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Abstract. The objective of this study is to model the Mono River basin at Athiémé using stochastic approach
for a better knowledge of the hydrological functioning of the basin. Data used in this study consist of observed
precipitation and temperature data over the period 1961-2012 and future projection data from two regional cli-
mate models (HIRHAMS and REMO) over the period 2016-2100. Simulation of the river discharge was made
using ModHyPMA, GR4J, HBV, AWBM models and uncertainties analysis were performed by a stochastic ap-
proach. Results showed that the different rainfall-runoff models used reproduce well the observed hydrographs.
However, the multi-modelling approach has improved the performance of the individual models. The Hermite
orthogonal polynomials of order 4 are well suited for the prediction of flood flows in this basin. This stochas-
tic modeling approach allowed us to deduce that extreme events would therefore increase in the middle of the
century under RCP8.5 scenario and towards the end of the century under RCP4.5 scenario.

1 Introduction studies have investigated the multi-modelling approach, as

well as performing uncertainty analysis using stochastic ap-

Water resource management and catchment analysis are cru-
cial aspects of the twenty-first century in hydrological and
environmental sciences (Chalkias et al., 2016). Benin Re-
public has an aquatic ecosystem, supplied and varied, rep-
resented from downstream to upstream by a significant mar-
itime component, a system of lagoons and lakes and a hy-
drographic network in which fit the Lake Ahémé and its
channels (Amoussou, 2010). This hydrographic basin — la-
goon — lake and maritime system continuum is very sensi-
tive to climate forcing. Nowadays, the lake Ahémé is facing
a real problem of sedimentation. The Mono River is one of
the main water inlets of this lake. Several hydrological stud-
ies have already been conducted in the Mono River basin
(Amoussou et al., 2014; Lawin et al., 2019; Koubodana et
al., 2019; Amoussou et al., 2020). However, none of these

proach. The objective of this study is therefore to model the
Mono River basin at Athiémé using stochastic approach for
a better knowledge of the hydrological functioning of the
basin.

2 Materials and methods

2.1 Study area

The Mono River basin at Athiémé occupies an area of
21500km? shared between two West-African countries,
Togo and Benin. Specifically, it is located between the lat-
itudes 06°16’ and 09°20'N, and the longitudes 0°42" and
2°25"E (Fig. 1). It hosts the Nangbéto hydropower dam built
in 1987 and utilized by the two countries. The river serves as
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Figure 1. Study area.

natural border between the two countries in the southern part.
The climate is tropical (two rainy seasons and two dry sea-
sons) downstream and subequatorial (one rainy season and
one dry season) upstream (Lawin et al., 2019). This river
basin is patterned in the south by floodplains and plateaus,
and higher landforms in the north and north-west, e.g., the
Atakora Mountains with a height of 800 m and their south-
ern extensions that are the Togo mountains (Amoussou et al.,
2020).

2.2 Methods

2.2.1 Observed and Regional Climate Models (RCM)
data used

Observed meteorological data (daily rainfall data, tempera-
ture data) and daily discharge data were provided, respec-
tively, by the Benin Meteorological Department, i.e., Météo-
Benin and the National Directorate of Water (DG-Eau).
The observed data are considered for the period 1961-2012
(good compromise, taking into account the length of the
data available in the different stations). The historical and
future projections (RCP4.5 and RCP8.5 scenarios) rainfall
data of two RCM (HIRHAMS and REMO) were obtained
from CORDEX Africa project (http://www.cordex.org, last
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access: 3 December 2020). These two RCM were chosen to
test their ability to reproduce the observed rainfall data in
Mono catchment for impact studies. The reference period se-
lected for examining the rainfall bias was the period 1961—
2005. For future projections, the RCP4.5 and RCP8.5 scenar-
ios are considered over the period 2016 a 2100.

2.2.2 Data processing

Preprocessing of hydro-climatic data: This involves recon-
structing the missing hydro-climatic data and carrying out
the spatialisation by using the ordinary kriging method.

Bias correction: ISI-MIP method (Hempel et al., 2013)
was used for the correction of bias contained in the tempera-
ture and rainfall data from the investigated RCM.

Calculation of Potential Evapotranspiration (PET): The
calculation of daily PET by the formula of Oudin et
al. (2005), which only uses as input the temperature, was re-
tained for hydrological modeling. This ETP formula is sim-
ple and efficient and allows to obtain better results in terms
of flow simulation.

Hydrological modelling: In this study, several hydro-
logical models were used: ModHyPMA, GR4J, HBV and
AWBM (Table 1). These models have been used success-
fully in previous studies (Alamou et al., 2010; Amoussou,
2010; Amoussou, 2015; Biao et al., 2016). They will be cali-
brated over the period 1961-1965 and validated, firstly, over
the period 1971-1975 (period before the establishment of the
Nangbéto dam) and secondly over the period 1988—1992 (pe-
riod after the establishment of the dam in 1987). This was
done in order to consider the effect of the operation of the
dam on the flow simulations at the Athiémé outlet. Ensem-
bles of these models were also considered because the aver-
age of the outputs of the different models could also reduce
the uncertainties related to the models structure. In order to
evaluate the model performance for the calibration and vali-
dation, the coefficient of model efficiency CE (Nash and Sut-
cliffe, 1970) and the coefficient of determination R? were
used.

Uncertainty analysis: stochastic modeling of flood flows:
Hydrological processes are natural phenomena having not
only a dynamic aspect but also a stochastic character. Thus,
any analysis of hydrological data should seek to take into ac-
count both stochastic and dynamic aspects. In addition, pre-
cipitation at the entrance to the basin is the result of complex
physical phenomena that give it a stochastic behavior. The
stochastic formulation of ModHyPMA by methods based
on the use of stochastic differential equations (SDE) allows
to better take into account the uncertainties in the rainfall-
runoff modeling. The SDE that describes the Mono basin at
Athiémé can be written in the form of Eq. (1) (Alamou, 2011;
Biao et al., 2016):

dO() = f(Q.ndt +G(Q,1)dW (1) (1
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Table 1. Characteristics of the rainfall-runoff models used.
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Models Structure Parameters  Reservoirs  Input References

ModHyPMA  Physically 2 P,PET+ Q Afoudaetal. (2010)

GR4) Conceptual 4 2 P,PET+ Q Edijatno Nascimento et al. (1999)

HBV Conceptual 9 3 P,PET+ Q Bergstrom (1973)

AWBM Conceptual 7 3 P,PET+ Q Boughton (1993)
where [dW (), t € T] is a Brownian motion process. One of 1 T Py ———
the advantages of SDE is the use that can be made of its asso- 61
ciated Fokker-Planck equation (FPE). The FPE is a general 5

Discharge Calibration Validation

probabilistic approach to describe the dynamics of various
stochastic systems. It models the time evolution of the prob-
ability distribution in a system under uncertainty. It can be
written in the form of Eq. (2):

IP(0, 0
%?@[ﬂgnmg,w]
1 92
+§3—Q2[2G2(Q,t)P(Q,t)] ®)

where f(Q,t) et 2G%(Q, 1) represent respectively the mean
and the variance. Hermite polynomial expansion to approx-
imate probability distribution of flood flows (Afouda and
Alamou, 2010; Alamou, 2011; Biao et al., 2016) is given in
the form of Eq. (3):

1 2 n
P(u,t)= > e 2 [1 +Zi71AiHi+l(u)] 3
o =
where A;=0; A; = % Az = ”‘273; etc.; H,(u)=
u2 n M2
(—1)”e7517 e 7 ), u= Q_OQ[Q] and u represent the

centered moments of the variable u. Based on the above
expressions of the expansion coefficients, the time series of
the observed or simulated maximum daily mean flows are
used to make calculations of P(u,t) for the first four orders.
From this approximation of probability distribution of flood
flows, the values of the 2, 5, 10, 20, 50 and 100 years return
period were determined.

3 Results and discussion

3.1 Hydrological modelling

Figures 2 and 3 and Table 2 show the results of the rainfall-
runoff simulation in the Mono river basin at Athiémé. A
closer look at Figs. 2 and 3 reveals an underestimation of
flood peaks by the different models. This confirms the reg-
ulatory role of dams in accordance with the conclusions of
Payan (2007). In addition, the multi-model approach has im-
proved the performance of individual models. Indeed, the
performance in calibration, in validation 1 and in validation 2
of the ensemble of HBV, ModHyPMA and GR4J, as well as
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Figure 2. Calibration and validation of the investigated models in
the Mono basin at Athiémé.
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Figure 3. Calibration and validation of the investigated ensemble
models in the Mono basin at Athiémé.

the ensemble of the 4 rainfall-runoff models are better than
the performance of the models taken individually. However,
the validation of the models after the impoundment of the
dam is less good than the first validation. This can be ex-
plained by the influence of the water releases at the dam.

In order to better take into account the uncertainties,
stochastic modeling of flood flows in the Mono basin at
Athiémé is crucial.

3.2 Stochastic modelling of flood flows

Figure 4 shows the results of the fitting of the simulated
flood flows with approximations based on Hermite orthog-
onal polynomials. From this figure, it can be deduced that it
is the probability distribution based on the Hermite orthog-
onal polynomials of order 4 which best fits the observation
data and those simulated in the Mono basin at Athiémé.
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Table 2. Performance of the rainfall-runoff.

E. |. Biao et al.:

Hydrological Modelling of the Mono River Basin at Athiemé

Calibration \ Validation_1 \ Validation_2
Model Nashroot  Nash R?2 ‘ Nashroot  Nash R? ‘ Nashroot  Nash R?
HBV 0.87 0.78 0.82 0.80 0.79 0.80 021 041 0.64
ModHyPMA 0.83 0.75 0.79 072 0.70 0.71 0.51 050 0.55
GR4J 0.87 0.78 0.79 0.82 081 0.83 0.51 049 0.62
AWBM 075 072 0.72 037 036 041 048 0.61 0.64
Ens_HBV_ModHyPMA_GR4J 0.88 0.82 0.83 0.81 0.79 0.81 052 055 0.64
Ens_of 4_models 0.86 0.82 0.82 0.74 075 0.78 0.55 0.58 0.65
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Figure 4. Fitting curve of the probability distribution based on Hermite polynomials for the simulated maximum daily flows in the Mono

basin at Athiémé.

The results also showed that the simulated maximum
flows, using the observed rainfall data in the basin, are un-
derestimated for the 2 and 5 years return periods, whereas
these flows are overestimated for the 100 years return period,
in comparison with the observed maximum flows. However,
using historical data from the REMO and from the ensemble
REMO and HIRHAMS, the relative differences between the
values of the simulated flows and those of observed flows are
not too high, compared to those obtained with HIRHAMS
alone. These differences vary from 18 % (for T = 100 years
return period) to 21 % (for T = 2 years return period). There-
fore, REMO and the ensemble REMO and HIRHAMS can be
used for long-term simulations.

3.3 Frequency analysis of projected flows

The results obtained from the REMO climate model project
a decrease change of flood flows, under the two RCP4.5
and RCP8.5 scenarios. However, the ensemble HIRHAMS
and REMO project an increase change for the 5, 10, 20, 50
and 100 years return periods in the Mono basin at Athiémé
under the two scenarios. In comparison with the observed
maximum flows, an increase ranging between 22 % (for T =
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5 years return period) and 24 % (for T = 100 years return pe-
riod) could be obtained. These results allow us to deduce that
the extreme events could therefore increase in the middle of
the century under RCP8.5 scenario and towards the end of
the century under RCP4.5 scenario.

The traditional approach for assessing the probability of
outflow of a given frequency has been to pick a storm pattern,
choose a runoff model and set the parameters with the best
available estimate (for example in Amoussou, 2015). How-
ever, one of the most important advantages of the SDE is
the associated FPE, which allows one to directly derive the
time-varying probabilities associated with the outflow. The
stochastic approach used in the present study enables us to
take into account both the stochastic and dynamic aspects of
the hydrological phenomenon.

4 Conclusions

The main contribution of this paper was to model the Mono
River basin at Athiémé using stochastic approach for a bet-
ter knowledge of the hydrological functioning of the basin.
The different hydrological models used in this study repro-
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duce well the observed hydrographs in the Mono basin at
Athiémé. However, the multi-model approach has improved
the performance of the individual models. Stochastic model-
ing of flood flows shows that the intensity and frequency of
flows are likely to be more pronounced under RCP4.5 and
RCP8.5 scenarios. The study concluded that climate change
will modify the level of floods in the Mono basin at Athiémé.
The main advantage of the SDE approach is that it provides a
physically transparent and mathematically tractable descrip-
tion of the stochastic dynamics, indicating how uncertainty
in input precipitation and environmental parameters (poten-
tial evapotranspiration, temperature) affects the uncertainty
in model output. Although the use of the SDE and the asso-
ciated FPE as proposed in this paper can become more com-
plex, the potential benefits in the areas of decision making,
data collection and value of information are of promising im-
portance.
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