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Abstract

Nokoué Lake is located in the south of Benin and is fed by the Ouémé and S6 Rivers. Its
hydrosedimentary dynamics were modelled using Telemac2D, incorporating the main
environmental factors of this complex ecosystem. The simulations accounted for flow rates
and suspended solids concentrations during periods of high and low water. The main
factors controlling sediment transport were identified. The model was validated using field
measurements of water levels and suspended solids. The results show that the north-south
current velocity ranges from 0.5 to 1 m/s during periods of high water and 0.1 to 0.5 m/s
during low-water periods. Residual currents are influenced by rainfall, river discharge,
and tides. Complex circulation patterns are caused by increased river flow during high
water, while tides dominate during low water and transitional periods. The northern,
western, and south-eastern parts of the lake have weak residual currents and are, therefore,
deposition zones for fine sediments. The estimated average annual suspended solids load
for 2022-2023 is 17 Mt. The model performance shows a strong agreement between the
observed and simulated values: R? = 0.91 and NSE = 0.93 for water levels and R? = 0.86
and NSE = 0.78 for sediment transport.

Keywords: numerical modelling; Telemac2D; GAIA; hydrodynamics; sediment transport

1. Introduction

The ecosystems of lakes, particularly those in tropical zones, are strongly influenced
by seasonal climate variations. Nokoué Lake in Benin is an example of a lake where these
variations cause significant hydrological changes and alter sediment flows [1]. Intensive
use of the land around these bodies of water affects the surface water quality, which has
become a receptacle for various anthropogenic effluents [2-5]. These ecosystems are among
the world’s most productive and provide vital services that support various activities such
as aquaculture, fishing, recreation, tourism, sand extraction and transportation [6,7].
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Fluctuations in water levels and sediment fluxes are complex, dynamic processes
that play a crucial role in the evolution of lake environments. Previous studies [8] have
shown that seasonal variations in water levels influence sediment transport processes and
spatial distribution. The transport and deposition of suspended solids (SS) play a crucial
role in the redistribution of sediments between watersheds, lake environments, and marine
ecosystems [9,10]. It is important to understand and predict sediment dynamics in order to
assess changes in sediment characteristics or evaluate anthropogenic impacts [11,12]. In the
case of Nokoué Lake, the erosion of the tributary banks and wind-induced resuspension
of sediments are major processes during the flood season. However, these investigations
are currently based on sporadic observations. Nevertheless, our overall understanding
of sediment dynamics and SS in the lake remains limited. Due to rainwater runoff, sedi-
ments from rivers and watersheds are often transported to the lake. The remobilization
of sediments from the lake bed during continental inflows can affect water quality and
contribute to the lake filling up. One of the key mechanisms identified is the fluctuation of
water levels and sediment fluxes in Nokoué Lake and its channels [13].

Numerous studies have been carried out over the past few decades to elucidate the
general hydro-ecological functioning of Nokoué Lake (see [14], for a review). Field cam-
paigns conducted by [15] in 2015 demonstrated that water turbidity and suspended solids
(SS) concentrations were high in the eastern part of the lake, peaking in September during
the flood season. Since late 2017, a multidisciplinary observation program has been in
place at Nokoué Lake, enabling systematic and continuous data collection and improving
our understanding of this ecosystem [13,16-18]. Previous studies have used numerical
models to simulate sediment transport processes, often incorporating in situ and satellite
data to calibrate and validate these models [19]. Commonly employed analytical methods
include hydrodynamic and sediment modelling and remote sensing [20]. For instance, 2D
and 3D hydrodynamic models such as HEC-RAS and Telemac have been used to simulate
water flows and sediment transport in various lake and river environments [21]. These
models enable the representation of complex interactions between currents, water levels,
and sediment deposition. Recent studies on hydrosedimentary processes have elucidated
various factors influencing sediment dynamics in lake and estuarine systems. Hydrody-
namic models have been used to demonstrate the central role of precipitation and fluvial
inputs in sediment transport [22]. Isotopic tracers have been used to discern seasonal varia-
tions in sediment sources [23]. Remote sensing techniques were combined with modelling
to analyze the effect of seasonal water level variations on sediment distribution [24]. In
situ and satellite-derived data have been integrated into numerical models to study the
interactions between river inputs, tides, and winds [25].

This study aims to understand and quantify the complex dynamics of water and
suspended solids fluxes in Nokoué Lake, a vital ecosystem in southern Benin, under the
combined influence of river inflows, precipitation, and tides, in the context of strong
seasonal variability and increasing the anthropogenic impact. More specifically, the study
aims to decipher the hydrological and sedimentary mechanisms governing Nokoué Lake;
develop robust and reliable modelling tools to simulate these dynamics; and address the
existing data and modelling gaps regarding suspended solids (SS) in this type of West
African lagoonal system.

2. Materials and Methods
2.1. Study Area

Nokoué Lake, the largest in Benin, stretches 20 km from west to east and 11 km from
south to north [26,27]. It has an average depth of 1.3 m and 2.2 m during the low- and
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high-water seasons, respectively [16]. The maximum depths are found in the Cotonou
channel, where they exceed 5 m.

It is the largest brackish water body in Benin, covering an area of 150-170 km? during
the dry and the rainy seasons, with a volume of 1.5 x 10® m® during low-water periods [27].
The lake is connected to the Atlantic Ocean via the Cotonou Channel, which is approxi-
mately 4.5 km long and 400 m wide (see Figure 1). The semi-diurnal tidal amplitude is
strongly attenuated within the lake. It ranges from 0.55 to 0.90 m in the ocean to 0.03 to
0.05 m inside the lake [16]. The lake receives freshwater from multiple sources; the main
ones are the 56 and Ouémé rivers in the north of the lake (Figure 1). These rivers have
watersheds of 1000 km? and 50,000 km?, respectively [14,27]. Additionally, small amounts
of fresh water enter the lake from the Djonou River, which is located southwest of the area,
and the Totche Canal [14,26,27]. The lake also receives large quantities of domestic effluents
linked to the activities of nearby populations. The seasonal cycle of the regional climate is
dominated by the West African monsoon [28], which is characterized by two dry seasons
and two rainy seasons [29-31].
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Figure 1. Study area presentation.

The short dry season runs from August to September, while the long dry season
runs from December to February [31]. The main rainy season runs from March to July,
peaking in June, while the short rainy season runs from September to November [29,30].
The average annual rainfall is around 1300 mm [32-34]. However, it is important to note
that these two rainy seasons do not significantly affect the water level of Nokoué Lake [16].
Conversely, the water level is strongly influenced by the discharge of water from the Ouémé
and S6 watersheds in the north of Benin. In the area north of the lake, a single rainy season
runs from April to October, with the heaviest rainfall occurring in August [29,30,32,33].
During this period, the lake’s water level rises by around 1 m [16], and a peak in suspended
solids entering the lake is observed in July. Thus, the lagoon’s hydrological regime is
mainly influenced by seasonal variations in river flows. Unfortunately, there are no direct
measurements of river flows into lake Nokoué, and estimates of maximum flows during the
rainy season vary considerably, ranging from approximately 400 to 1000 m3/s [27,33,35].
Ref. [13] recently studied the evolution of water levels in tidal lakes and found a maximum
net flux of approximately 1100 m>/s.
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The prevailing winds in the study area are characterized by southwesterly winds blow-
ing in from the ocean throughout the year. However, during the long dry season, northeast-
erly winds called Harmattan can blow episodically from December to March [31,36]. The
average monthly wind speed ranges from 2 to 5 m/s, with a peak primarily in August and
secondarily in March [31]. Eighty per cent of suspended solids are transported during the
first rainy season (July 2022), from the south of the country and at the start of the rainy sea-
son in the north. Indeed, flows are relatively low in November and March, corresponding
to low concentrations of suspended solids. This indicates that sediment transport in the
dry season is influenced by the tide and wind, as river flows are zero.

2.2. Field Measurements

Field measurements were carried out in July and September 2022, as well as in Novem-
ber 2022, March 2023, and June 2023. The objective during these campaigns was to collect
bathymetric data, water levels, flow rates, current velocities, and SS concentrations. The
bathymetric data was measured using a Garmin 521s dual-frequency echo sounder op-
erating at approximately 200 kHz. The water levels, flow rates, current velocities were
measured with a Rio Grande Acoustic Doppler Current Profiler (ADCP) current meter is
equipped with four acoustic transducers that emit at a frequency of 1200 kHz. The Win
River 2 software automatically calculates the results in real time. The suspended solids
measurement protocol, which is in accordance with the European standard NF EN 872,
was used to measure SS concentrations. These measurements were taken on the lake and
its main tributaries. Data from the tide gauge at the Autonomous Port of Cotonou for
2022 were also used for tidal forecasts. Figure 2 shows the various measurement points on
the lake.
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Figure 2. Map showing the locations of the measurement points on the lake.
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2.3. Model Description

The lake hydrodynamic was simulated using Telemac2D (v8p3rl), which solves the
shallow water equations. Water Equation (1) uses a finite element approach [37,38].

I w-Vh+ hdio(u) = s,
W4y Vu = —gZ + Liio(hoyVu) + s, @
% 4y Vo= 7gg—; + Hdiv(hvs Vo) + sy

where h (m) is the water depth; 1, v (m/s) are the depth-averaged velocity components;
¢ (m/s?) is the gravity acceleration; v; (m?/s) is the momentum diffusion coefficient; Z (m)
is the free surface elevation; ¢ (s) is the time; x, v (m) are the horizontal space components;
sy, (m/s) is the fluid source or sink (a source term, which represents mass inputs or losses
independent of the flow dynamics); sy, s, (m/ s?) are source or sink terms for the momentum
equations (wind, Coriolis force, and bottom friction).

Figure 3a shows the mesh, which is made up of 52,079 nodes and 102,150 elements.
The mesh size varies between 10 and 100 m, and the bathymetry data was acquired from
50,477 boreholes in March 2023 (see Figure 3a). Turbulence is accounted for using the k-¢
model. Strickler’s law is used to model friction on the bottom, with a coefficient of friction
of 50 m'/3/s. The time step is 1 s, corresponding to a CFL number of less than 0.3.
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Figure 3. (a) Bathymetry of Nokoué Lake (bottom level with respect to the mean level); and
(b) boundary conditions: Q means that a flow rate is imposed; and H means that a water level
is imposed.

The transport of suspended cohesive solids is modelled using the GAIA code, which
is coupled to Telemac2D. This code solves the advection—diffusion Equation (2).

ohC = ohuC ohvC 0 aoC 0 oC
+ = 3y heg

ot Tax Ty T\ M ay)+E_D @

where C = C(x,y,t) is the SS concentration (g/L), € is a diffusion coefficient, E is erosion
(m), and D is deposition (m).
Erosion and deposition fluxes [39,40] are calculated using the formulations of [41]
and [42].
i _ .
E= (&) -1]if 5>

0 otherwise

®)
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where M is the constant of the Krone-Partheniades erosion law (kg/ m2/ s) and T, is the
critical erosion stress (N/m?), and T, is the bottom shear stress (N/m?).

2
D= W.C 1_<\/Tb/P> , 4)

uCT’
*

where W; is the settling velocity (m/s); C is the concentration of SS in the water column
(g/L); U is the critical shear velocity for mud deposition, expressed in (m/s) and calculated
as follows /7,/p; and p is the density of water (kg/m?).

It is calculated using [43] formula, as described by [40].

(—T)ad” ifd <107
Ws = 10v/d<\/1 +0.01“*§%"’3 - 1) if1074 <d < 1073|. (5)
1.1\/(s—1)gd otherwise

where s is the relative density of the sediment (kg/m?); v is the kinematic viscosity of the
fluid (m?/s); and d is the diameter of the sediment particles (m).

2.4. Setting Up the Model

The boundary conditions for the hydrodynamic model are the flow rates and water
levels. For the sediment model, the boundary conditions are the suspended solids (SS)
concentrations for the 2022 and 2023 seasons. These SS values are based on specific data
collected during each season. Water flows and heights are imposed at different inlets, as
shown in Figure 3a,b.

At the southern boundary (Cotonou Channel), water levels are controlled by the tide.
Level predictions are obtained using Matlab R2017b software under UTIDE command
“Unequally spaced Time series Inference and Decomposition” (ut_solv and ut_reconstr).
Fifteen tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1, MM, MF, M4, MN4, MS4, 2N2,
and S1) were identified using data from the Cotonou tide gauge. Water levels have also
been imposed at Totché, to the east of the lake. Flow rates have been imposed at the S6
and Ouémé rivers, which are located to the north of the lake. These values are based on
measurements taken at various times throughout the year.

In the absence of permanent upstream gauging stations, the model boundary inflows
were based on spot flow rate measurements collected during five field campaigns between
July 2022 and June 2023, which covered both the dry and wet seasons. These flow rates were
considered to be representative of suspended solids contribution. Monthly hydrographs
were reconstructed using linear interpolation between measurement dates. Seasonal rainfall
trends and regional hydrological knowledge were employed to ensure temporal consistency
and plausible flow dynamics. Table 1 summarizes the discharge values imposed at each
boundary section.

Table 1. Monthly flow rates used as boundary conditions in the hydrodynamic model.

Month Q1 Q2 Q3 Q4 Q5 Q6 Q7
Jul-22 40.1 0.0 9.7 4.0 6.7 46 3.7
Sep-22 112.1 37.6 46.9 93.4 77.7 137.0 60.8
Nov-22 833 9.8 5.0 7.7 8.5 38 1.8
Mar-23 ~31.3 38 3.2 6.1 —42 3.7 23
Jun-23 14.7 0.2 —47 -32 —6.7 6.5 6.8
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Calibrating and validating the model consisted of comparing the simulated water
levels with measurements. Water level predictions were averaged over 50 points distributed
across the lake. Then, they were compared to the measurements over a six-day period
during a period of low water. The hydrodynamic and sedimentary models were calibrated
and validated using data acquired between July 2022 and June 2023. For each year, the
models simulated the different periods corresponding to our field campaigns. We calibrated
Telemac2D (v8p3rl) by adjusting the Strickler (bottom friction) coefficients. This was carried
out in order to minimize the error between the model predictions and the measurements of
the water level and flow. We then calibrated the GAIA model by testing different values
of critical erosion stress (1), critical shear rate for deposition (Us"), sediment particle
settling velocity (W;), and the Krone-Partheniades erosion constant (M). This was done
to minimize the error between model predictions and measurements of SS concentration.
The initial selections for these parameters were based on earlier work, as shown in Table 2.
After several tests, we opted for the following values: 7, = 0.2 N/ m?2, U =1.0m/s, and
M =2.0107° kg/(s.m?) [44].

Table 2. GAIA model parameters.

Parameters
References
W (m/s) U< (m/s) M kg/(s.m?) Tee (N/m?)
10~4-3.10* 8.9-1073-1.1-102 5.1076-1-10~% 0.15-1.5 [45]
2.16:1074-1.85-10%  4.5.1073-5.3.1073 5.13-1076-8.107° 0.028-0.044 [46]
104-1.3-1073 4.41073-5-1073 [47]
5.1075-3.3-10* 1.0 21075 0.2 [44]

2.5. Model Performance Indicators

Several criteria were used to assess the model performance. These are the coefficient
of determination (Rz), the Nash coefficient, and the root mean square error (RMSE). The
closer the R? is to 1 and the RMSE is to 0, the better the model. Similarly, the closer the
RMSE is to 0, the closer the simulations are to the observations.

(Z?:1 (Xobs,i - Yobs) . (Xmodel,l- - Xmodel) )2

R? = 2 2
Z?:l (Xobs,i - Xobs) ~er‘1=1 (Xmodel,,- - Xmodel)

(6)

E?:1(Xobs,i - Xmodel)z
2
217‘1:1 (Xobs,i - Xobs)

Xops 1s the observed data, X;;,04.; is the simulated data, and X, is the mean of the observa-

NSE=1-

)

tions. n is the total number of observations.

n L 2
RMSE = \J (Zi—l(xobs,t Xinodel) ) ®)

n

3. Results
3.1. Calibration and Validation of the Hydrodynamic Model

Figure 4 shows the comparison between the measured and modelled averaged water
elevations, over 50 locations in the lake (see Figure 2) 4.
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Figure 4. Comparison between measured and modelled averaged water elevations, averaged over
50 locations in the lake (March 2023).

This figure shows that the model can reproduce the lake water level fluctuations
during high and low tides (the low season). This is corroborated by the high coefficients of
determination (0.86 and 0.78 for the Nash coefficient, see Table 3) for calibration.

Table 3. Model performance assessment.

Water Level Velocity Css
R? NSE R?is)‘E R? NSE ltnl\:lli)E R? NSE R(gllf)E
Model calibration
0.86 0.78 0.26 0.82 0.77 0.07 0.97 0.96 0.03
Model validation
091 0.93 0.08 0.94 0.95 0.06 0.88 0.87 0.03

For validation purposes, Figure 5 illustrates the correlation between the measured
and simulated water levels in Lake Nokoué over several months of the year. The data
show a strong correlation, confirmed by the high correlation and determination coefficients
of 0.91. The figure shows that the highest water levels are observed in November and
June. This corresponds to the seasonal variations in water levels measured. The correlation
coefficients are 0.86 and 0.88 for the high- and low-water periods, respectively.

The coefficients of determination are 0.87 and 0.95 for the high- and low-water periods,
respectively. The Nash criterion values are 0.77 and 0.96 for the flood and low-water
periods, respectively. The RMSE of between 0.06 and 0.08 also indicates that, while the
model correctly simulates the lake’s high- and low-water periods (see Table 3), it slightly
overestimates the water levels during floods. Although the model faithfully reproduces
the temporal variations in water levels, it does not accurately account for their amplitude.
The vertical offset can probably be explained by either the time difference between the
bathymetric survey period and the validation period, or the error in the mean sea level
compared to a fixed map datum.
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Figure 5. Comparison between measured and modelled averaged water elevations, over 50 locations
in the lake for two periods of the year.

The calibration and validation represent a significant advancement in modelling Nok-
oué Lake. The enhanced robustness and reliability of the TELEMAC 2D (hydrodynamics)
and GAIA (sediments) models is evident from the high R? and NSE values achieved. This
implies that the models can reproduce the observed variations in water levels with a high
accuracy. This is crucial for a complex and dynamic system such as Nokoué Lake. Pre-
viously, it was challenging to achieve such well-calibrated and validated models for this
region, which limited the predictive and management capabilities. These models provide a
strong foundation for future studies and management scenarios. It directly addresses the
need to develop reliable modelling tools to simulate the lake’s dynamics.

3.2. Dynamics of Observed and Simulated Streamflow

Figure 6 shows that current velocities are high between September and October, and
low between March and June, reflecting the lake’s seasonal flow regime. During periods
of high water, the maximum current velocities range from 0.5 m/s to 1 m/s in September,
whereas, during periods of low water in March, they range from 0.1 m/s to 0.5 m/s. The
highest water velocities, reaching 1 m/s, are observed in the Cotonou Canal. During these
periods, the mean current velocities measured at the various lake inlets are identical to
those simulated. Figure 6 shows a good correlation between the measured and simulated
current velocities.

1.2
September Measurement
imulation
1.0 S o
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Q
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B
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[0} .4
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0.2 1
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5 10 15 20 25 30 35 40 45 50 55 60 65
Sampling points

Figure 6. Comparison between measured and modelled averaged velocity at the boundaries for
five periods of the year.
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The periodic and seasonal variations of currents on Nokoué Lake are influenced
by fluvial inflows from tributaries and precipitation, as well as the tide. Studying these
variations helps us to understand their impact on the lake’s flow dynamics. Figures 7-9
illustrate the circulation of the current velocities in different seasons (intermediate, low-
water, and high-water). Each figure shows the variation in velocities at low (a) and high
(b) tide.
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Figure 7. Current speed (in m/s) in Nokoué Lake at different time of the tide in July 2022: (a) low-tide;
and (b) high-tide period.
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In July, during the first rainy season in the south and the onset of rains in the north (the
intermediate season), the figures show low current velocities and small tidal coefficients.
In September, during the flood season, the figures show high current speeds at high tide.
In March, during the low-water season, the figures show very low current velocities,
influenced by the tide. In July, inflows from northern rivers influence the current, although
velocities are relatively low. In September, velocities on the lake increase due to very high
inflows from tributaries. In March, however, the currents are weak and more influenced by
the regional tide, driving velocities in the opposite direction (south to north).

During the low-water period, the speed of the current at low tide affects only part
of the lake. At high tide, however, the current extends over a larger area and reaches the
northern tributaries. During the flood season, continental freshwater dominates regardless
of the tide, and no tidal influence is observed across the lake. Seasonal variations in
current velocities on Lake Nokoué reflect the complex interactions between river inputs
and tides. Precipitation from the north has a significant impact on lake dynamics, resulting
in higher velocities during the September flood period, tidal dominance in March, and the
modulation of fluvial inflow in July.

The current velocities in Lake Nokoué in July, September, and March are influenced by
various environmental factors, such as river discharges and tides. These factors contribute
to the lake’s hydrodynamics throughout the year. Despite the influence of the northern
rivers, the current velocities on Nokoué Lake are relatively low in July. In September,
however, the current speeds on the lake increase significantly. This is due to higher river
flows in the north of the country during this period, which intensifies the hydrodynamic
circulation. The peak of the rainy season brings a significant influx of water from the
rivers, strengthening the currents and boosting water movement in the lake. In March, the
currents are relatively weak again, mainly due to the effect of the tides. This demonstrates
the significant impact of tidal forces on modulating the lake’s hydrodynamic regime. The
effect of the tide on the flow of the current is greater in the channel than in the rivers. Both
observed and simulated data show that the tidal regime clearly affects the water level in
the lake. This is illustrated by the sinusoidal oscillation of the lake’s water level (Figure 9).
In the narrow channel, velocities are significantly higher than in the wider but shallower
lake. Current velocities are generally higher in deeper areas than in shallower ones. These
results suggest that the effect of the tide on the flow of the current is greater in the channel
than in the rivers. Current velocity variations are due to a combination of river inflow,
precipitation, and tidal forces, with each factor playing a dominant role at different times
of the year.

3.3. Velocity Dynamics and Suspended Solids

Residual currents are persistent water movements representing the average flow
component, calculated over a period long enough to filter out transient effects such as
tides. They result from a balance of forces including pressure gradients, the Coriolis effect
due to the Earth’s rotation, density stratification, riverine inputs, and interactions with
the lake bottom or riverbed. They play a crucial role in the redistribution of water masses
and sediments within estuarine systems. They provide insight into long-term water mass
movements driven by forces such as density gradients and tidal asymmetry, which are
important for understanding the overall hydrodynamic regime. Residual currents are
fundamental for understanding sediment transport and deposition in estuarine and coastal
systems. In July, residual velocities are directed southwards (Figure 10a). This southward
movement is probably due to the onset of the rainy season, resulting in minimal river input
and weak, southward-directed currents due to the prevailing hydrodynamic conditions. In
September and November, only particles from the north-east follow the residual current
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directly into the channel, while particles from the north or north-west circulate around the
lake several times before reaching the channel. This behavior indicates that the higher river
discharges and intense precipitation that occur during these months result in a complex
flow pattern. Water particles from different regions of the lake follow distinct paths before
converging on the channel. This complexity signifies stronger hydrodynamic interactions
and mixing, influenced by fluvial inputs and precipitation. In March and June, weak
currents and tidal influence slow the movement of particles within the lake before they
move south.
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Figure 10. Maps of residual currents (in m/s) on the lake at different seasonal periods: (a) July 2022;
(b) September 2022; (c) November 2022; (d) March 2023; (e) June 2023.

The tidal influence is more pronounced during these months, resulting in weaker
global currents and the significant modulation of particle trajectories due to tidal forces.
This suggests that, during the dry season and transition periods, the effects of tides domi-
nate those of fluvial inputs, leading to a distinct pattern of particle movement.

An analysis of the residual current maps shows that there is no significant displacement
towards the north, west, or southeast. These areas correspond to zones where fine sediments
are present. The lack of movement in these regions indicates that fine sediments are being
deposited there due to minimal hydrodynamic disturbance, suggesting that these areas
act as sediment deposition zones. This detailed analysis of residual currents and particle
movement provides answers to key questions regarding the respective effects of rainfall,
tides, and other hydrological factors on sediment transport and hydrodynamics in Nokoué
Lake. The analysis shows that, during the rainy season (September to November), high river
flows and precipitation significantly influence particle trajectories, resulting in complex
flow patterns and increased hydrodynamic mixing. During dry and transitional periods
(March and June), however, tidal forces play a dominant role in modulating particle
movement, resulting in weaker currents and distinct tidally influenced trajectories. The
identifying zones of minimal movement and the presence of fine sediments indicates that
certain areas of the lake serve as sediment deposition zones, influenced by prevailing
hydrodynamic conditions.

Integrating this information provides an understanding of how various environmen-
tal factors, such as precipitation and tides, influence the hydrodynamics and sediment
dynamics of Nokoué Lake.



Water 2025, 17, 2209

13 of 20

This detailed analysis has enabled us to better understand the specific mechanisms
that dominate during each period of the year for Nokoué Lake, whose regime is strongly
influenced by the rainy and dry seasons, as well as by the flooding of the Ouémé River.
The relative importance of tides compared to river inputs changes radically with the
seasons. This detailed understanding is essential for developing management strategies
adapted to the lake’s annual variability. It enables us to identify critical periods in terms of
sediment transport. This improves our understanding of the lake’s complex hydrological
and sedimentary processes and the impact of different drivers.

3.4. Validation of the Hydrosedimentary Model

Figure 11 shows how the sediment model was validated using SS concentration data
from Nokoué Lake and its boundary conditions. The graphs show a correlation between
the measured data and the model predictions.
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The calibration results using the R?, NSE, and RMSE efficiency criteria are presented in
Table 3. The simulation results for SS concentrations demonstrate a high level of agreement
between the observed measurements and the model predictions, particularly in the north-
east, south, and south-east regions, as well as in the north-west near the inlets to the S6
River. However, some overestimation was observed, primarily to the south and west of
the lake.

The combined approach of field data (in situ measurements) and numerical modelling
is a robust and innovative methodology for studying Nokoué Lake. Studies often rely on
limited observations or models not validated by substantial datasets. Here, the synergy
between the two compensates for a lack of data through modelling and validates the
models’ relevance through observations. The result is a more comprehensive and reliable
synthesis of the data on the processes occurring in the lake, particularly with regard to SS,
which is difficult to sample exhaustively, both space and time. This integration helps to ‘fill
the gaps’ in temporal and spatial data series. It also bridges the gap between detailed data
and modelling, ensuring reliable predictions.

3.5. Distribution of Suspended Solids in the Study Area

An analysis of the spatial and temporal distribution of suspended solids (SS) concentra-
tions obtained through hydrosedimentary modelling using TELEMAC-2D/GAIA reveals
significant seasonal variation within Nokoué Lake (see Figure 12). Five maps representing
the months of July, September, November, March, and June were examined in order to
characterize the sediment fluxes associated with fluvial and anthropogenic inputs.
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Figure 12. Dynamics and distribution of suspended solids concentrations (g/L) on Nokoué Lake.

In July, the center of gravity of the concentrations shifted markedly towards the north-
east of the lake, near the confluence with the Ouémé River. SS concentrations also reached
high levels of around 0.09 to 0.1 g/L. This pattern reflects the flooding of the Ouémé River
during the rainy season and the significant sediment load resulting from the watershed.
Moderate concentrations (around 0.05 g/L) were also recorded in the south, reflecting the
persistence of dual inputs, both fluvial and anthropogenic.

Despite the continuation of the rainy season in September, TSS concentrations fell
sharply across the entire lake. Values did not exceed 0.03 g/L and the lake became notice-
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ably homogeneous. This trend could be due to a generalized dilution phenomenon caused
by larger water volumes, the gradual sedimentation of suspended solids or the reduction
in external inputs.

At the start of the dry season in November, a slight increase in concentrations is
observed in the north-east of the lake, where values reach approximately 0.04 to 0.05 g /L.
This localized increase may be due to the residual sediment remobilization in the area
affected by the Ouémé River, or to the post-flood accumulation.

In March, at the height of the dry season, the highest concentration of TSS is found in
the south of the lake, at the outlet of the Cotonou canal. This area has a core concentration
of around 0.1 g/L, which indicates a significant input of suspended solids, most likely
from urban, port, and domestic discharges. The southern zone then appears as a major
concentration point during periods of low rainfall, probably due to stagnant water and the
possible remobilization of sediment deposits.

Finally, in June, which marks the start of the rainy season, a further significant concen-
tration of TSS appears in the same southern area, with maximum values close to 0.1 g/L.
The red line along the Cotonou canal indicates intense material flow from urban areas,
supported by the first seasonal runoff. The average annual suspended solids flow into the
lake from July 2022 to June 2023 is estimated at 17.02 Mt/year.

The study provides dynamic mapping and in-depth spatial and temporal analysis of
the distribution of suspended solids (SS) in the lake. This is a significant achievement for
Nokoué Lake. Previously, our understanding of SPM distribution was probably limited to
isolated measurement points or sporadic observations. Using TELEMAC 2D and GAIA
modelling, we can now visualize and quantify how SPMs move, settle, and resuspend
depending on hydrological and meteorological conditions such as wind. This has enabled
us to identify critical areas of sediment accumulation or erosion, which is fundamental for
managing the water quality, navigation, and biodiversity in the lake. Identifying areas of
siltation or high turbidity is beneficial for the region. This project directly addresses the
objective of understanding and quantifying sediment flux dynamics and improving our
understanding of sedimentary mechanisms.

3.6. Model Uncertainty

Considering the limitations of spot measurements and the lack of continuous gauging,
a plausible +30% uncertainty was applied to the reconstructed river discharges. We have
established that L is proportional to Q. This simple relationship can be used to, L = Q x C,
where C is the mean concentration. This uncertainty propagates directly to the annual
sediment flux.

Consequently, the modelled annual suspended solids load of 17 Mt/year is subject to
an uncertainty range of

L =17 Mt/year x (1£0.30) = [11.9,22.1] Mt/ year )

This uncertainty range highlights the need for more robust hydrological monitoring.
Nevertheless, the estimated magnitude is consistent with the expected sediment fluxes in
comparable fluvio-lacustrine systems, and does not invalidate the model’s overall order
of magnitude.

A second source of uncertainty in this study is the assumption that cohesive sediments
have been considered. This decision was based on grain size analyses, which revealed a
predominance of fine particles (clay and silt) in most areas of Lake Nokoué. However, it is
recognized that some areas, particularly river mouths and areas affected by human activity,
may contain coarser materials such as sand and gravel. The lack of explicit modeling of
these non-cohesive fractions could lead to an underestimation of local sediment transport
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dynamics, such as bed load or sand deposition. Future work will adopt a mixed approach,
integrating both cohesive and non-cohesive sediments, to better represent the diversity of
sedimentological conditions in the lake and enhance the robustness of the results.

4. Discussion

The developed model may present certain uncertainties. Firstly, the model geometry
was built using bathymetric data measured in March 2023. Although these data are up to
date, their resolution does not fully capture the complexity of the lake bottom morphology.
Secondly, anthropogenic activities (such as fishing with fish traps, commonly known as
‘acadja’, and sand dredging) in the area that could influence the zone’s hydrodynamics
have not been included in the model. Thirdly, the transport of bottom loads has not
been considered, which could result in uncertainty regarding the evolution of the lake
bottom. However, this is acceptable, as bottom load contributes only 1-3% to the total
load [48-50]. Fourthly, to keep the simulations realistic, only the months and periods
covered by our data during the high, low, and intermediate seasons were simulated. This
may lead to uncertainties in erosion and deposition processes. Nevertheless, this approach
is appropriate given that up to 98% of suspended solids in Nokoué Lake is transported
during the first rainy season. Finally, the model only considered one type of sediment
(cohesive), whereas natural sediments were generally made up of particles of different
sizes [39].

Model calibration and validation consisted in comparing simulated water levels with
measurements taken over a six-day period. This demonstrated the model’s ability to
accurately reproduce fluctuations in water levels and suspended solids (SS) concentrations.
The coefficient of determination (R?) was 0.86 and the Nash—Sutcliffe efficiency (NSE)
was 0.78 during the calibration stage [22,51]. The correlation between the measured and
simulated water levels was strong, with R? values reaching 0.91 and an NSE of 0.93 for
the validation stage [23,24]. However, while the model faithfully reproduces temporal
variations, it struggles to capture the amplitude of water levels. This could be due to the
temporal differences between the bathymetric survey and the validation period [25].

An analysis of the forces responsible for transporting suspended solids in the lake
indicates tidal currents play a role. Wind plays a crucial role in resuspending particles
in the lake, leading to increased concentrations of suspended solids [52]. Nevertheless,
models indicate that sediment concentrations are lower than measured values, suggesting
that additional factors may be at play.

Suspended solids concentrations vary according to the season and the water level.
The maximum values are observed in July (0.69 g/L), while the minimum values are
observed in March. This is in line with the contributions of the Ouémé River [53]. The
Ouémé River contributes up to 94% of suspended solids in July, whereas the S6 and Ouémé
Rivers contribute negligibly in March. The analyses also show that tidal activity influences
sediment concentrations in March by reducing the number of suspended solids in saltier
waters [54]. What distinguishes our study of Nokoué Lake is the integration of these various
environmental factors into a unified numerical model adapted to this complex ecosystem.

5. Conclusions

This study examined the hydrodynamics and transport of suspended solids in Nokoué
Lake, which is primarily influenced by river inflows and subject to tidal influence via its
connection to the Atlantic Ocean. Hydrodynamic modelling using TELEMAC-2D success-
fully simulated the observed key flow patterns, water levels, and sediment dynamics. The
model was calibrated using data from one hydrological year and validated using data from
a different time period, thus strengthening the reliability and predictive capacity of the
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modelling approach. A key strength of this study is the careful selection and calibration
of the model parameters controlling sediment transport, namely, the critical erosion shear
stress (Tce), erosion rate (M), settling velocity (W), critical shear velocity for deposition
(U£"), and the bottom friction coefficient. These parameters are site-specific and reflect the
fine, unconsolidated sediment composition of Nokoué Lake. A sensitivity analysis revealed
that the critical erosion shear stress (7.) and the settling velocity (W) have the most signif-
icant impact on the model outputs, particularly on the erosion/deposition patterns and
the annual sediment flux. These findings emphasize the importance of accurate parame-
terization, particularly in environments where local sediment characteristics can strongly
influence transport dynamics. Although the model performed well under the observed
conditions, caution must be exercised when generalizing the calibrated parameters to other
periods or systems without proper adjustment. It was found that fluctuating water levels in
Nokoué Lake strongly affect sediment processes. High water levels during the rainy season
promote erosion and sediment redistribution, whereas lower levels during the dry season
promote localized sedimentation. Furthermore, the tide had a greater influence on the flow
and suspended solids transport in the Cotonou canal than in the lake itself. During the dry
season (e.g., March 2023), the concentration of suspended solids was higher downstream
than upstream in the canal due to tidal effects. The opposite trend occurred during the flood
season when river inputs dominated. While the model showed a good agreement with the
observations, discrepancies remain between the simulated and measured total suspended
solids (TSS) due to the potential limitations in the spatial and temporal resolution, the
accuracy of the input data, or the unmodelled processes. Nevertheless, this work provides
essential insights into sediment dynamics in Nokoué Lake and establishes a robust founda-
tion for future improvements. A further refinement of the sediment parameters through
the laboratory or in situ measurements and the inclusion of additional processes, such as
cohesive sediment behavior or biogeochemical interactions, could enhance the model’s
accuracy in the future. Ultimately, this research supports a better management of Nokoué
Lake by providing decision-makers with the tools needed to predict sediment transport
under changing hydrological conditions, protect the ecological balance, and ensure the
well-being of the communities that depend on the lake.
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