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Abstract. The Ouémé watersheds at Bétérou and Bonou has been recently facing increased sensitivity to ex-
treme hydroclimatic phenomena that occurred by flooding or drought events. In the same time, the population
growth and the related socio-economic activities increased the pressure state on water resources. In this context,
hydrological modeling is an important issue and this study aims at analyzing the calibration of the hydrological
model GR4J based on PET Penman-Monteith and Oudin methods. Daily rainfall, Penman-Monteith and Oudin
evapotranspiration and daily data flow from the Bétérou and Bonou hydrometric stations on the Ouémé Basin
have been implemented in the GR4J model over the period 1971 to 2010. Oudin PET values are slightly higher
than the Penman-Monteith PET ones. However, the difference between the two PET methods have only few
impacts on the optimization and performance criteria of the GR4J model. The Nash values ranges from 0.83 to
0.91 in Bonou, and 0.52 to 0.70 in Bétérou for the calibration in dry period, while in validation, they are 0.59 to
0.78 in Bétérou, and 0.56 to 0.88 in Bonou in wet season. In view of these results, with the two PET methods
used which do not result from the same climatic variables, it should be said that the formulation of PET has only
few impacts on the results of GR4J for these tropical basins.

1 Introduction

The ongoing climatic changes are one of the factors respon-
sible for the recurrence of extreme rainfall anomalies gen-
erating risks of flood and drought (Amoussou et al., 2015).
Crétat et al. (2012) indicated that due to climate change,
the intensity and frequency of heavy rainfall will increase
in the future with impacts on groundwater and surface wa-
ter resources. To predict the availability of these resources
is essential for adapted solutions to development projects
(Sighomnou, 2004). Rainfall-runoff models are good tools to
define the use of water resources by reproducing flows at the

basin scale from the measurements or the simulation of rain-
fall and PET (Afouda et al., 2015). For Paturel et al. (2003) a
rainfall-runoff model is more interesting in developing coun-
tries because they can be used to estimate the resource avail-
able and also its evolution over time by combining it with cli-
mate scenarios. Choosing the efficient rainfall-runoff model
to reproduce the flows depends on the available input data.
Oudin (2004), indicated that sensitivity analysis is consid-
ered an important phase of the modeling process. Andréas-
sian et al. (2004) studying the impact of the PET on the pa-
rameters and the performances of GR4J and TOPMO mod-
els, showed that the models’ efficiency was very few influ-
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enced by the choice of the PET formula. In Benin, many hy-
drological modeling have been carried out with GR4J and
GR2M (Vissin, 2007; Amoussou et al., 2015; Afouda et al.,
2015). However, these authors did not focus their research on
the type of PET methods relevant to the calibration of hydro-
logical model. We thus question in this study the influence of
the PET method on the performances of the GR4J model. We
test two methods of PET estimation: Penman-Monteith and
Oudin, in two sub-catchments of the Ouémé River, Bétérou
in the upper catchment and Bonou at the outlet.

1.1 Geographic location of the study environment

The Ouémé watershed at Bonou outlet, covers an area of
46 200 km2 (41 % of the Benin area); it spreads in its north-
ern part on Dahomeen basement, and on sedimentary ones in
the South. Some parts of the basin are in East of Nigeria, and
West of Togo (Fig. 1), (Le Barbé et al., 1993).

The climatic structure of Ouémé watershed is presented as
follows: in the south is under subequatorial climate with four-
seasons alternatively wet and dry (at the outlet of Bonou),
and in the north a Sudanian climate with a single-rain-season
(at the outlet of Bétérou). In the central part, there is an in-
termediate climate of sub-sudanian type, transitional climate
between the South and the North of the area. The Ouémé
River is flowing from North to South along 510 km on the
Beninese territory.

2 Data and methods

2.1 Data

We used daily rainfall recorded at 30 stations including 4
synoptic ones from the National Direction of Meteorology
(NDM) database, related to the ASECNA, Agency for Aerial
Navigation Safety in Africa and Madagascar. We use daily
flows measured at the outlet of Bonou and collected from
the Hydrology Department of the General Direction of Water
(DGEau) of Benin. These data cover the years 1971 to 2010
and have been supplemented by the SIEREM/HSM database
(Boyer et al., 2006).

2.2 Methods

We choose rainfall stations with less than 5 % lacks (Amous-
sou et al., 2015), with regionalization by the Thiessen
method. We test the stationarity rupture probability using sta-
tistical tests of the Khronostat 1.01 software, developed by
HydroSciences Montpellier laboratory (Boyer et al., 2006).

2.2.1 Calculation method for evapotranspiration

PET is not a measured variable, such as rain, but the result of
a model combining various climatic variables (Oudin, 2004).
In hydrology and especially in rain-flow modeling, the Pen-
man (or Penman-Monteith) model is the most used. This ap-

proach nevertheless requires the collection of climate data. If
the data collection does not allow a Penman PET calculation,
several other formulas can be used to determine the PET. The
choice of the formula is then based on the adequacy of the
data needed to calculate the PET and the data available. In
the case of this study, we highlighted the Penman Monteith
PET and the Oudin PET.

Potential Evapotranspiration of Penman-Monteith

Several methods are used to calculate Potential Evapotran-
spiration (PET). In hydrological modeling, the Penman-
Monteith evapotranspiration estimation method is used
(Allen et al., 1998). It requires several climatic parameters
including the air temperature (min and max), the average rel-
ative humidity, the insolation, the wind speed at 2 m s−1 of
the ground, the latitude of the climatological station consid-
ered. The remaining data is generated by the software. The
software Instat+ is used to calculate the PET. It is obtained
by the formula below Eq. (1):

ET0 =
0.4081(Rn−G)+ γ 900

T+273U2(es− ea)

1+ γ (1+ 0.34U2)
(1)

with: ET0 reference evapotranspiration (mm d−1), Rn net ra-
diation at the surface (MJ m−2 d−1), G soil heat flux den-
sity (MJ m−2 d−1), T mean temperature daily air at 2 m in
height (◦C), U2 wind speed at 2 m in height (m s−1), Es sat-
uration vapor pressure (kPa), and the actual vapor pressure
(kPa) These are the saturation vapor pressure deficit (kPa),
the slope of the vapor pressure curve (kPa ◦C−1), the psy-
chometric constant (kPa ◦C−1).

Potential Evapotranspiration of Oudin

The method of Oudin has been used by other researchers
(Kay and Davies, 2008; Amoussou et al., 2015). This
method of PET calculating comes from the Jensen-Haise and
McGuinness models (Amoussou et al., 2015). These models
generally used in climatology take into account only the aver-
age daily temperature of the air and the solar radiation which
depends on the latitude and the 365 d of the year. Potential
Evapotranspiration is obtained by the formula Eq. (2):

PE=
ReTa+K2

γρK1
, Ta+K2 > 0, PE= 0 (2)

with PE: Potential Evapotranspiration (mm j−1); Re: Solar
radiation (MJ m−2 d−1); Ta: Average daily temperature (◦C);
γ : the latent heat flow (2.45 MJ kg−1); ρ: the density of the
water (kg m−3)K1 (◦C) andK2 (◦C): are fixed parameters of
the model.
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Figure 1. Geographical location.

2.3 GR4J Hydrological Model

The GR4J is a global conceptual rainfall-runoff model ap-
plied with only four parameters, at a daily time step and using
few variables (Perrin et al., 2003). The GR4J model makes it
possible to obtain the simulation of daily flows in a hydrolog-
ical basin, to carry out the forecast of floods and low water
levels, to reproduce the functioning of the basin and to obtain

the interpolation and extrapolation of the climatic conditions
of the basin (Perrin et al., 2003).

2.3.1 Method of calibration/validation of the model

To calibrate and to validate the GR4J model, it has been re-
tained two sub-periods (calibration: 1971–1987; validation:
1988–2010). The homogeneity of these sub-periods will be
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Figure 2. Rainfall index at Bétérou and Bonou (1971–2010).

discussed through the stationarity rupture analysis in the rain-
fall and flow chronicles.

2.3.2 Quality criteria of calibration and validation
performances

The calibration of the GR4J model is based on the criteria of
optimization and performance of the model to reproduce the
flows with the criteria of Nash-Sutcliffe (1970) designated by
NSE and whose formulas are Eq. (3):

NSE(Q)=
∑

(Qsim−Qobs)∑
(Qobs−Qobs

calculated on high water flows;

NSE(
√
Q)=

∑
(
√
Qsim−

√
Qobs)∑

(
√
Qobs−

√
Qobs)

calculated on average flows;

NSE(ln(Q)=
∑

(ln(Qsim)− ln(Qobs))∑
(ln(Qobs)− ln(Qobs))

calculated on low flow. (3)

These 3 quality criteria are used in this study and all their
values are between [−∞ to 1], (Dezetter, 2008).

3 Results

3.1 Variability of interannual rainfall on the watersheds
of Ouémé at Béterou and Ouémé at Bonou

The analyse of the evolution of annual rainfall in the areas of
this study (Fig. 2) reveals the positive rainfall indices charac-
terize wet periods or sequences, while negative value indices
indicate periods of drought in the study environment.

Among the years corresponding to the wet sequences,
there are 1963, 1968, 1978, 1990, 2002 and 2010. As for
the years marked by drought, there are 1971, 1974 1976,
1983, 1987, 1989. These observations have been highlighted
by many studies over the study area (Le Barbé et al., 1993;
Amoussou et al., 2015).

In addition, the analysis of the rupture in pluviometric sta-
tionarity revealed by the Pettitt’s non-parametric method and
Hubert’s segmentation of Hubert, a rupture in 1987, dividing
the series into two homogeneous sub-periods (1971–1987
and 1993–2010) in the two sub-basins. Thus, in the Ouémé
basin at Bétérou, the 1971–1987 sub-period recorded an av-
erage annual rainfall of 1091 mm against 1202 mm over the
1988–2010 sub-period. This observation leads us to say that
the 1971–1987 sub-period is pluviometrically deficient com-
pared to the 1988–2010 sub-period, i.e. an increase of 10 %.
Similar situations are observed in Bonou between the two
sub-periods, with an increase in heights of more than 15 %
during the last sub-period. This situation can have repercus-
sions on hydrological dynamics, activities and uses related to
water in the study area.

3.2 Variability of interannual flows in the Ouémé Basin
at Bétérou and at Bonou

Both at the Ouémé-Bétérou watershed and at the Ouémé-
Bonou watershed (Fig. 3), the annual flow variability is
marked by wet periods illustrated by positive anomalies in
1973, 1991, 2010 while the negative anomalies explain the
deficit years of water flows during the years 1974, 1977,
1983, 1987, 1989, 2005. Moreover, the rainfall rupture is
taken into account to better analyzing at the impact of this
rainfall variability on flows in the study area. Indeed, it
is found at Ouémé-Bétérou that the average annual flows
in the sub-period 1971–1987 are 47.5 m3 s−1 while those
in the sub-period 1988–2010 are 54.5 m3 s−1, an increase
of 14.8 %. As in the watershed at Ouémé-Bétérou, it is
also noted in the Ouémé-Bonou’s watershed that the sub-
period 1971–1987 (111 m3 s−1) is hydrologically deficit in
the 1988–2010 (200 m3 s−1) with a difference of 78.3 %.

Based on these results, it should be noted that rainfall vari-
ability has impacted the average flow in the study area, as al-
ready studied by Totin et al. (2016). This finding is consistent
with previous studies by Mahé et al. (1995), who indicated
that from the 1990s, there is a slight recovery of rainfall in
West Africa, in an increasingly anthropogenic environment
that has led to an increase in water levels in watercourses
and water bodies compared to the 1970s and 1980s, which
can lead to flood events in the watershed (Amoussou et al.,
2015).
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Figure 3. Flow index at Bétérou and Bonou (1971–2010).

Figure 4. Comparison of annual average evolution of daily PET
at Bétérou and at Bonou calculated by two methods, from 1971 to
2010.

3.3 Interannual evolution of the average potential
evapotranspiration of Penman Monteith and Oudin

The evolution of the PET estimated by the method of Oudin
has almost the same rhythm as the PET calculated with the
method of Penman Monteith at Bétérou and Bonou (Fig. 4).

Figure 5. Observed and simulated flow variability for GR4J model
calibration with Oudin and Penman PET.

Moreover, on the 1971–2010 series, the annual average of
the PET at Bétérou is 4.8 mm d−1 for Oudin method while
that of Penman Monteith is 4.0 m d−1 at Bétérou. As for
Bonou, the PET average of Oudin method is 4.9 mm d−1

while that of Penman Monteith is 3.7 mm d−1. In addition,
the discrepancies between the Oudin and Penman-Monteith
PET are respectively −15.6 % at Bétérou and −24.7 % at
Bonou. It is therefore appropriate for this analysis to say that
for the two sub-basins the Oudin method of PET calculation
underestimates the PET value in comparison of the PET of
Penman-Monteith method.

3.4 Variability of the flows observed, simulated and
calibrated by the GR4J model with the PET
estimated by the Oudin and Penman-Monteith
methods

The variability of the flows of observed and simulated for
calibration with PET using the Oudin and Penman-Monteith
methods by the GR4J model (Fig. 5), have almost the same
rhythm as both Bonou and Bétérou.

However, the analysis of the biases reveals between the ob-
served and simulated flows a difference of 8.1 % and 15.5 %
respectively with the flows simulated with the Oudin and
Penman-Monteith PET. It is the same for the simulated flow
rates at Bétérou, giving a spread of 3.1 % with Oudin PET
and 7.3 % with the Penman-Monteith PET. As already found
by Amoussou et al. (2015),we can conclude that Oudin PET
allows a flow simulation with a smaller bias than the Penman-
Monteith PET
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Table 1. Nash values with Oudin and Penman Monteith PET.

PET Oudin Penman Monteih

Subperiods NSE
√
Q NSE(ln(Q)) NSE(Q) NSE

√
Q NSE(ln(Q)) NSE(Q)

Ouémé at Bonou

Cal_71–87 (DP) 0.91 0.83 0.83 0.91 0.83 0.83
Val_93–10 (WP) 0.88 0.56 0.76 0.87 0.56 0.76
Cal_93–10 (WP) 0.90 0.90 0.85 0.90 0.90 0.85
Val_71–87 (DP) 0.85 0.60 0.75 0.85 0.60 0.75

Ouémé at Bétérou

Cal_71–87 (DP) 0.64 0.70 0.52 0.64 0.70 0.52
Val_93–10 (WP) 0.75 0.78 0.59 0.75 0.78 0.59
Cal_93–10 (WP) 0.78 0.79 0.61 0.78 0.79 0.61
Val_71–87 (DP) 0.61 0.70 0.49 0.61 0.70 0.49

DP=Dry Period; WP=Humid Period.

However, optimization criteria of the model is also an indi-
cator to better appreciate the model’s performance, the cali-
bration of the GR4J model from potential evapotranspiration
estimates, including the Penman-Monteith and Oudin PET in
the basin.

3.5 Values of calibration criteria and validation with the
GR4J model in the catchment areas of Ouémé at
Bétérou and Ouémé at Bonou

The results show that the values of Nash (NSE) calculated on
the square roots of the flows, on the logarithms of the flows
and on the high water flows in the watersheds of Ouémé at
Bétérou and Ouémé at Bonou, give the same values corre-
sponding to each criterion for both the Oudin PET and the
Penman Monteith PET (Table 1).

Furthermore, Evapotranspiration (PET) is an important
process in the water cycle. However, despite the difference
between Oudin’s PET and Penman-Monteith’s PET reported
on the analysis of Figs. 4 and 5, it is observed that the for-
mulations of these PET do not have as much influence on
the values of the Nash in calibration (in dry period the val-
ues of Nash vary from 0.83 to 0.91 at Bonou and from 0.52
to 0.70 at Bétérou) as in validation (Nash vary from 0.56 to
0.88 at Bonou and from 0.59 to 0.78 at Bétérou) with the
GR4J model on the two sub-watersheds, under different rain-
fall regimes (Le Barbé et al., 1993). This result is similar
to the work of Dezetter (1991); Oudin et al. (2005) and re-
cently Ben Khediri and Drugs (2015); Dallaire (2019). They
demonstrated that the rainfall-runoff models that use PET as
input are not much sensitive to the estimation method of the
PET calculation for the model performance.

4 Conclusions

Despite a great variability between the two different formu-
lations of PET Oudin and Penman-Monteith used in this re-
search, it should be noted that the results show the similar
trends with the Nash values. Thus, it should be concluded
that the formulation of PET has few impacts on the results
of the GR4J model for these tropical basins. However, in the
context of global changes, and in particular the changes that
the area of study is facing, this result must be taken into ac-
count in the analysis of current hydrological processes and
the revision of hydrological standards in tropical basins.
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matological data are the properties of the National Directorate
of Meteorology (NDM) at Cotonou in Benin, and an Environ-
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hydrometric data, are the properties of the Directorate General of
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tion on Water Resource and Modeling (SIEREM)/HydroSciences
Montpellier (HSM), UMR 5569.
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