all 
points of the mesh, the velocity fields in the 3 directions and 
the value of the scalar quantities possibly transported 
(temperature, salinity, suspended sediment...); on the surface 

mesh, we obtain the spatial and temporal evolution of the 
marine water layout. 

The model is forced at its lateral boundaries by the 
astronomical tide (evolution of water levels and currents). 

In addition, the model is forced in its momentum equations 
by the wave driving forces from the wave propagation model 
to reproduce the nearshore currents. 

B. TOMAWAC 

The TOMAWAC software, a 3rd generation/propagation 
model, allows studying the spectral propagation of sea states 
by using the main physical processes affecting the waves 
(refraction, shoaling, friction on the bottom, breaking waves, 
wind contributions, interaction with currents, diffraction ...). It 
calculates the evolution in space and time of the directional 
wave energy spectrum and can handle varied and complex sea 
conditions: ocean swells, splashes, sea states with several 
peaks in direction and/or frequency. From the directional wave 
energy spectrum, the software calculates, at all points of the 
mesh, the characteristics of the sea state: spectral significant 
wave height, mean wave direction, mean and peak 
frequencies, mean directional spread, radiation stresses, etc... 
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The TOMAWAC wave propagation code is coupled with 
the TELEMAC-3D calculation code and the GAIA sediment 
transport code. 

It should be specified that a particular development was 
carried out in Telemac-3D to take into account the radiation 
constraints (2D) in 3D, as well as the energy induced by the 
surge, which makes it possible to better approximate the return 
currents [7]. 

The nesting of these models allows taking into account the 
consideration of wave currents due to surges in 
hydrodynamics as well as for sediment transport.  

C. GAIA 

The GAIA code coupled with TELEMAC-3D and 
TOMAWAC allows studying sediment transport under the 
combined action of currents and swell. The software 
calculates, at all points of the mesh, the evolution of the 
bottom and the solid flow at each time step. The local sediment 
sizes have been taken into account.  

III.  MODEL SETUP 

A. Bathymetry 

Different bathymetric sources (Fig. 3) have been used. 
SRTM data to compute the main slope of the Bandama river, 
PAA map in the lagoon, Shom map offshore, and more recent 
bathymetric survey near the inlet. 

  

Figure 3. bathymetric data  

B. Mesh 

The horizontal mesh consists of triangular elements 
varying in size throughout the model from 1000 m offshore to 
about 30 m in the channel and at the dune cord, for a total of 
48 342 knots and 90 044 elements (Fig. 4). The mesh size in 
the Bandama river is about 150 meters given the limited 
bathymetric data available in this area. For the same reason, 
the mesh size varies from 500 meters at the lagoon center, to 
about ten meters to ensure hydraulic connections in narrow 
areas. For the pass, as well as the dune cord, 30 metres mesh 
size were used in the dynamic zone (Fig. 5). This allows a free 
movement of the pass over a large area and does not constrain 
the morphodynamic calculation. 

  

Figure 4. global mesh 

  

Figure 5. Mesh at the inlet localisation  

IV.  HYDRODYNAMIC VALIDATION 

The hydrodynamic model is forced by taking into account 
the Bandama river flow rate, waves, tide, and general currents 
[6]. The model is then validated in three steps. 

A. Water level 

Water levels and currents are validated with two ADCP 
measurements (Fig. 6). One ADCP is located offshore of the 
inlet, the other one is located ñinsideò in the lagoon. 

  

Figure 6. ADCP location inside and outside  
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The model is able to reproduce the water level at the two 

locations (Fig. 7), in particular the variation of the mean 

water level due to the variation of the Bandama river flow 

rate. 

 

 

Figure 7. Water depth comparison at ADCP location  

B. Current validation 

River flow rate variations induce changes in velocity 
intensity and direction inside the lagoon which is well 
reproduced by the model (Fig. 8).  

 

 

Figure 8. Velocity comparison at ADCP location 

C. Morphodynamic 

The morphodynamics is validated through three criteria: 
first through the global total sediment transport due to the 
littoral drift going east (while the inlet is migration westward, 
meaning updrift) with the CERC formula (Fig 9), secondly by 
mid term bathymetric evolution of the inlet observed between 
December 2019 and March 2020 (Fig 10 and 11); thirdly by 
the reproduction of seasonal inlet variations depending on the 
flowrate of the Bandama river. 

The littoral drift is well reproduce, with 5 to 25% of 
difference with the CERC formula, but the system evolution 
has notable differences. The inlet start to move west, and 
sandy rerash east and west appear at expected localisation. The 
simulation was continued, but the model no longer evolves 
significantly following the expansion of the inlet. 

 

Figure 9. East littoral drift 

 

  

Figure 10. System evolution between December 2019 and March 2020 
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Figure 11. System evolutions modelled  

between December 2019 and March 2020 

V. HYBRID ALGORITHM 

The beach re-profiling tool (Fig 12, 13 and 14) is based on 
the equilibrium beach profile concept with a particular care for 
mass conservation. The tool is used every simulated month 
and any error in mass can lead to an overestimation or 
underestimation of beach nourishment and may lead to 
important errors in the global evolution of the system. To avoid 
mass errors, the tool is used directly on the mesh points, 
without intermediat grids. 

The tools can be decomposed in four main steps: 

¶ Determination of the profile for every point of the 
mesh 

¶ Compute the theoretical profile 

¶ Calculate the mass distribution over all the profile 

¶ Apply the massProfile determination 

In this step, the algorithm tries to define for every mesh 
point the profile from a top of the sand ridge to a bottom 
closure value. The profile path is determined from the slope of 
the bathymetry. For point where no profile can be found, 
especially peaks or troughs, their profiles are found by 
interpolating neighbour profiles. Many data are stored for 
every profile, like the main point associated, every neighbour 
to this profile, and the distance between the profile and the 
neighbours (Fig 12). 

 

  

Figure 12. Profil determination  

A. Calculate the theoretical elevation 

For every mesh point where a profile has been found, the 
elevation from equilibrium profile is then calculated and an 
associated mass (to be added or removed) is computed (Fig 
14, step 1 to 3). This theoretical elevation (1) takes only into 

account the curvilinear distance to the sand ridges, the closure 

altitude Z0 and a coefficient A determined from the initial 
bathymetry slope.  

 Z(s)=Z0-(A.s2/3) (1) 

B. Calculate the mass repartition 

For each profile, the mass added or removed is then 
distributed iteratively over all the points of the profile, 
ensuring mass conservation and weighting due to the distance 
to the profile (Fig 14, step 4). If a point exceeds the closing 
altitude (top and down), only the part of mass to reach the 
closure is applied, and the rest is redistribute iteratively along 
the profile.  

C. Apply the mass distribution 

For every mesh point, the sum of the mass from the 
previous step is calculated coming from all profiles. A 
coefficient common to all points is computed to avoid local 
exceeding of the closing altitude. Finally, it is only the mass 
sum weighting by this coefficient that is really applied to 
modify the bathymetry. Because no real modification is 
applied before this step, this is like applying the coefficient at 
the second step and correcting only partially the profile (Fig 
14, step 5 and 6). 

These last three steps are then repeated to slowly correct 
the bathymetry (Fig 14, step 7). 
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Figure 13. Re-profiling tool diagram  

 

Figure 14. Re-profiling tool on one profile  
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VI.  RESULTS 

First, the hybrid model is tested over two inlet states, one 
representing the 2009 configuration (not presented here) to 
compare the velocity of translation of the inlet, the second 
representing the actual configuration (2020) but with 2009 
Bandama flow rate (no data are available). The following 
figures (Fig 15) shows the improvements provided by the 
hybrid approach. 

Without the tool, the inlet is widening and moving slowly 
westward (fig 11), while with the hybrid tool, the east sand bar 
is reconstructed and progresses westward allowing a faster 
westward migration of the inlet, as observed in nature. With 
the tool, the beach profile is maintained during the entire 
simulation at east and west of the inlet. 

The model correctly reproduces the erosions due to the helical 
currents that allow the movement of the inlet eastward with an 
average rate of migration of 155 m/year. This average rate is 
correctly maintained for 2 consecutive years, what can be seen 
on the following figures: the dashed lines make it possible to 
materialize: the axis of the initial pass and the initial East and 
West dune. In the third year, the migration rate has slowed, due 
in particular to the increase in the width of the Western 
Cordon. 

Other scenarios have been tested, like closing the actual inlet 
and opening the lagoon at different east location or also by 
adding structure to protect the west sand bar (Fig 16). 

 

 

Figure 15. Initial bathymetry (top) and model result after one year and after 

3 year (bottom) with reprofiling tool applied once a month 
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Figure 16. Scenario with one opening as in 1960 with structures to protect 

west sand bar, at initial state (top) and after three years (bottom). 

VII.  CONCLUSION 

The hybrid model have been test and validated on the 
Grand Lahou system. It allows maintaining the beach profile 
and reconstructing sand bar. This tool can be used for long-
term modelling. 
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AbstractðIn this study, the three-dimensional coupled 

(TELEMAC-3D + GAIA) morphodynamic Scheldt model is 

used to investigate the behaviour of sand disposals in the 

Western Scheldt by simulating the experimental disposal 

campaign of 2019 at the Put van Hansweert. A validation of the 

hydrodynamics shows that the Scheldt model is able to 

reproduce accurately water level predictions throughout the 

Scheldt estuary and good two/three-dimensional velocity 

patterns near the Put van Hansweert. By performing a Brier 

Skill Score analysis, it is shown that the simulated morpho-

dynamics at the project site has the performance indication 

óGoodô. This reveals that the Scheldt model is suited for 

scenario analysis.  

By using the end state of a disposed sediment cloud from a 

multi-phase CFD simulation, realistic initial conditions of the 

sediment concentration are implemented by means of a 

horizontal & vertical interpolation on the TELEMAC-3D 

mesh. The results show that in the first five weeks during the 

disposals, 40% of disposed sediment is not encountered at the 

disposal local, which is in agreement with the measured loss 

rates. Most of the 0.9 [M m3] disposed sediment tends to 

migrate in an upstream direction. By performing multiple 

sensitivity analyses, it is found that the stability of the disposed 

sediment is mostly affected by the choice of the equilibrium 

near-bed concentration formula and by the choice of the 

number and distribution of the vertical nodes in TELEMAC-

3D. 

I. INTRODUCTION 

Maintenance of the navigation channel(s) in the Western 
Scheldt and Sea Scheldt is necessary in order to preserve the 
navigability for passing vessels. This maintenance 
encompasses the dredging of sand and other fine materials, 
as well as the disposal of these materials in strategically 
chosen areas in the Western Scheldt. These disposal areas are 
currently situated on shoals or in (side-) channels (Figure 1). 
A proposition to shift the disposal of sediment from these 
areas to deeper parts (pits) of the Western Scheldt exists, 
however the behaviour of the disposed sediment in these 
deeper parts is not fully understood. 

Based on gathered bathymetric data during experimental 
disposal campaigns, volume evolutions have been analysed 
([1]; [2]). Yet, the spreading and erosive behaviour of the 
disposed sediment in the deep pits on timescales of days to 
months remains unclear. 

To answer these questions, several numerical models 
have been implemented [3]. These modelling studies showed 
that two-dimensional models show limitations to predict the 
transport of deposited sediment from the pits and showed the 
need for future studies using three-dimensional sediment 
transport models. The advantage of a three-dimensional 
model is that secondary circulations are resolved and hence, 
they do not need to be parametrized. This is particularly 
important, given the effect of the salinity on the secondary 
circulation in the study area, as these effects are not included 
in typical two-dimensional helicoidal flow parametrizations. 

Therefore, in this study, a three-dimensional 
morphodynamical model is utilized to investigate the 
behaviour of the disposed sand in a hindcast of the 
experimental disposal campaign of 2019 at the Put van 
Hansweert ([2]; [4]).   

The TELEMAC-3D module (version 8.1) is applied for 
the hydrodynamical calculations which solves the three-
dimensional shallow water equations (with or without the 
hydrostatic pressure hypothesis) and the transport equations 
of intrinsic quantities (temperature, salinity, suspended 
sediment concentration). The sediment transport and 
morpho-dynamics are simulated using GAIA (version 8.1), 
which is the latest sediment transport code of the TELEMAC 
modelling suite. 

II. HYDRODYNAMIC MODEL SETUP 

The grid of the Scheldt model consists of unstructured 
triangular elements. Parts of the computational mesh and 
bathymetry of the Scheldt model are based on the SCALDIS 
model, which has been developed at Flanders Hydraulics 
Research [5]. The Scheldt model contains 214,416 
calculation points in the two-dimensional grid and 397,889 
elements. Twelve points are used for the vertical 
discretization. This leads to 2,572,992 calculation points for 
the entire three-dimensional model. These 12 vertical layers 
are located at 0%, 1%, 3%, 5%, 10%, 17%, 21%, 44%, 58%, 
71%, 85% and 100% of the water depth. The high resolution 
near the bottom ensures that the model resolves the large 
sediment concentration gradient in the suspended sediment 
transport. The horizontal resolution (length of the sides of the 
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triangular elements) varies between 3.6 [m] (mainly at Upper 
Sea Scheldt) and 400 m (Figure 2). In the coastal strip the 
resolution varies between 200 [m] and 400 [m] depending on 
the depth. The resolution in the Western Scheldt is 
approximately 120 [m], with refinements near the project 
area at the Put van Hansweert of up to 15 [m].  

 

Figure 2 The computational mesh of the Scheldt model. 

The model contains an open downstream boundary at the 
sea mouth of the Western Scheldt and eight upstream 
boundaries. Time series of water levels, velocities and 
salinity are imposed on the downstream open boundary. The 
time series of water levels and velocities come from the large-
scale in-house developed iCSM model [6]. This model 
simulates tidal and wind-driven currents in the North Sea and 
other parts of the continental shelf. It is forced by 
hydrodynamic data from the OSU/TPXO model [7] for 
astronomical tidal components and by meteorological data 
(wind velocity and air pressure) obtained from the ERA-5 
meteorological model. From the iCSM model, results of 
water levels and depth-average velocities are interpolated on 
the open downstream sea boundary of the Scheldt model via 
an in-house boundary nesting tool. The downstream 
precondition for salinity is based on either average 
representative values or measured values at the Vlakte van de 
Raan. There are eight upstream boundaries where flow rates 
and salinity are imposed.  

Initial conditions of the model consist of spatially varying 
conditions for water levels and three-dimensional fields of 
velocity and salinity. These conditions are determined on the 
basis of a spin-up calculation of one day. An initial field has 

been created for the salinity from measured salinity data 
using horizontal interpolation. 

The model is being used to simulate periods ranging from 
one day to two months. The following model settings have 
been used in the simulations of hydrodynamics and the 
salinity (Table 1).  

TABLE 1 MODEL PARAMETERS SETTINGS OF THE SCHELDT MODEL 

Parameter Value 

Time step  10 [s] 

Initial conditions Spin-up conditions for water 
levels, currents and interpolated 
salinity field 

Number of vertical nodes 12 (three-dimensional model) 

Version TELEMAC TELEMAC-3D (goblinshark 
branch based on version 8.1) 

Salt transport On 

Wind Off 

Roughness formula Nikuradse 

Bed roughness value Spatially varying roughness field  

Vertical turbulence model 6: GOTM (using K-epsilon 
model with second order closure 
for the buoyancy flux) 

Horizontal turbulence model 4: Smagorinski 

Scheme for advection of 
velocities 

1: characteristic method 

Scheme for advection of tracers 13: Leo Postma for tidal flats 

Solver 7: GMRES 

III.  HYDRODYNAMIC VALIDATION 

The RMSE value of water levels for the period of May-
June 2017 is presented in Figure 3. It can be noted that, at the 
downstream part of the model (station Bol van Heist) the 
error is equal to 0.08 [m] and remains below 0.14 [m] along 
the estuary until Antwerp, which is the area of interest of the 
present paper. Near the Put van Hansweert at the 
measurement station of Hansweert, the error is 0.10 [m]. This 
is considered to be a good model performance. 

Figure 1 Left: Dumping strategy for the Western Scheldt (historical strategy for the period 2011-2014; colours indicate the intensity of the 

deposits; green to red = from low to high intensity).Source: [1]. Right: Zoomed-in red box with bathymetry of the Put van Hansweert disposal area. 



2020 TELEMAC User Conference Antwerp, BE, 14-15 October, 2021 

 

 

51 

 

Figure3 RMSE [m] of the water level obtained for the various measuring 

points along the estuary, for the period 15/05/2017 - 02/06/2017 

By using the model qualification based on the RMAE 
(relative mean absolute error) statistical parameter [8], which 
includes the accuracy of both the velocity magnitude and 
direction, comparisons between observed (with ADCP) and 
simulated depth-averaged velocities can be quantified. The 
RMAE statistics between simulated and measured velocities 
were calculated for the thirteen ADCP-campaigns near the 
project site. Values of the model qualification based on 
RMAE are provided in Figure 4. Thirteen available transects 
were used for the comparison and all, except for the 
óOssenisse_Dwarsraai -_20080407_Springô transect, show a 
RMAE with the qualification óGoodô or óExcellentô. Both the 
calculated RMSE and RMAE values of the five ADCP 
transect comparisons at the Diepe put van Hansweert are 
shown in Table 2. 

 

Figure 4 Model qualification based on RMAE [8]. 

TABLE 2 COMPARISON OF RMSE AND RMAE OF VELOCITIES ALONG THE 

SELECTION OF ADCP TRANSECTS AT DIEPE PUT VAN HANSWEERT. 

Campaign  RMSE 

[cm/s]  

RMAE[ -

]  

Diepe_Put_Hansweert_20170720  17.4  0.18  

Diepe_Put_Hansweert_20181214_Dwarsraai  15.0  0.21  

Diepe_Put_Hansweert_20181214_Langsraaien  18.0  0.26  

Diepe_Put_Hansweert_20181220_Dwarsraai  13.0  0.15  

Diepe_Put_Hansweert_20181220_Langsraaien  11.8  0.17  

 

Figure 5 shows the comparison between simulated and 
measured vertical velocity profiles at the middle of the 
ADCP-transect during the rising of the tide. Both the shape 
of the velocity profile and its magnitude are well represented 
in the model.  

 

Figure 5 Top: Comparison of vertical velocity profiles between 

measurement velocities (ADCP campaign 20-Dec-2018 06:54:29, Diepe 

put van Hansweert) and simulated velocities. Bottom: Comparison of 
measured and simulated water level at Hansweert. The black line indicates 

the moment of comparison in the tide. 

The three-dimensional behaviour of the simulated flow is 
further validated by comparing multiple times instances with 
measured ADCP-velocities taken during two ADCP-
campaigns of December 2018 at the Put van Hansweert. An 
example is shown in (Figure 6). It shows that the overall 
patterns of the simulated transversal velocity components are 
in agreement with the measured ADCP transversal velocities. 
During the rise of the tide after slack water, both the 
simulated and measured transversal flows are at the bottom 
directed towards the outer bend and at the surface towards the 
inner bend. 

A comparison of timeseries of the measured and modelled 
salinity near the water surface, just downstream and upstream 
of the Put van Hansweert, shows that the simulated salinity 
amplitude at the Overloop van Hansweert is underestimated 
by approximately 1 [psu]. Upstream of the Put van Hansweert 
at Baalhoek, both the amplitude and temporal variation of the 
salinity are well represented. A more quantitative analysis 
using statistical parameters (Table 3) shows that along a 
significant part of the Scheldt estuary, the salinity patterns are 
simulated well and that maximum RMSE reaches merely 
0.93 [psu]. 

TABLE 3 STATISTICAL ANALYSIS BETWEEN SIMULATED AND MEASURED 

SALINITY VALUES (PERIOD 15/05/2017 - 02/06/2017) ALONG STATIONS IN 

THE SCHELDT ESTUARY. 

Nr Station Correlation 

coefficient 

R [-] 

RMSE 

[psu] 

Bias 

[psu] 

1 Overloop 
Hansweert 

0.91 0.51 -0.11 

2 Baalhoek 0.96 0.93 0.82 

3 Prosperpolder 0.93 0.46 0.01 

4 Liefkenshoek 0.93 0.67 0.50 

5 Oosterweel 0.97 0.91 0.65 

6 Hemiksem 0.98 0.54 0.44 
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IV.  HYDRODYNAMIC RESULTS 

For the investigation of the spatial distribution of the 
secondary circulation patterns near the Put van Hansweert, 
multiple transects along the thalweg with mean transversal 
velocities for spring tidal conditions are displayed in Figure 
7. It shows that the upslope bottom velocities are present 
along a large part of the inner bend of the channel of 
Hansweert. The most pronounced circulation patterns are 
observed at the sharp bend of the Put van Hansweert transect 
9. Furthermore, it is observed that transects 11 till 13 do not 
show similar tide averaged flow patterns as the upstream 
transects. This is likely due to the influence of the tidal flow 
coming from and going towards the side-branch of the 

Middelgat (location indicated in Figure 7 and right subfigure 
of Figure 1).  

The effect of lateral flow is substantially influenced by 
the density gradient due to the presence of salinity. This can 
be demonstrated by performing a run without salinity. When 
the effect of salinity is not included in the simulation, the 
simulated transversal velocity pattern changes significantly, 
and shows at patter that does not correspond to the ADCP 
transversal velocity (not shown). The tidally averaged 
transversal velocities along cross-sections in the channel near 
Hansweert show that multiple circulation cells are no longer 
present. Especially near the Put van Hansweert, the flow 
behaves as a typical helicoidal flow with a transversal surface 

Figure 7 Simulated mean transverse flow velocities (for spring tidal conditions) at multiple transect perpendicular to the thalweg near the óPut van Hansweertô. 

Red colour (positive velocity to the outer bend), blue colour (negative velocity to the inner bend). 

 

Figure 6 Comparison between simulated transverse flow velocity along transect in the óPut van Hansweertô (top left) and measured transverse flow 

velocity (ADCP) along transect (top right). Red colour (positive velocity to the right (outer bend)), blue colour (negative velocity to the left (inner bend)). 

The bottom figure shows the measured (blue) and simulated (red) water level, the black vertical line indicates the moment of the ADCP-measurement 


