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Abstract 
Floods and flows data are useful for dimensioning of dikes and dams which 
often include evacuation devices that regulate flows to ensure the volumes of 
water. The objective of this study is to estimate the available water resource in 
the village of Gbédji-Kotovi, located in the watershed of Couffo river in Benin 
by using sequentially, the HBV (Hydrologiska Byråns Vattenbalansavdelning) 
and GR4J (Rural Engineering model with 4 daily parameters) climate models. 
Hydrographs of water levels are simulated according to the calibration period 
(1994-1999) different from the validation one (1982-1988). Considering the 
Nash-Sutcliffe model Efficiency coefficient (NSE), the performance of GR4J 
model during calibration is slightly higher than the performance of the HBV 
model, while during the validation, the contrary is noticed. The annual rain-
fall average simulated is 1117.7 mm/year while the average observed is 1104.6 
mm/year over the period 1981-2005. By 2050, on one hand, the annual flow 
rate values will vary from −19.2 to −11.9%, while the actual evapotranspiration 
will vary between 0.5 and −5.8; on another hand, the potential evapotranspira-
tion and the annual precipitation remain constant. An average flow of 187 mil-
lions m3/year for annual average water depth of 1094 mm is obtained at Lanta 
rain station, which covers an area of 1664.47 km2, while this flow enabled an 
average flow of 327.5 millons m3/year to be obtained at the virtual station of 
our study area of 2908.15 km2. The flow rates corresponding to the return pe-
riods of 10, 25 and 50 years vary from 5.51 to 12.67 m3/s at the outlet of the 
virtual station; while those at the outlet of Lanta station vary from 3.6 to 6.6 
m3/s. However, the simulated water quantiles cannot be fully mobilized; be-
cause of the uses, they undergo upstream and downstream. Thus, Gbédji-Kotovi 
locality requires the implementation of an integrated water resource man-
agement strategy that includes the construction of dikes and dams. 
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1. Introduction 

The volume of watershed or the bowl of stream determines the design of a dam 
or a dike’s. Indeed, design and operation of a dam require having adequate volume 
of water and volume flow for the determination of its key parameters and to en-
sure its stability [1]. 

In hydrology and hydraulics, one of the main goals is transforming rainfall 
into flowrate, which has led to the development of a lot of models, with their 
own conditions of application and with current and future changes which have in-
fluence on hydrological regimes of watersheds. This study aims to estimate with 
a model, the rainwater resource by supplying dikes and dams in Gbedji-Kotovi. 
The interest of the construction of dikes and dams on Couffo watershed, particu-
larly in this area, a clay zone is the transition that will be created from extensive 
and seasonal agriculture to intensive agriculture which appears as one of the so-
lutions to maintain the agricultural production potentiality to minimize ecological 
consequences. 

On one side, the clay soil of Gbédji-Kotovi village in Couffo watershed gets 
certain hydro-mechanical and physico-chemical characteristics favouring the con-
struction of dikes and earth dams [2] [3]. Those clays are mainly the smectites 
with compact and fused textures [4] [5]. This mineralogy gives them low and 
medium permeabilities that change, according to the depth, the topography of 
the site and its geological and environmental conditions. In those previous stud-
ies, the used methods made only possible to evaluate the terms of the water bal-
ance at the scale of the plot, and the experiments provide only partial results, 
concerning only the part of the watershed, according to the localized informa-
tion on the genesis of flows. 

On another side, regarding the inputs from the Couffo River watershed, the 
present and future parameters can be taken into account in this study by con-
ceptual and simple global models [6]. Authors tested several models including 
the GR4J and HBV models on the Mekrou Basin at the outlet of Kompongou 
(Benin). Calibrating the two models, they present the best Nash criteria (0.83 
and 0.82) by considering the whole basin because the physical processes are still 
poorly known in this area. 

The objective of this paper is to determine first, the flowrate of flood or low 
water quantity from climate parameters and then to know how often these flow 
rates may occur, in order to supply eventually dikes and dams. Based on the con-
ditions expressed from the observations, hydrological forecast is simulated, tak-
ing into account weather forecasts, expressed with the precipitation and the 
temperature. 
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Finally, it establishes a water balance and a prediction of future volumes and 
flows in a site without a hydrological station, but located at the outlet of the up-
stream known rainfall station at Lanta. 

It confirms the possibility of estimating the quantities of rainwater for many 
watersheds without hydrological stations (and especially located in rural areas), in 
general, and also constitutes a decision aid tool in construction of dikes and dams. 

The results of this study will constitute a decision-making aid tool for the 
construction of dikes and dams in this locality in the context of climate change. 

2. Study Area 

Gbédji-Kotovi clayey zone is located in the Couffo River watershed in Benin 
(Figure 1). The hydrographic network of the Couffo watershed is a dendritic type, 
as well as a variable flow (semi-navigable, permanent, semi-permanent and sea-
sonal or temporary. Its long profile has an exponential appearance, with slopes 
rising from 10 m/km at the head of the basin to 0.3 m/km upstream from Lake 
Ahémé [7]. This basin extends over a length of 190 km and has its source in Togo 
at 240 m above the sea level, near Tchetti village. It flows into Lake Ahémé, 24 km 
long and whose outlet is the complex lagoon “Bouches du Roi”. The rivers con-
stituting the tributaries are for minor importance and have high slopes (5 to 13 
m/km). On the Cretaceous and Eocene formations, the fluvial system is nonexis-
tent [8]. The reference rain station at Lanta is between 07˚06'43"N latitude and 
01˚52'43"E for longitude, and is approximately 65 m above sea level zero point. 

 

 
Figure 1. Couffo Basin showing the virtual basin considered, at the upstream outlet of Lanta station. 
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It covers an area of 1680 km2. The Couffo watershed has a natural regime at 
Lanta area and the rivers from the main hydrographic network are dominated by 
relatively homogeneous vertisols with significant vegetation [9]. 

3. Materials and Methods 
3.1. Data of Study 

Due to lack of hydrological or rainfall station in the area of the Gbédji-Kotovi clay 
complex, we have extended the obtained flow at the Lanta station to a virtual 
station located about 15 km from the upstream of the Lanta station. The two sta-
tions (the vitual station and station of Lanta) are located in the watershed of 
Couffo River. 

Then we considered two simple models for application to the Couffo basin 
(Figure 2), which are HBV [10] and GR4J [11]. The climatic data used in this study 
were acquired at the Agency for the Safety of Air Navigation in Africa and Mada-
gascar (ASECNA) in Cotonou. The monthly flow data of Couffo in Lanta is ob-
tained from the General Direction for Water (DG Eau) in Benin. 

3.2. GR4J Model 

GR4J is a global conceptual model of Rural Engineering, with 4 daily parameters. 
It is in the form of an Excel spreadsheet and simulates daily flow rate values from 
P basin average rainfall data (mm), potential ETP evapo-transpiration (mm) and 
Q flows (m3/s). This model has two reservoirs regulated by four parameters to 
optimize to better approximate value, the transformation of rain into flow. It in-
cludes unit of hydrographs and a water exchange function to regulate exchanges 
with the outside of the basin: 1) a production reservoir that governs the produc-
tion function (soil tank S); 2) a routing tank governing the transfer function 
(routing tank R). The hydrological modelling methodology on the basin is ex-
plained by the display of the operating diagram of the GR4J model. This model 
can be executed in Microsoft Excel (Figure 2(a)). The four parameters of the model 
to optimize in calibration are: 1) X1: capacity of the production tank (mm); 2) X2: 
underground trade coefficient (mm); 3) X3: one-day capacity of the routing tank 
(mm); 4) X4: basic time of unit hydrogram HU1 (days). 

3.3. HBV Model 

It is a global conceptual model at the catchment scale, which is able to calculate 
different flows for various mechanisms [12]. This computer model converts, by 
simulating natural hydrological processes, precipitation data, potential evapora-
tion, and (where applicable) snowmelt into values of river flow and/or reservoir 
inflow (Figure 2(b)). Despite its robustness and relative simplicity, it integrates 
topographical features such as area and altitude for the spatial discretization of 
the study area in homogeneous zones, modules for calculating soil moisture, infil-
tration to the aquifer underground as well as the transfer function. But to simplify  
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Figure 2. Paterns of (a) GR4J model [12] and (b) HBV model [13]. 

 
it further, some components can be rendered inactive. The HBV model and its 
variants have been applied in a large number of countries and environments [13]. 
In fact, the model includes sub-programs for snow accumulation and melt, for 
calculating soil moisture, for groundwater, and a procedure for calculating flood 
propagation. It uses eight (08) parameters that control: 1) melting and accumu-
lation of snow, 2) ground cover interception, 3) direct runoff, 4) ground tank, 5) the 
correction of evapo-transpiration, 6) the emptying of underground reservoirs, 
7) transfer at sub-basin level (MAXBAS) to the river node, and 8) transfer to the 
river system. Those parameters can be classified into two categories: a) production 
parameters that affect the water balance, and b) transfer parameters that affect 
the shape of the output hydrograph. 

Depending on the production function for the vertical flow of this model, the 
recharge of the water table and the actual evapo-transpiration are functions of the 
current water storage in the soil tank. The surface flow takes place through three 
reservoirs, the first of which is non-linear. Thus the model is semi-distributed 
while the parameters of the transfer function are global by sub-basin. Standard 
HBV calculates this propagation by combining, for example, the Muskingum 
method with a complementary function of phase shift. The observations of the 
propagation in the basins are made by the trap method. For the regulation of 
floods, one can take into account strategies of exploitation of the water reservoirs 
in the very complex systems of reservoirs. The most important parameters are 
estimated by carrying out a calibration which, in general, requires 3 to 5 years of 
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simultaneous recordings of river flow and weather conditions. In the absence of 
river flow records, the parameters can in some cases be estimated based on the 
known characteristics of the basin. In the rest of this article, we used the simple 
version of HBV, called HBV light. The runoff rate (Qs) is calculated based on the 
average input precipitation (Pe), a certain direct runoff threshold or vegetation 
parameter, and a runoff coefficient. 

To go from the column of soil to the slope, we superimposed the slow flows 
and fast flows. These flows were then transformed by a triangular filter (parameter 
of the MAXBAS unit hydrograph). The propagation of the node from a slope up-
stream to the slope downstream is done by the modified Muskingum method. 

With only daily rainfall, hourly rain is obtained assuming a uniform distribu-
tion over the day. Thus, the time of computation of the model is hourly but the 
results are evaluated in the step of time daily. 

4. Quality Criteria 

The model is validated by comparing the flows calculated and observed through 
a quality criterion. The best-known and most widely used criterion for concep-
tual models is the Nash and Sutcliff (1970) criterion, which is expressed by the 
equation below: 

( ) ( )
( )
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, ,

2
,

Nash 100 1 i obs i cali

i obs obsi

Q Q
Q

Q Q

 −
 = −
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∑
∑

               (1) 

To account for some particular flow rates, this criterion was calculated using 
the square root of flows to mitigate the importance of peak flows, or the loga-
rithm of low flow rates. 

In practice, the simulation is considered to be of poor quality when the Nash 
criterion is less than 70%. It is acceptable when this criterion is greater than 70% 
and perfect if it is equal to 100%. 

Calibration and Validation 

The calibration of the two above-mentioned models consisted, after starting them, 
of changing their parameters so that the simulated flow rates are superimposed 
as closely as possible on the flows observed while ensuring the hydrological bal-
ance. Performance criteria such as Nash (NSE) and percent bias (PBias) were used. 
The NSE can vary from [-∞, 1]. The estimate is better when this value approaches 
the number 1. The PBias, with its optimal value of zero can be both positive and 
negative. Validation was carried out over a period (1982-1988) different from that 
of calibration (1994-1999). But the parameters of the model obtained at calibra-
tion have remained unchanged. 

To assess the availability of the resource in 2050, we considered the Hadley 
Centre Global Environment Model version 2 (HadGEM2-ES) climate model [14], 
based on the Cordex Africa experiment of the International Center for Theoretical 
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Physics (ICTP). We first performed a data correction using the method of Quan-
tile mapping temperature and precipitation data [15]. The reference period con-
sidered is 1981-2005 and that of future projections is 2005-2050. Then, the cor-
rected data were used to force the two hydrological models previously calibrated 
and validated to estimate the future availability of the water resource. The quan-
tile mapping method has been used to reduce the error on the rainfall estimates 
for the Lanta station Basin. 

The considered calibration period is from 1994 to 1999 and the validation pe-
riod, from 1982 to 1988. During these two different periods, the performances of 
the models were satisfactory (Table 1). Considering the value of the NSE, the 
performances of the GR4J model are slightly better than those of the HBV model 
during the calibration. On the other hand, during validation, the performances 
of the HBV model are superior to those of the GR4J model. We did not observe 
a big difference between the annual flows and volumes simulated and those ob-
served. 

The rainfall correlation obtained for the two models is very satisfactory. On 
one hand, the maxima are observed for the periods 1987-1988, 1999-2000 and 
2007-2008. On the other hand, the minima are indicated for the years 1983, 1986; 
from 1992 to 1998 and from 2001 to 2005 (Figure 3). 

On the hydrographs of the observed and simulated data (Figure 4) we see that 
both during calibration and during validation, the high and low water levels are  

 
Table 1. Performance of calibration and validation models. 

Model 
Calibration Validation 

GR4J HBV Obs GR4J HBV Obs 

NSE 0.61 0.57 
 

0.55 0.59 - 

PBias (%) −3.12 5.04 
 

3.16 19.55 - 

Annual flows (mm/year) 116.73 126.57 120.49 73.53 85.42 71.28 

Annual Volume (million m3/year) 196.11 212.64 202.43 123.54 143.50 119.75 

 

 
Figure 3. Maxima and minimum rainfall heights by GR4J and HBV models. 
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Figure 4. Hydrograph from calibration and validation of HBV and GR4J models in the Couffo basin at the Lanta 
outlet. 
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well simulated. We also note a pronounced drought (which tends towards rup-
ture) in the years 1983 and 1987. So, we can say that the HBV and GR4J models 
thus reproduce the variation regimes of the Couffo basin at the Lanta station. In 
view of these results, these two hydrological models can be used for an impact 
study. 

Figure 4 shows the hydrographs observed and simulated both for the calibra-
tion period and for the validation period. We can observe on this figure, that the 
high waters as well as the low waters are well simulated. The HBV and GR4J 
models acceptably reproduce the variation regimes of the Couffo basin water-
course at Lanta station. In view of all these results, the two hydrological models 
HBV and GR4J can be used for an impact study. We performed a data correction 
using the Quantile mapping method [15] of temperature and precipitation data. 
The reference period considered is 1981-2005 and that of future projections is 
2005-2050. Then, the corrected data were used to force the two hydrological 
models previously calibrated and validated to estimate the future availability of 
the water resource. 

5. Results and Discussion 
5.1. Availability of Water Resources by 2050 in the Couffo Basin 

at the Outlet of Lanta 

From Table 1 indicating the criteria used for calibration and validation, we can 
get an idea of the current availability of the resource available at Lanta station. It 
ranges from 119 million m3 to 202 million m3 per year, or between 3.80 and 6.40 
m3/s. These results are similar to those obtained by [16], which are between 3.6 
and 6.6 m3/s. 

The quantile mapping method significantly reduced the error on the Lanta 
basin rainfall estimates as shown in Figure 5 below. 

 

 
Figure 5. Correction curve of data from the HadGEM2-ES climate model. 
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This figure represents the cumulative density function of the data after its 
forcing, by using the HadGEM2-ES model. Thus, we noted the function of the 
uncorrected model data (red curve), the function for after the correction by the 
HadGEM2-ES model (green curve), and the function of the data observed or pro-
vided by the meteorological services (black curve confused with the green curve). 
One remarks a perfect superposition of the two curves from observations (green 
curve) and simulations (black curve) after correction with HadGEM2-ES model, 
indicating a very appropriate correction of the data by this model. 

The annual average of the results obtained after correction of the data from the 
HadGEM2-ES climate model is 1117.7 mm/year while that corresponding to the 
observations is 1104.6 mm/year over the period 1981-2005. By 2050 (2005-2050), 
the rain will decrease slightly according to the same climate model, amounting 
to an average of 1094 mm/year. In the same way, the temperature data have been 
corrected by the same method and they will increase significantly. 

Table 2 presents the results of the hydrological two models, with climatic data 
corrected from the HadGEM2-ES climate method. The different components of 
the hydrological balance will decrease by 2050. The flows decrease between 11.9% 
according to the GR4J model and 19.2% according to the HBV model. The gross 
resource available by 2050 could reach an average of 187 million cubic meters 
per year. 

Considering the elongated shape of the basin, we have first approximated the 
available resource at the virtual outlet (study area) by a simple rule of corre-
spondence between area and available volume. The size of the virtual basin is 
2908.15 km2 and that of Basin in Lanta is 1664.47 km2). Thus, the volume of wa-
ter at the virtual station will be approximately [(187 million cubic meters per 
year) × 2908.15/1664.47] or 327.5 million cubic meters per year or 10.37 cubic 
meters per second on average horizon 2050. However, it should be noted that 
this entire volume cannot be fully mobilized because of other users upstream and 
downstream. As a result, integrated management of water resources in the basin 
needs to be considered according to the current annual volume of 187 million cu-
bic meters of surface water available at the outlet of the Couffo watershed which 
is an integral part of Benin’s surface water resource of 13.88 billion cubic meters 
[17]. 

 
Table 2. Components of the water balance taking into account climate scenario RCP8.5 of the HadGEM2-ES climate model. 

Components 
HBV GR4J 

1981-2005 2006-2050 Variation (%) 2006-2050 1981-2005 Variation (%) 

Flow rate Qsim (106 m3/year) 143.7 116.2 −19.2 123.8 109.1 −11.9 

Precipitation/year 1117.7 1094.5 −2.1 1117.7 1094.5 −2.1 

Actual Evapotranspiration (AET) 974.5 979.2 0.5 882.9 831.9 −5.8 

Potential Evapotranspiration (PET) 1475.7 1475.7 0.0 1475.7 1475.7 0.0 
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5.2. Determination of Return Flows from the Allada Virtual  
Station in the Couffo Watershed 

In order to determine return period flows, in order to optimize the sizing choices 
of the dams and dikes, an estimation of the flow rates was made at Allada virtual 
station. Thus, we carried out a spatialization of the rain on the whole basin at the 
considered outlet of the station of Lanta, from 1981 to 2010. The parameters of 
models HBV and GR4J previously obtained were considered as proxy to simu-
late the flows at the virtual station of Allada. The sampling method used for fre-
quency analysis is annual maxima. The general law of extreme values (GEV) is the 
distribution used. Table 3 shows the quantiles corresponding to the different re-
turn periods. There is a big difference between the results from the two models. 
The advantage of the multi-modelling in this work is to be able to compare the 
results and to deduce the uncertainties which increase with the return period as 
indicated in Table 3. 

The flows of approximately 5.51 m3/s, 8.99 m3/s and 12.67 m3/s correspond 
respectively to the return periods of 10 years, 25 years and 50 years on the 
Couffo basin at the exit of the virtual basin considered. However, the uncertainty 
is greater from a period of 50 years because of the length of the data used. Those 
changes in the overall availability of water resources in the Couffo watershed may 
be the consequence of the dynamics of surface states on one hand, and the transla-
tion of climate changes and variability on other hand. They can also be related to 
the distance of the validation period compared to the calibration period. Thus, 
one can note a degradation especially in the reproduction of the flood flows, 
confirming the instability of the parameters of the models in the time. Because of 
these uncertainties over the stability of the parameters over time, it would be dif-
ficult to predict the flood flows with the models used, especially on distant hori-
zons to evaluate, for example, the impacts of climate change. 

The global analysis of the obtained results indicates strong interannual fluc-
tuations of precipitation in wet periods and in dry periods, with a downward trend, 
and highlights three phases: a very humid phase, a dry phase and a wet phase.  

 
Table 3. Quantiles corresponding to the different return periods obtained from the flows 
simulated by the two models in million m3/year then the parameters of the GEV model. 

Quantiles 
Return Periods (years) Parameter Value (GEV) 

10 25 50 
  

Location Scale Shape 

GR4J 177 315 474 
GR4J 

Value 47.4 37.8 0.3 

HBV 170 254 333 Type deviation 8.0 6.8 0.2 

Average 174 284 404 
HBV 

Value 33.5 32.5 0.5 

Type deviation 3 30 70 Type deviation 6.9 6.8 0.2 
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Those results corroborate with those obtained by [17] in Benin and those ob-
tained by [18] in West Africa. This climatic deterioration associated with the deg-
radation of natural formations in favour of anthropogenic formations leads to a 
weakening of the vegetal cover and a degradation of the grounds which causes 
the loss of fertility in the agricultural lands [19]. According to these authors, the 
degradation of rainfall, associated with environmental problems including the 
degradation of vegetation cover, water erosion, land pollution is at the base of 
the decline in agricultural yields, very marked differences between planted area 
and agricultural production. The results are consistent with those of [20] [21] [22] 
[23] according to which the decrease in crop yields is attributed to climate change 
and high pressure on agricultural land, which leads to food insecurity. 

Furthermore, to make better use of the surface water availability provided by 
the two models GR4J and HBV, the construction of water reservoirs (dikes or 
dams) intended to promote agro-pastoral and industrial activities is necessary in 
the area of Gbedji-Kotovi. This surface water recovery option corroborates with 
that proposed by [24] for the Klou watershed. 

6. Conclusion 

The water resource available in the Couffo watershed upstream from the Lanta 
rainfall station varies according to the model and the considered period. The 
variations in rain of the considered periods are well simulated by the GR4J and 
HBV models. However, the accuracy of the results obtained has progressively de-
creased as the projection time becomes longer. The quantities of water estimated 
from the two models are quite large and can supply hydraulic infrastructures such 
as dikes or embankment dams. In this context, Gbédji-Kotovi clays can be val-
ued. Conceptual models with few parameters such as those used in this research 
(by their robustness and their ease of use) appear the most likely to predict the 
short-term floods on the one hand, and to increase the prediction times compared 
with classical approaches to propagation on the other hand. They also make it 
possible to predict long-term low flows and to predetermine rainfall, with the 
joint use of a stochastic rain generator. Their importance is thus established in the 
detection of impacts on flows due to development or changes in land use and the 
dimensioning of flood capping and/or low-flow reservoirs and their management. 
Thus, other methods are needed to evaluate the hydrological impacts of climate 
change on floods in this watershed. 
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