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Abstract: Nokoué Lake is a complex ecosystem, the understanding of which requires control
of physical processes that have occurred. For this, the Surface Water Modeling System (SMS)
hydrodynamic model was calibrated and validated on the water depth data. The results of these
simulations show a good match between the simulated and observed data for bottom roughness and
turbulent exchange coefficients, of 0.02 m−1/3·s and 20 m2/s respectively. Once the ability of the
model to simulate the hydrodynamics of the lake is testified, the model is used to simulate water
surface elevation, exchanged flows and velocities. The simulation shows that the tidal amplitude is
maximum at the inlet of the channel and decreases gradually from the inlet towards the lagoon’s main
body. The propagation of the tidal wave is characterized by the dephasing and the flattening of the
amplitude tide, which increases as we move away from the channel. This dephasing is characterized
by a high and low tides delay of about 1 or 4 h and also depends on the tide amplitude and location.
The velocities inside the lake are very low and do not exceed 0.03 m/s. The highest are obtained at
the entrance of the channel. In a flood period, in contrast with the low-water period, incoming flows
are higher than outflows, reinforced by the amplitude of the tide. An average renewal time of the
lake has been estimated and corresponds during a flood period to 30 days for an average amplitude
tide and 26.3 days on a high amplitude tide. In a low water period it is 40.2 days for an average
amplitude tide and 30 days for a high amplitude tide. From the results obtained, several measures
must be taken into account for the rational management of the lake water resources. These include a
dam construction at the lake upstream, to control the river flows, and the dredging of the channel to
facilitate exchanges with the sea.

Keywords: hydrodynamics; Nokoué Lake; model; simulation; flow; tide renewal time

1. Introduction

Coastal lagoons are by nature complex and fragile systems characterized by large fluctuations
in the physical and chemical parameters. Over the last decades, they have also become an extremely
valuable, due to the enormous potential for residential, tourism, economic (mainly, shellfish/fish
farming), and recreational development [1]. However, due to global warming, reduced river
flows and rising sea levels, these aquatic ecosystems are increasingly vulnerable and threatened
by eutrophication [2–5]. The preservation of the natural abilities of these environments, while ensuring
better management and exploitation of these lagoon environments, requires a good knowledge of the
hydrodynamic processes that take place there. Indeed, the movement of water masses in a lagoon
environment results mainly from the friction exerted by the wind on the surface of the water body and
variations in sea level. Locally, the rivers that join the lagoon modify the dynamics in the zone near
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their mouth. Conversely, the dissipation of energy by friction on the bottom of the lagoon limits the
movements of the water body [6].

The object of this study, Nokoué Lake, is a complex ecosystem, the understanding of which
requires the mastery of the physical processes that occur in the basin; the most important of these is
hydrodynamics. Several forcing mechanisms such as wind, astronomical tide and river discharges are
simultaneously acting in the lake.

Thus, knowing the lake reaction in face of natural and anthropogenic forcing has become a major
issue. For this, beyond a descriptive approach, it is appropriate to develop predetermination and
the general functioning of lake simulation tools, which obviously requires the prior construction of a
hydrodynamic model [7]. In fact, hydrodynamic models are used to quantify sea water inflow volumes
and predict hydraulic parameters (e.g., water velocity in the lagoon mouth). It is also necessary to make
better decisions with regard to lagoon restoration design and management actions for improvement of
environmental conditions. Indeed, important exchanges with the marine environment will favor the
export and dilution of contaminants, nutrients and pollutants, while limited trade with the sea may
result in an accumulation of contaminants and nutrients in the lagoon, making it more vulnerable [8].

Several studies have examined the hydrodynamic functioning of lagoons in Africa using numerical
models [9–13]. They have allowed us to analyze processes such as distribution of water levels, currents
and flushing rates that takes place in lagoons. The description of these different processes at Nokoué
Lake requires the use of a 2D numerical model as a support for understanding the hydrodynamic
functioning. The purpose of this paper is therefore to understand the mechanism of water circulation
in the lake.

2. Materials and Methods

2.1. Study Area

Nokoué Lake, the largest area of brackish waters of Benin (150 km2) and one of the largest
West African lagoons, is located in the south of Benin, between 6◦25′ N and 2◦36′ E (Figure 1). It is
characterized by a subtropical climate, and undergoes two rainy seasons and two dry seasons of
unequal duration. The average annual rainfall is 1309 mm, the average temperature of 27.7 ◦C, with
maximums up to 33 ◦C and minimums at 23 ◦C.
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The lake is connected to the lagoon of Porto-Novo in the East by Totche channel, to the Atlantic
Ocean at south by Cotonou channel, and in the north it receives the Sô River and Ouémé stream.
According to the typology of the lagoons [14], it is a partially enclosed lagoon while being in constant
communication with the ocean. This communication, combined with the effect of natural flood of
Ouémé stream and Sô River, causes significant seasonal variations in salinity [15].

2.2. SMS Model Presentation

A Surface Water Modeling System (SMS) is developed by the Environmental Modeling Research
Laboratory (EMRL), at Brigham Young University. SMS is a model well suited to large areas with
very complex geometry that are however shallow and unlaminated, such as Nokoué Lake. It is a
two-dimensional model using the finite element method to solve the equations of local mass balance
and momentum built over the water level [7]. It computes water surface elevations and horizontal
velocity components for subcritical, free-surface two-dimensional flow fields [16]. For our study,
we use the version 10 of the SMS software, which additionally includes preprocessor modules for
meshing and postprocessing interface for analysis.

The three basic equations 2D, resolved by the software in an orthogonal coordinate system (O, x, y)
are the following:

Equation of continuity:

∂h
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+ h
(

∂u
∂x

+
∂v
∂y

)
+ u

∂h
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where h is the water depth (m), u and v velocities (m/s) in the cartesian directions, x, y, t Cartesian
coordinates and time, x and y are the Cartesian coordinates describing the two directions of the plane
(m), ρ is the density of water (kg·m3), ρa is the density of air (kg·m3), m0 represents trade surface
water (rain, evaporation) or the bottom (infiltration) (m·s−1), Eij are the eddy viscosity coefficients
(or dispersion) (m2·s−1), g is the acceleration due to gravity (m·s−2), a is the dimension of the base (m),
n is the Manning coefficient reflecting bottom roughness (m−1/3·s), ζ is the coefficient of friction due
to wind, Va is the module of the wind speed (m·s−1), φ is the wind direction relative to the axis Ox
(rd),ω is the Rate of earth’s angular rotation (rd·s−1), and φ is the site latitude (◦).

Equations (1) to (3) are supplemented by boundary conditions of the domain: zero flow (closed
borders), imposed water level (open boundary), and imposed flow (corresponding to the rejection
of a factory or electric power station). These equations where the unknowns are u, v, and h, do not
admit analytic solutions. They are then solved numerically using the finite element method, and time
derivatives are replaced with approximations to nonlinear finite differences. The solution is fully
implicit and the non-linear equations of the flow are solved simultaneously by the iterative method of
Newton-Raphson [7,16].

2.3. Model Building

Construction of a hydrodynamic model consists of introducing the geometry of the area,
to discretize the physical space (Lake Mesh), to define the initial and boundary conditions (closed
borders, places of exchange and communication with the sea).



Hydrology 2016, 3, 44 4 of 17

2.3.1. Discretization of the Physical Space

Figure 2 shows that the lagoon is shallow, with a bathymetry between 1 and 2 m. The high depths
are found at Cotonou channel with values up to 5 m. The depth of the Totche channel is around 2.5 m.

The data we use are from bathymetric surveys conducted by the General Direction of Water in
2013 and 2014.

Hydrology 2016, 3, 44    4 of 17 

 

2.3. Model Building 

Construction of a hydrodynamic model  consists of  introducing  the geometry of  the area,  to 

discretize  the physical  space  (Lake Mesh),  to define  the  initial  and  boundary  conditions  (closed 

borders, places of exchange and communication with the sea). 

2.3.1. Discretization of the Physical Space   

Figure 2 shows  that  the  lagoon  is shallow, with a bathymetry between 1 and 2 m. The high 

depths are  found at Cotonou channel with values up  to 5 m. The depth of  the Totche channel  is 

around 2.5 m.   

The data we use are from bathymetric surveys conducted by the General Direction of Water in 

2013 and 2014.   

 

 
Figure 2. Bathymetric map and meshing of Nokoué Lake. 

From bathymetric data and the lake contour file obtained from the General Direction of Water 

(DGEau), we made a discretization of the field in 7801 triangular quadratic elements by 6 nodes, and 

obtain 16,238 nodes (Figure 2). The mesh has deliberately been refined in communications where the 

side of the elements does not exceed 25 m. The side elements exceed 100 m inside the lake. 

Four points have been positioned on the Lake (Figure 2) to analyze the amplification and the 

phase shift of the tidal wave as  it propagates  in the lake. Point 1 is selected at the entrance of the 

Cotonou channel,  in  it communication with  the sea,  the point 2  in  the channel, at  the measuring 

station of the General Direction of Water, the point 3 at the entrance of Cotonou channel in the lake, 

and point 4 at the center of the lake. 

2.3.2. Boundary and Initial Conditions 

The initial state of the area is such that all speeds (horizontal currents) are set to zero everywhere 

in the field. Thus, in the initial state, the system is assumed uniformly stationary (motionless) and 

have horizontal level of the free surface of the water [16]. 

The computational time interval should be small enough to capture the extremes of the dynamic 

boundary conditions and maintain numerical stability. For  this, we  retain 0.5 h  time step  for our 

simulation. 

Figure 2. Bathymetric map and meshing of Nokoué Lake.

From bathymetric data and the lake contour file obtained from the General Direction of Water
(DGEau), we made a discretization of the field in 7801 triangular quadratic elements by 6 nodes, and
obtain 16,238 nodes (Figure 2). The mesh has deliberately been refined in communications where the
side of the elements does not exceed 25 m. The side elements exceed 100 m inside the lake.

Four points have been positioned on the Lake (Figure 2) to analyze the amplification and the
phase shift of the tidal wave as it propagates in the lake. Point 1 is selected at the entrance of the
Cotonou channel, in it communication with the sea, the point 2 in the channel, at the measuring station
of the General Direction of Water, the point 3 at the entrance of Cotonou channel in the lake, and
point 4 at the center of the lake.

2.3.2. Boundary and Initial Conditions

The initial state of the area is such that all speeds (horizontal currents) are set to zero everywhere
in the field. Thus, in the initial state, the system is assumed uniformly stationary (motionless) and
have horizontal level of the free surface of the water [16].

The computational time interval should be small enough to capture the extremes of the dynamic
boundary conditions and maintain numerical stability. For this, we retain 0.5 h time step for
our simulation.

The first 24 h of simulation are not considered because they represent the spin-up time of the
model, necessary to reach a dynamic steady state.

Three types of conditions are used in our study:
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The Condition at the Upstream Limit: the Lake Tributaries Flows

Due to a lack of data on the lake inlets, we estimated the inflows from Bonou station, located in
the lake upstream, and that feeding the Sô River and Ouémé stream. The initialization phase of the
model was established by constant flow simulations, because there was no significant variation in flow
during selected periods.

The Sô River flows were estimated from historical values of rate at Bonou and Sô Ava stations by
using the linear regression equation obtained with determination coefficient equal to 0.7.

Y = 0.108X + 36.46 (4)

With Y corresponding to Sô flow and X to Bonou flow (in m3/s).
After making flow measurements at Bonou station and Ouémé entry in the lake, Mama, 2010 [17]

estimated at 30% the proportion that enters in the lake. Based on this, we calculated from Bonou rates
the flow that enters in the lake by Ouémé.

The Flow data were obtained at DGEau. Data from rating curves obtained from the gauging made
by a bottom mounted Acoustic Doppler Current Profiler (ADCP).

The Boundary Condition at the Downstream: The Tide

The tide data (hourly) are extracted from WXTide32 software freely available on Internet and
cover the periods shown in Table 1. Figure 3 show the tide of calibration period.

Table 1. Average flow estimated at each period at the Lake entrances.

Lake
Entrance

Calibration
Period Validation Period Simulation Period

16 to 20
October 2007

Flood period
(16 to 20

October 2008)

Low water
period (19 to 23
December 2008)

Flood period
(15 September to
15 October 2014)

Low water
period (1 to 31
January 2015)

Average flow
estimated (m3/s) Sô 90.11 124.1 38.24 134.92 41.5

Ouémé 150.8 243.5 5 271.23 13.8
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Figure 3. Variation of the tide during calibration period.

The curve indicates a semi-diurnal tide with diurnal inequality. The average over the period is
0.72 m with an amplitude of 1.1 m. The tide level has varied between a maximum of 1.25 m in high
tide and 0.15 m in low tide.



Hydrology 2016, 3, 44 6 of 17

Condition at Upper Limit: Wind, Precipitation, and Evaporation

The first climatic parameter considered is the wind. In fact, SMS provides the capability to include
storm fronts in simulation. This is accomplished by generating spatial variations in wind speed and
direction for each time step. For this we used RMA2 Original Formula.

τSX = 3.8× 10−6V2
a cos θ (5)

τSY = 3.8× 10−6V2
aSinθ (6)

where Va is the wind speed (in m/s), θ is the angle of the wind relative to OX axis (pointing to east),
τSX and τSY are the shear components generated in surface (g/m·s2) on the x axis (pointing to east)
and Y axis (pointing to north).

Hourly wind speed and direction have been obtained on Free Meteo website (http://freemeteo.co.uk)
and cover the periods shown in Table 1. In addition, hourly wind speed and direction are taken from a
meteorological station located at 4.3 km from Cotonou (Latitude 6.350; Longitude 2.383 and Altitude
of 53 m).

The prevailing wind direction is North East and varies between 7.2 and 1.94 m/s.
Other climatic parameters taken into account by the model are rainfall and evaporation. The input

variable of these parameters in the model is such that we have to subtract the average evaporation
from the average precipitation to get the value.

For this, the average rainfall and evaporation at Cotonou for each period (Table 1) were taken into
account. These data were obtained at the Agency for the Safety of Air Navigation in Africa (ASECNA)
and are from the meteorological station of Cotonou airport.

2.4. Calibration Parameters

The calibration of a model is done by qualitative comparison of short time series of water depth
produced by the numerical model with field data for the same place and the same period [18,19].
The model’s different data (tide, flow rates, velocity and wind direction) are imposed simultaneously.

Like any hydrodynamic model, the SMS model requires the introduction of some parameters
which are generally determined by calibration. In particular, it consists of the determination of:

- The Manning roughness coefficient of the bottom (n), which translated the bottom friction;
- The turbulent exchange coefficient (Eij), which reflects the turbulence and dispersion phenomena

due to non-uniformity of velocity along the water level.

In general, in natural environments, the value of Manning coefficient varies between 0.02
to 0.1 m−1/3·s, while the turbulent exchange coefficient, for shallow depths ecosystem from 1 to
20 m2/s [7]. The determination of these parameters is done by adjusting (or sensitivity test) until
obtaining field data [19,20].

2.5. Model Performance Evaluation

In order to calibrate and validate the models and for comparison purposes, some quantitative
information is required to measure model performance.

2.5.1. The Root Mean Square Error (RMSE)

Also called the root mean square deviation (RMSD), it is a frequently used measure of the
difference between values predicted by a model and the values actually observed from the environment
that is being modelled. The RMSE of a model prediction with respect to the estimated variable Xmod
is defined as the square root of the mean squared error:

http://freemeteo.co.uk
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RMSE =

√
∑n

i=1 (Xobs,i − Xmod,i)
2

n
(7)

where Xobs is observed values and Xmod is modelled values at time/place i.

2.5.2. Coefficient of Determination R2

The coefficient of determination is a statistical measure of how well the regression line
approximates the real data points.

2.5.3. Correlation Coefficient, r

It indicates the strength and direction of a linear relationship between two variables (for example
model output and observed values). It is obtained by dividing the covariance of the two variables by
the product of their standard deviations.

r = ∑n
i=1 (xi − x)·(yi − y)√

∑n
i=1 (xi − x)2·∑n

i=1 (yi − y)2
(8)

With n serie of the variable, x the mean of the observed data, xi observed data, y the mean of the
predicted data, yi predicted data.

2.5.4. Nash-Sutcliffe Model Efficiency Coefficient (NSE)

The Nash-Sutcliffe model efficiency coefficient (NSE) is commonly used to assess the predictive
power of hydrological discharge models [21].

NSE = 1− ∑n
i=1 (Xobs,i − Xmod)

2

∑n
i=1 (Xobs,i − Xobs)

2 (9)

where Xobs is observed values, Xmod is modelled values and Xobs observed mean.

3. Results and Discussion

3.1. Model Calibration

Sensitivity tests were initially carried out in order to analyze the hydrodynamic model sensitivity
to the variations in the initialization parameters.

We then performed simulations with different values of bottom roughness coefficient (especially
n = 0.02; 0.03 and 0.05 m−1/3·s) and different values of the turbulent exchange coefficient (E = 5; 10;
and 20 m2/s), that are supposed to be isotropic. For each pair of parameters, the model performance
evaluation criteria were applied by comparing water levels measured to those simulated in point 2,
located in the Cotonou channel at the measuring station of the General Direction of Water (Figure 2).
The objective of this sensitivity test is to find the coefficient values that allow to approach field
measurements (water depth).

From the various tests performed, we can notice that among the three cases of roughness tested,
the coefficient corresponding to 0.02 m−1/3·s provides the most acceptable performance criteria. It is
about 0.97 for correlation coefficient, and 0.87 for determination coefficient. This coefficient is close to
the one proposed by [22] in the hydrodynamic modeling of Portugal lagoon. According to them the
value of the coefficient of roughness is proportional to the water depth. Thus, for a depth between
3 and 10 m, the value of n corresponds to 0.018.
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Among the three turbulent exchange coefficient values tested, the case which equals to 20 m2/s
indicates the highest performance criteria demonstrated by NSE value which equal to 84%.

This value is larger than the one calculated for a small sheltered lake (0.005–0.025 m2/s) [23] and
similar to those about coastal waters, which are typically between 0.2 and 30 m2/s [24]. However,
it is greater than those observed by [20] in the hydrodynamic modeling of systems Aby and Ébrié in
Ivory Coast.

Figure 4 shows the curve of evolution of the simulated water depth and observed at point 2 for a
simulation of 120 h.
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From the analysis of this figure, we can note that the model reproduces the general shape of the
observed data, in particular the high and low tide. This is evidenced by the high value of the coefficient
of correlation and determination. Also, we should note that the model slightly overestimates both the
high tide and the low tide. The performance indicator RMSE applied to the series indicates a value
equal to 0.05 m.

It is therefore obvious that the model reproduces fairly well the pace of field data variation, but do
not fully reflect the magnitude of changes.

3.2. Validation

After the model was calibrated, we tried to validate it. For this, two periods were retained,
particularly from 16 to 20 October 2008 for flood period and 19 to 23 December 2008 for low
water period.

From the analysis of the Figure 5, we notice that water depths values observed and simulated are
highly correlated. It is testified by the values of correlation coefficients that are respectively 0.97 for the
flood period and 0.93 for the low water period. The values of determination coefficients are 0.95 for
the flood period and 0.87 for the low water period, while those of NSE indicate respectively 0.64 and
0.73 for the flood and low water period.
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The model reproduces perfectly both periods of high and low tide, but overestimates water
depths. This testifies the RMSE values that are respectively 0.094 and 0.034 m for the flood period and
the low water period. This difference could be explained by the fact that the period of bathymetry
is recent to validation period. Also, the model did not take into account exchanges with Porto Novo
lagoon, due to lack of observations for the latter.

Overall the defects seem minor and are not of a nature to jeopardize the ability of the model to
reproduce the hydrodynamics of Nokoué Lake.

Thus, the level of agreement between prediction and the observed values of water depth allows
to verify that the model is able to simulate satisfactorily the hydrodynamic behavior of the lake and it
can therefore be used for long term simulation.

3.3. Hydrodynamic Functioning of the Lake

Once the model is built, calibrated and validated, we can use it to perform simulations, including
the study of the hydrodynamics of the lake. For the analysis the period from 15 September to 15 October
2014 corresponding to the flood period and the period from 1 to 31 January 2015 corresponding to the
low water period were retained. To accurately observe the temporal and spatial variation of water
surface levels, flow and distribution of the velocity field, we considered a 24 h simulation period
(Table 2).

Table 2. The periods considered for simulation analysis.

Period Tidal Amplitude Day

Flood Period High tidal amplitude 8 October 2014
average tidal amplitude 1 October 2014

Low water period High tidal amplitude 20 January 2015
average tidal amplitude 9 January 2015

3.3.1. Variation of the Water Surface Level

Figure 6a,b respectively show the variations of the water surface elevation in average and high
tidal amplitude during a flood period.
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The variation of the water surface at the points 1 and 2 follows the same pattern and may be
decomposed at point 1 in four phases:

From 0 h to 4 h, we have the reflux, period during which the water surface drops to 0.58 m. From
4 h to 10 h: it is the flow, the level of the water surface rises to 1.17 m. From 10 h the level of the water
surface drops to 0.47 m at 17 h. After 17 h there is a recovery.

From point 1 to point 4, there is a decrease in tidal amplitude going from 0.7 m to 0.3 m at point 2.
At point 3 this drop corresponds to 0.6 m with a delay of 1 h for low tide and 2 h for high tide. At
point 4, there was a decrease of approximately 0.61 m with a 4 h delay in low tide and 3 h for high tide.

At Figure 6b, there is a gradual decline of the tidal amplitude from 1.32 m at point 1 to 0.14 m at
point 4. We observe in point 3 a dephasing about 1 h and 2 h respectively during low and high tide
periods. While at point 4, it is about 4 and 3 h respectively in low and high tide periods.

Figure 7a,b show the variations of the water surface in average and high tidal amplitude during a
low water period. From the analysis of Figure 7a, the water surface change at points 1 and 2, follows
the same trend and can be decomposed as follows in point 2.

From 0 h to 7 h, it is the reflux, corresponds to the descent of the level of the surface of the water
to 0.15 m. It follows from 7 h to 13 h by a rise of the water surface, reaching the highest level of 1.57 m.
From 13 h, the level of the water surface drops and reach the value of 0.37 m at 19 h. After 19 h, there
was a rise in the level of the water surface.

From point 1 to point 4, there is a gradual decline of the tidal amplitude from 0.9 m to 0.51 m in
point 2. In point 3 this drop corresponds to 0.76 m with a delay of 2 h for low tide and 1 h for high
tide. At point 4, there was approximately a decrease of 0.78 m with 3 h delay in low tide and 2 h for
high tide.
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Figure 7b shows a gradual decline in the amplitude of the tide from 1.42 m in point 1 to 0.14 m in
point 4. We observe in point 3 a dephasing of about 2 h and 1 h respectively during periods of low and
high tide. While at point 4, it is about 4 h and 3 h respectively in low and high tide periods.

Figure 8 (graph A to F) shows the spatial and periodic changes in simulated water surface.
The analysis of different graphs shows that in a period of flood, the water surface elevation varies in
the lake from a period of average tidal amplitude (graph B) to a period of high tidal range in high tide
(graph D). The maximum level is observed during this last period, with values oscillating between
1.17 and 1.33 m.

During the low water period, there are no substantial changes in the water surface level. However,
the largest is observed in periods of high amplitude tide with high tide. This variation oscillates
between 0.85 and 1.02 m (graph C). This reflects the strong contribution of rivers to the change of the
water surface elevation.
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The analysis of the Figure 8F shows that in low tide period, when the water level is high in the
lake, the level observed at the channel entrance is very small oscillating between 0.21 and 0.37 m.

Gradually, as we progress by the entrance of the Cotonou channel to the lake, it is noted that the
dephasing and the flattening of the tidal wave is more important, especially at the point 4 located
in the lake middle. This flattening is likely the result of an amortization due to the roughness of the
channel bottom, and the difference in depth between the channel and the lake.

This phase shift is more pronounced during a flood period, while its amplification is more
pronounced in dry periods. This could be explained by the fact that in flood period, the water surface
level is high and does not facilitate the entry of the mass of water from the sea. Also we note that the
delay of the low tide is greater than that of high tide, with a decrease in water levels. This shows that
the lake fills up faster than it discharges. Similar situations were observed by [9] in the study of the
hydrodynamics of the Konkouré estuary in Guinea.

Simulation of water levels (near inlet) shows that the tidal amplitude is maximum at the inlet of
the channel which decreases gradually as we proceed inward from the inlet towards main body of the
lagoon. Moreover, friction dissipates energy as the tidal wave propagates landward from the channel
mouth. This behavior is a common feature in estuarine environments [25].

3.3.2. Flow and Water Exchange Rates

In the tidal cycle, the model calculated flow rates respectively at the entrance of the lake (point 3)
during flood and low water periods, both in average and high tidal amplitude. Thus during flood
period, with average tidal amplitude we note an average daily inflow of +382.4 m3/s and an outflow
of −705.6 m3/s, while with high tidal amplitude, the average inflow obtains is +693.7 m3/s and
−942.5 m3/s for outflow (Figure 9a).

During a low water period, specifically with average tidal amplitude, there is an average incoming
flow of +726 m3/s and −707 m3/s for outgoing flow. However, with high tidal amplitude, the average
outgoing flow is −833 m3/s and +1167 m3/s for average incoming flow (Figure 9b).
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From the analysis of the figures, we can deduce by the flows exchanged during flood period, that
the outflow is greater than the inlet flow. This is explained by the contribution of a large amount of
water in the lake, from tributaries of the Lake (Sô River and Ouémé stream), which also discharges in
the sea and Porto Novo lagoon [17]. So during a flood period, the dynamics of the lake are controlled
by the tributaries and to a lesser extent by the tide. However, in periods of low water, the dynamics of
the lake are mainly controlled by the tide. Here, in both average and high tidal amplitude, the incoming
flow is higher than the outflow.

From different flow rates simulated by the model, we calculated the volumes traded between the
lake and the sea. This calculation was performed by integration of surfaces on outflows. Thus, we
determined the total volume of water coming out, which corresponds in flood period to 2.74 × 107 m3

on average amplitude tide and 3.12× 107 m3 on high-amplitude tide period. For this period, the model
estimated the average volume of lake water to 4.1 × 108 m3.

Knowing the volume of water coming out and the average volume of the lake, we determined the
renewal time of the lake which equals to 30 days on average amplitude tide and 26.3 days on high
amplitude tide, with difference about 4 days.

In low water period, the total volume of water coming over half a tidal cycle is 2.02 × 107 m3 on
an average amplitude tide and 2.71 × 107 m3 on high-amplitude waves. For this period, the model
estimated the average volume of lake water to 4.07 × 108 m3. The average renewal time which is
deducted is respectively 40.2 days on average amplitude waves and 30 days on high amplitude tide,
with difference of about 10 days.

We note that the average renewal time of high tidal amplitude at low water period is equal to that
observed in average amplitude tide. This reflects the influence of the tidal range on the renewal time
of the lake water. The smallest renewal time was observed in high amplitude tide during flood period,
this reflects the importance of the combined action of the tides and inputs from rivers in the sanitation
of the lake. In fact, a low renewal time allow a continuous refresh of the lake, a rapid leaching of any
possible pollution which would empty into the lake and, according to environmentalists, no return to
the status of eutrophication of the lake [7].

Indeed, the renewal of lagoon water by the tide is permanent, while renewal by freshwater rivers
depends on the flow and therefore flood or low water season [9].

These renewal times are higher than those observed by [10], after the planning of the Tunis
northern lake. In contrast, they are similar to those observed by [12].

3.3.3. Velocity Field on the Lake Complex

Through the Cotonou channel, the lake filling takes place during the high tide and drains during
low tide. In a flood period and average amplitude tide, the velocity field in the lake during filling
(in high tide) indicates that the maximum speed (up to 0.6 m/s) is located at point 1, i.e., at the entrance
of the channel in the sea. In a period of high amplitude tide, the velocities are about 1.21 and 1.37 m/s
respectively during flood and low water period (Figure 10). Also in this filling period, all velocities
are directed towards the lake. Once at the entry of the lake, the current repels water to the East Zone,
the middle of lake, and Totche channel. On the other hand, during emptying, we note a velocity of
1.32 and 1.8 m/s during low water period respectively at average and high amplitude tide (Figure 11).
The speeds calculated in the drain are all higher than those observed during the filling, favoring the
renewal of the lake water. This is similar to results obtained by [26] in tagus estuary and contrary to
those observed by [9] indicating a decrease of about 30% speed when leaving the high tide to low tide.

The rates decrease gradually away from point 1 to achieve values near-zero in the lake. Indeed, the
maximum value observed in point 4 (in the lake) both during flood and low water period is 0.03 m/s,
while the minimum is 2.5 × 10−4 m/s. When the tidal wave arrives at the lake, the speed of the waves
depends on the depth. In the lake, the depth decreases, thus also the waves are refracted [27].
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As the tidal wave propagates into shallower waters inside systems, it becomes distorted due to
the effect of several physical processes, like bottom friction and momentum advection [28]. Besides
the lateral convergence/divergence effect on tidal amplitude increase/decrease, the margin geometry,
jointly with the bottom topography, were found by other authors, such as [29], as the principal
constraint of the tidal currents direction.Hydrology 2016, 3, 44    14 of 17 
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At low tide, the opposite movement is observed, including aspiration of the lake to the Cotonou
channel in which water bodies are moving towards the sea trip.

During a flood period, the entire upstream part of the estuary has a river traffic in the sense of an
ebb. High flow rates under the average level of the lake do not allow the tide to reach most of the lake,
which would justify the low salinity of the lake water in this period [17].

4. Conclusions

A two-dimensional hydrodynamic model (SMS) was successfully implemented for Nokoué
lagoon. Results show that the calibration of the models was successfully carried out, revealing a good
agreement between measurements and predictions. The validation tests showed that the models can
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reproduce an independently observed data set. However, the model does not accurately reflect the
amplitude of variations. The defects observed seem minor and are not of a nature to jeopardize the
ability of the model to reproduce the hydrodynamics of Nokoué Lake.

The analysis of the hydrodynamic functioning revealed that the dynamic of the lake is controlled
by the tributaries flows in a flood period and tide during a low water period. It is characterized by
the dephasing and the flattening of the amplitude tide, which increase as we move away from the
channel. In a flood period, contrary to the low-water period, incoming flows are higher than outflows,
reinforced by the amplitude of the tide. The volumes of water exchanged allowed us to determine
average renewal times that are longer during low water periods, especially with a small amplitude
tide. In contrast, the shortest renewal times are noted in flood periods with high amplitude tide.

In this context, we plan to take into account the entire lake complex composed of: Lake Nokoué,
Porto Novo lagoon and Cotonou channel. Additional measures including water depths, flows
exchanged with the sea as well as those discharged by rivers must be carried out. These different
measures should be made over longer periods, allowing us to improve the quality of the model and to
make long-term simulations, which is a tool for decision-making.
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