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Abstract

:

This work aims to evaluate future water availability in the Mékrou catchment under climate change scenarios. To reach this goal, data from Regional Climate Models (RCMs) were used as the input for four rainfall-runoff models which are ModHyPMA (Hydrological Model based on Least Action Principe), HBV (Hydrologiska Byråns Vattenbalansavdelning), AWBM (Australian Water Balance Model), and SimHyd (Simplified Hydrolog). Then the mean values of the hydro-meteorological data of three different projected periods (2011–2040, 2041–2070 and 2071–2100) were compared to their values in the baseline period. The results of calibration and validation of these models show that the meteorological data from RCMs give performances that are as good as performances obtained with the observed meteorological data in the baseline period. The comparison of the mean values of the hydro-meteorological data of the baseline period to their values for the different projected periods indicates that for PET there is a significantly increase until 2100 for both Representative Concentration Pathway 4.5 (RCP4.5) and RCP8.5 scenarios. Therefore, the rate’s increase of potential evapotranspiration (PET) under the RCP8.5 scenario is higher than that obtained under the RCP8.5 scenario. Changes in rainfall amounts depend on the scenario of climate change and the projected periods. For the RCP4.5 scenario, there is a little increase in the annual rainfall amounts over the period from 2011 to 2040, while there is a decrease in the rainfall amounts over the other two projected periods. According to the RCP8.5 scenario, the contrary of changes observed with the RCP4.5 scenario are observed. At a monthly scale, the rainfall amounts will increase for August and September and decrease for July and October. These changes in rainfall amounts greatly affect yearly and monthly discharge at the catchment outlet. Over the three projected periods and for both RCP4.5 and RCP8.5, the mean annual discharge will significantly increase related to the baseline periods. However, the magnitude of increases will depend on the projected period and the RCP scenario. At a monthly scale, it was found that runoff increases significantly from August to November for all projected periods and the climate change scenario.
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1. Introduction


An international awareness of climate change and its consequences has been observed in recent decades. All communities, as a result of their daily experiences and IPCC (Intergovernmental Panel on Climate Change) reports [1], agree that extreme events will intensify. Climate change and variability issues have therefore become a focus of concern for scientists and policy makers around the world. Projected temperatures and precipitation under different scenarios show that climate change will have different impacts on the various regions of the globe [2,3,4,5].



According to [5], Africa is one of the most vulnerable continents to climate change due to the diversity of effects and low adaptive capacity. Recent works on the West African region [6,7,8], under Representative Concentration Pathway (RCP4.5 and RCP8.5) scenarios of climate change projections, indicate that continued warming (1 °C to 6.5 °C) and a wider range of rainfall uncertainty (between −30% and 30%) will be observed in the Sahel until 2100. According to [9], the projected precipitation under RCP4.5 and RCP8.5 in the Mékrou catchment also indicates a wider range of precipitation uncertainties (roughly between −10% and 10%) and a decrease of about 10% in the number of wet days. The total intensity of precipitation for very wet days and the length of the dry spell period will increase until 2100 in the Mékrou catchment [9]. These changes could cause significant modifications to the hydrological regime of the catchment, especially at the end of the century and under the RCP8.5 scenario.



It is also reported by previous studies that the rainy seasons and the growing season will become shorter [10,11] in West Africa and the torrid, arid, and semi-arid climatic conditions will extend into the Sahel [6,12]. These climate changes will largely change the current balance of the water cycle. It is then necessary to predict the impacts of the changes on water resources. This requires hydrological modeling, which is a key step in any study of the impact of climate change on surface waters.



In the last decades, many studies on the future variability of rainfall [13,14,15] were carried out in West Africa. However, very few studies have evaluated the impacts of rainfall variability on future water resources. Moreover, the impacts of climate change on water resources have not been explored at short, medium, and long-term scales in the study area. This paper aims to analyze the recent and future variability of water resources in the Mékrou catchment.




2. Data and Methods


2.1. Study Area


The study area is the Mékrou catchment at the Kompongou outlet. Covering an area of 5670 km2, it is located in the North of Benin between 1°30′ and 2°15′ East Longitude and 10°20′ and 11°30′ North Latitude (Figure 1). With an elongated shape, it covers three main cities (Kérou, Kouandé, and Péhunco). This catchment area belongs to the Benin side of the Niger basin. The highest point of the watershed is at Kampuya (639 m) around Kouandé, while the lowest point (266 m) is located around Kérou and precisely on the bed of the Mékrou River. The average slope of the stream bed is approximately 2.47%. The soil and the vegetation types in the basin are ferruginous soils on crystalline bedrock, histosols, swamps, and fertile gallery forests [16,17]. The rainfall amounts between 1981 and 2014 show that the months of July, August, and September are the wettest (Figure 2a). The discharge of the Mékrou River at Kompongou varies from 0 m3·s−1 in December to April to 100 m3·s−1 in September (Figure 2b). The annual mean of flow is about 21 m3·s−1. High flows occur mostly during August to October.




2.2. Data


The data used in this study are of two types: observed data and simulated data from Regional Climate Models (RCMs) at a daily time step. The first are the observed rainfall, runoff, and potential evapotranspiration (PET) data. The rainfall and PET data were obtained from the Agency of Meteorology of Benin and the runoff data were obtained from the General Directorate of Water of Benin. Across the whole watershed, two rain gauges are available: Kouandé and Kérou. In addition to these two gauges, 12 rain gauges distributed around the basin are also available (Figure 1), resulting in a total of 14 rainfall stations. Over the period 1965–2010, all precipitation stations were functional. The PET data from the Natitingou synoptic station were considered as PET data in the basin.



The second are the simulated data. They are the historical and future projections (RCP4.5 and RCP8.5 scenarios) of rainfall and PET. These data are the three regional models’ (SMHI-RCA4 (Swedish Meteorological and Hydrological Institute-Rossby Centre Atmosphere model version 4), MPI-REMO (Max Planck Institute-Regional Model), DMI (Danish Meteorological Institute)-HIRHAM5) grid points located nearest to the ground-based weather stations obtained from the CORDEX (Coordinated Regional climate Downscaling Experiment) Africa project. The simulated rainfall were directly extract from the CORDEX Africa database, while the simulated PET were computed from the daily maximum temperature (Tmax, °C), daily minimum temperature (Tmin, °C), daily maximum humidity (RHmax, %), daily minimum humidity (RHmin, %), daily wind speed (WS, m·s−1) at a 2 m height, and daily sunshine duration (SD, h), also obtained from the CORDEX Africa project. These models are chosen because many studies (Akinsola, yacouba, Alioune, etc.) [13,14,15] in the West African region have recognized their ability to reproduce the rainfall regime. Their characteristics are shown in Table 1. The future projections were considered over the period from 2011 to 2100.




2.3. Methodology


2.3.1. Bias Corrected Method


According to [1], in West Africa, climate models do not converge for the prediction of precipitation. For this, it is better to use a set of climate models in order to reduce the uncertainties of predictions. The precipitation and PET data from the three RCMs are used as an ensemble that represents the average of the three models. The RCM data were first averaged to create the ensemble, then the biases were corrected and finally the results were used as input data for the hydrological models. Ref. [21] corrected the bias of the precipitation simulated by each of these models and their ensemble with several bias correction methods and concluded that the Empirical Quantile Mapping (EQM) method (Equation (1)) [22] is the best of the used methods in this area. This method is used to correct the bias of RCM rainfall data. The EQM method is constructed by calculating the Probability Distribution Functions (PDF), while it uses the cumulative distribution functions (CDF) for the correction:


    X  c o r   =  F  o b s   − 1   (  F  RCM   ( X ) )   



(1)




where Xcor is the corrected meteorological parameter and X is the value simulated by the model; FRCM is the CDF of the simulated data and     F  o b s   − 1      is the inverse of the CDF of the observed data.




2.3.2. Rainfall Interpolation Method


From the punctual daily rainfall series, the catchment average daily rainfall was calculated using the Kriging method [23,24,25]. The first step is to build the spatial structure of rainfall using a semivariogram, simply called a variogram. At the daily scale, the spherical model     γ  mod   ( h )   , shown by Equation (2), was adopted to fit the sample semivariogram. The interpolation was done by using the fitted semivariogram. A regular grid point was adopted, and an ordinary Kriging, which assumes an unknown mean as well as second-order stationary process, was implemented. At the end, the spatial rainfall mean for the study area was calculated as the statistical mean of the grid point values estimated by the ordinary Kriging for each day.


    γ  mod   ( h ) = S  [  3 h / 2 a − 0.5   ( h / a )  3   ]    



(2)




where h is the distance between two rain gauges, S is the sill, and a is the range of the semivariogram.




2.3.3. Potential Evapotranspiration (PET) Estimation Method


Daily PET values are estimated using the Penman-Monteith method [26] expressed as:


   PET =   0.408 Δ  (   R n  − G  )  + γ   900   T + 273    u 2   (   e s  −  e a   )    Δ + γ ( 1 + 0.34  u 2  )     



(3)




where PET is the potential evapotranspiration (mm·day−1), Rn is the net radiation at the crop surface (MJ·m−2/day), G is the soil heat flux density (MJ·m−2/day), T is the mean daily air temperature at a 2 m height (°C), u2 is the wind speed at a 2 m height (m·s−1), es is the saturation vapour pressure (kPa), ea is the actual vapour pressure (kPa), es − ea is the saturation vapour pressure deficit (kPa), Δ is the slope vapour pressure curve (kPa·°C−1), and γ is the psychrometric constant (0.066) (kPa·°C−1).




2.3.4. Hydrological Models


To assess the future availability of water resources in the Mékrou basin, four hydrological lumped models were used. The use of different models can provide an average value of extrapolation or prediction that will be helpful in decision making. We chose lumped models because their parameterization is simple and their computation is efficient. Moreover, lumped models are better for long-term forecasts than distributed models. Indeed, lumped models do not explicitly take into account land use as distributed models. This is an asset because the prediction of long-term land use is unrealistic. The hydrological models used are: ModHyPMA (Hydrological Model based on Least Action Principe [27]), HBV (Hydrologiska Byråns Vattenbalansavdelning, Bergström and Forsman [28]), AWBM (Australian Water Balance Model, [29,30]), and SimHyd [31].



❖ ModHyPMA



ModHyPMA is a physics-based model (Figure 3a) with only two parameters to calibrate. The application of the Principle of Least Action results in the following differential equation [27,32]:


     d Q   d t   +  v λ   Q  2 v − 1   =   X ( t )  λ  q ( t )   



(4)




where Q (mm/day) represents the discharge, t (day) represents the time, q (mm/day) represents the net rainfall, ν and λ are the model parameters, and X (mm) describes the state (dry or wet) of the catchment [32,33]. While ν expresses the nonlinearity of the physical phenomenon of water flow, λ is a macroscopic parameter that describes the properties related to the geomorphology and pedology of the catchment. When ν = 1, λ has the dimension of time (d). For the nonlinear case (i.e., ν different from 1), the dimension of λ depends on the value of ν. By definition, ν and λ are physical parameters (they describe the physical structure of the system) and X is a process variable. The numerical solution of the differential equation gives an expression for the discharge:


    Q t  =  Q  t − 1   −  v λ   Q  t − 1   2 v − 1   +    X t   λ   q  t − 1     



(5)




where Qt is the discharge at the outlet at time t; Qt−1 is the discharge at the outlet at time t − 1; Xt describes the state of the catchment at time t; and qt−1 is the net rainfall at time t − 1 (Xt = precipitation (P)—potential evapotranspiration (PE), if P > PE).



For computation of the state of the soil, three new important assumptions were made:




	(a)

	
From day t − 1 to day t, the state X of the soil changes and Xt depends on Xt−1 .




	(b)

	
The state of the soil is modified by the occurrence of precipitation: Xt is a function of Xt−1 and qt.


   if   P ≥ PE ,    q t  = P − PE ,   otherwise    q t  = 0   



(6)






       if    q t  = 0 ,    X t  =  X  t − 1   −  ν λ   X  t − 1         if    q t  ≠ 0 ,    X t  =  X  t − 1   +  ν λ   q  2 ν − 1         



(7)













Equations (5)–(7) give, respectively, the formulas for the discharge, net rainfall, and state of the wetness of the catchment.




	(c)

	
The state of the soil Xt does not contribute to the discharge of day t as long as it is smaller than a threshold value TX.









In other words:


   i f    X t  < T X ,    Q t  =  Q  t − 1   −  ν λ   Q  t − 1   2 ν − 1     



(8)




where TX is a parameter that is added to the model structure. In fact, in semi-arid and sub-humid areas, a certain amount of rainfall is required before discharge starts. In order to account for this amount, parameter TX has been introduced as a threshold [33]. The amount depends on catchment properties such as geology, topography, and land use. The value of TX is obtained by calibration. ModHyPMA is quite new and has been used for several Benin basins with better results than those of ‘Génie Rural à 4 paramètres Journaliers’ (GR4J) and HBV [32,33,34]. Ref. [35] compared the performance of nine lumped models and concluded that ModHyPMA is the most appropriate model for the application of this model in the Mékrou catchment.



❖ HBV



The light version of the HBV model, HBV-light [36], was also used to simulate runoff in this study. HBV-light is a conceptual lumped rainfall-runoff model that simulates catchment runoff at a daily time step and requires daily values of precipitation, air temperature, and potential evapotranspiration (based on either long-term daily or monthly averages) as input data. HBV-light has 14 parameters and it works with four routines (a snow routine, a soil moisture routine, groundwater routine, and a routing routine) [36]. Only the soil, groundwater, and routing routines were used in this study. The snow module was not activated this reduces the calibrate parameters to nine. The structure of HBV-light is shown in Figure 3b.



❖ AWBM



The Australian Water Balance Model (AWBM) is a conceptual lumped rainfall-runoff that calculates runoff from rainfall at daily or hourly time increments [30]. AWBM considers the catchment as having three surface stores (A1, A2, A3), each with its own storage capacities (C1, C2, C3). Each surface store is treated separately. The number of surface stores chosen is a pragmatic choice to reflect sufficient skill to simulate runoff without adding too may parameters and facing the risk of over-optimization [30]. At each time step, rainfall is added to each of the surface stores and evapotranspiration is subtracted. A portion of the rainfall excess (baseflow index time’s rainfall excess) flows to the groundwater store, and the remainder becomes surface runoff. Baseflow from the groundwater store is simulated as a linear recession from the store. The total runoff is the sum of surface runoff and baseflow [30]. AWBM has seven parameters, as shown in Figure 3c.



❖ SimHyd



SimHyd is a daily lumped conceptual rainfall-runoff model that estimates daily stream flow. SimHyd simulates daily runoff (surface runoff and baseflow) using daily precipitation and PET as input data. The model estimates runoff generation from three sources: infiltration excess runoff, interflow (and saturation excess runoff), and base flow [31]. SimHyd has seven parameters and works with two storage reservoirs. The structure of the model is shown in Figure 3d.




2.3.5. Calibration Procedure


For the simulations of the four models, the same input data were used. The calibrated and validated periods are without missing discharge data. The simulation was acceptable if Nash-Sutcliffe Efficiency (NSE) > 0.5 and if we obtained a fairly good graphical fit. The calibrations of HBV-light, AWBM, and SimHyd were done by a genetic algorithm (optimization function) included in the HBV-light model [38] and in the RRL (Rainfall-Runoff Library), a software product in the Catchment Modelling Toolkit (eWater) [37]. The calibration of ModHyPMA was performed using stratified sampling of the parameter space as done by [33]. Assuming a uniform distribution of the model parameters, the parameter space of the parameters was divided into equidistant intervals. The model was run for all combinations of the model parameters searching for the global maximum in model performance. When required, the procedure was repeated with adapted parameter ranges. For all models, NSE (Equation (9)) was selected as the objective function. In addition to this criteria, the coefficient of determination (Equation (10)) was also used to compare the performances of the models. The models were calibrated over 10 years (1965–1974) and validated over five years (2007–2011).


   NSE = 1 −     ∑  i = 1  n     (  Q  i , o b s   −  Q  i , c a l c   )  2        ∑  1 = 1  n     (  Q  i , o b s   −    Q ¯    o b s   )  2        



(9)




where Qi,obs is the daily observed discharge and Qi,calc is the daily simulated discharge. n represents the length of series and      Q ¯   o b s      is the mean of observed discharge.



An NSE value of 0.5 for a comparison of the daily discharge is considered an acceptable value in some hydrological studies [39,40,41].


    R 2  =    [      ∑  i = 1  n   (  Q  i , o b s   −    Q ¯    o b s   ) (  Q  i , c a l c   −    Q ¯    c a l c   )       ∑  1 = 1  n      [    (  Q  i , o b s   −    Q ¯    o b s   )  2   ]    0.5       ∑  1 = 1  n      [    (  Q  i , c a l c   −    Q ¯    c a l c   )  2   ]    0.5        ]   2    



(10)




where Qi,obs is the daily observed discharge and Qi,calc is the daily simulated discharge. n represents the length of series,      Q ¯   o b s      is the mean of observed discharge, and      Q ¯   c a l c      is the mean of simulated discharge.



The value of R2 describes the proportion of the variance of the observed flows with respect to the simulation flows. Authors such as [41] suggest that any R2 value greater than 0.5 for daily flow comparisons is an acceptable threshold in hydrological simulations.




2.3.6. Change Rates


The rates of change were calculated by considering four different periods. The first period is the baseline period (1981–2010). The three other periods are the projected periods (2011–2040 (P1), 2041–2070 (P2), and 2071–2100 (P3)). For each hydro-meteorological variable and for each period, the mean and the standard deviation were calculated and then the rate of change was calculated as:


   C h a n g e   r a t e =     X ¯  p  −   X ¯  r      X ¯  r    × 100   



(11)




where      X ¯  p     is the mean of a parameter over the considered projected period, and      X ¯  r     is the mean of the same parameter over the reference period.




2.3.7. Student’s t-Test


To assess whether the means of the projected periods are statistically different from the mean of the baseline period, the student’s t-test was used. Under the null-hypothesis of equal sample means     (   H 0  :       x ¯  1  =   x ¯  2   )     and alternate hypothesis of unequal sample means     (   H 1  :       x ¯  1  ≠   x ¯  2   )    , the t-statistic is calculated as:


   t =   (   x ¯  2  −   x ¯  1  )        S 1 2     n 1    +    S 2 2     n 2          



(12)




where      x ¯  2     and      x ¯  2     are, respectively, the means of baseline and projected periods;     S 1 2     and     S 2 2     are, respectively, the variance of baseline and projected periods; and     n 1     and     n 2     are, respectively, the sizes of baseline and projected periods.



If     | t |  < 1.96 ,    the difference between      x ¯  1     and      x ¯  2     is not statistically significant at the 95% confidence level.



If     | t |  ≥ 1.96 ,    the difference between      x ¯  1     and      x ¯  2     is statistically significant at the 95% confidence level.






3. Results


3.1. Change in Rainfall


3.1.1. Annual Change


Table 2 presents the means of annual rainfall amounts of the baseline period and the mean values of the three RCMs over the three different projected periods according to the RCP4.5 and RCP8.5 scenarios. It should be noted that for the baseline period (1981–2010), the mean of the annual rainfall amounts is 1048.86 mm with a standard deviation of 145.70 mm. Over the period from 2011 to 2040, the RCP4.5 scenario forecasts a slight increase in rainfall amounts compared to the reference period. This increase would be about 1% of the rainfall of the reference period. On the other hand, the RCP8.5 scenario predicts a reduction of about 5.30% of precipitation compared to the precipitation of the reference period. For the periods from 2041 to 2070 and from 2071 to 2100, the RCP4.5 scenario provides decreases of annual precipitation compared to the baseline period. These decreases are estimated to be about 6.30% of the baseline rainfall for the period from 2041 to 2070 against 1% for the period from 2071 to 2100. The RCP8.5 scenario provides an increase of rainfall over the period from 2041 to 2070 compared to the reference period, while a decrease of rainfall is indicated from 2071 to 2100. The rainfall surplus related to the baseline period is estimated to be about 2% over the period from 2041 to 2070 and a deficit of 1% is indicated for the period from 2071 to 2100. The decreases and increases of future rainfall amounts are not statistically significant at the 95% confidence level (Table 3). These results are consistent with those of [6], who predicted rates of change of −10% to 10% for future rainfall in West Africa and those of [10], who stated that precipitation projections are uncertain in the West.




3.1.2. Monthly Change


Figure 4 shows the future change rates of monthly rainfall amounts for different projected periods under the RCP4.5 and RCP8.5 scenarios of climate change. According to these scenarios, the months of June, July, and October would exhibit deficit in rainfall amounts compared to the baseline period and with a pronounced decrease for the months of June and October. For the RCP4.5 scenario, the period from 2041 to 2070 exhibits the most deficit compared to the periods from 2011 to 2040 and 2071 to 2100, while for the RCP8.5 scenario, the periods from 2011 to 2040 and 2071 to 2100 would exhibit the most deficit in rainfall. The months of August and September would present surplus compared to the reference period whatever the scenario and the projected period considered. For the RCP4.5 scenario, the period from 2041 to 2070 would present less surplus than the other two projected periods, while for the RCP8.5 scenario, the rate of increase of rainfall amounts relative to the reference period would be increasing until 2100 for the months of August and September. These changes are statistically significant at the 95% confidence level whatever the considered projected period except P1 (July), P3 (July), and P2 (September) for RCP4.5 and P2 (July and October) for RCP8.5 (Table 3). The changes in May are not statistically significant at the 95% confidence level.





3.2. Potential Evapotranspiration Change


3.2.1. Annual Change


Table 4 and Figure 5 present the means of annual PET per period and the rates of change over the three different projected periods according to the RCP4.5 and RCP8.5 scenarios. Under both scenarios, there could be an increase of PET until 2100. The increase provided by the RCP8.5 scenario is each time higher than that provided by the RCP4.5 scenario. At the end of the century (2071–2100), the rate of increase provided by the RCP8.5 scenario is twice the rate of the increase provided by the RCP4.5 scenario. The changes are statistically significant at the 95% confidence level (Table 5).




3.2.2. Monthly Change


Figure 6 shows the rates of change in the monthly PET relative to the reference period for the three projected periods under the RCP4.5 and RCP8.5 scenarios. Regardless of the projection period and scenario considered, January, February, March, June, July, August, September, October, November, and December show a statistically significant increase of PET at the 95% confidence level (Table 5) compared to the reference period. These increases are continuous until 2100 for each month. The increases provided by the RCP8.5 scenario are for each month and each projected period, higher than those provided by the RCP4.5 scenario. December, January, June, and July have the highest rates of increase (about from 20% to 30%) for both scenarios and the three projected periods. This can be explained by the fact that these two first months are the warmest months in the basin with no rainfall, and according to the projected rainfall (Table 3) rainfall amounts, would decrease in June and July. February, August, and November indicate increases of PET with rates of about 10% of PET of the reference period regardless of the projected period and scenario considered. This increase is also statistically significant at the 95% confidence level (Table 5). The months of April and May indicate decreases of PET for the RCP4.5 scenario for only P1, while for the other projected period and for RCP8.5, these months indicate increases of PET.



If for the yearly PET, the RCP4.5 and RCP8.5 scenarios provide a continuous increase until 2100 [9] in the basin, at a monthly scale, we find that some months indicate increases of PET while over months indicate decreases of PET.





3.3. Discharges Simulation


Performances of Hydrological Models


Table 6 and Figure 7 show the performances of hydrological models in calibration and validation for different input data. For the observed meteorological data in the basin, the four hydrological models show a good capacity of reproduction of the daily flows in the Mékrou catchment at the Kompongou outlet. Indeed, the Nash criteria vary from 0.73 to 0.87 in calibration against 0.63 to 0.74 in validation. In calibration, the models AWBM and SimHyd present the best performances with, respectively, 0.87 and 0.85 as values of the Nash criterion, while in validation, it is the ModHyPMA and HBV models which present the best performances with Nash criterion values, respectively, equal to 0.74 and 0.71. The ModHyPMA and HBV models with respect to the small difference between the Nash criterion values obtained in calibration and in validation, are the most robust of the four hydrological models for this catchment. The coefficients of determination vary from 0.86 to 0.88 in calibration against 0.68 to 0.71 in validation for the four models. These results are consistent with those of [35], who tested these models using the same basin but with consecutive calibration and validation periods (1965–1974 and 1975–1984). Referring to [42] on the equifinality problem, which states that the greater the number of parameters to be calibrated for a model is, the easier it is to obtain good performances for this model, one can conclude with the performances of ModHyPMA that this model with only two parameters to be calibrated is better than the three other models which each have a higher number of parameters to be calibrated (seven for AWBM and SimHyd and nine for HBV). The use of climate model data as input data for hydrological models also yielded very good calibration and validation performances. If, in the calibration with RCMs data, there is a decrease in model performances compared to the values obtained with the observed meteorological data, in validation, the performances of the models with the RCMs data is always higher than those obtained with the observed meteorological data, with the exception of the SimHyd model. The works such as [43] in the north of Tunisia and [44] in Ethiopia also used RCMs data as the input of rainfall-runoff with success.





3.4. Change in Runoff


3.4.1. Annual Change


Figure 8 and Figure 9 show the annual mean of projected discharges. According to the RCP4.5 scenario (Figure 8), the projected flow of the four hydrological models indicates the increases of discharges for different projected periods compared to the baseline period, which is 0.30 mm/day. For the ModHyPMA model, the mean values of the periods P1, P2, and P3 are, respectively, 0.40 mm/day, 0.33 mm/day, and 0.42 mm/day, which represent, respectively, the rates of increase of 33%, 10%, and 40% of discharge compared to the discharge of the baseline period, while for HBV model, the means are 0.46 mm/day, 0.37 mm/day, and 0.44 mm/day, i.e., the increases of 53%, 23%, and 46%compared to the discharge of the baseline period. For the AWBM model, the mean of periods P1 and P3 are equal to 0.44 mm/day (an increase of 46% compared to flows of the reference period), while for the period P2, it is equal to 0.36 mm/day (an increase of 20%). With SimHyd, the mean values of periods P1 and P3 are equal to 0.50 mm/day (an increase 66%), while for the period P2, it is equal to 0.40 mm/day (33% of increase). However, it can be seen that the flows of period P2 are deficient compared to the flows of periods P1 and P3. This flow deficit can be explained by the decrease in rainfall amounts [9] combined with the increase of PET during the P2 period for the RCP4.5 scenario.



According to scenario RCP8.5 (Figure 9), period P2 exhibits the most excess in discharges of the three projected periods. It will be preceded and followed by two deficit periods (P1 and P3). Despite the deficits of periods P1 and P3, the flows of these two periods are in excess compared to the flows of the baseline period. According to the ModHyPMA and HBV predictions, the mean values of periods P1 and P3 are about 0.36 mm/day (20% rate of increase compared to the baseline period) and 0.43 mm/day (43% rate of increase of discharge relative to the baseline period) for period P2. For the AWBM model, the means of the annual discharges of periods P1 and P3 are, respectively, 0.37 mm/day and 0.39 mm/day (respectively, 23% and 30% rates of increase compared to the baseline period) against 0.45 mm/day (50% rate of increase compared to the reference period) for period P2. For the SimHyd model, the means of periods P1 and P3 are, respectively, equal to 0.43 mm/day (43% rate of increase compared to the period Compared to 0.52 mm/day (73% rate of increase compared to the reference period) for period P2. The increases of runoff of the three projected periods relative to the baseline period are statistically significant at the 95% confidence level except for the P1 and P3 projected periods for, respectively, the ModHyPMA and HBV models (Table 7).




3.4.2. Monthly Change


The comparison of the monthly mean hydrographs of projected periods P1, P2, and P3 to the observed hydrograph can allow us to better analyze if the discharge changes are accompanied by a modification of the hydrological regime of the catchment. Figure 10 illustrates the means of monthly hydrographs calculated for the different projected periods (P1, P2, and P3) and for the reference period. The correspondence between the mean hydrographs calculated at the three horizons and the observed hydrograph is quite good. The month in which the peaks of floods occur will stay September regardless of the projected periods. In terms of dynamics, there is no change in hydrological regimes in the basin. The periods of high flow and low flow remain identical to those of the observed period whatever the projected period and the rainfall-runoff model considered. The changes mainly relate to the quantities of flow per month. Thus, the variability of the flows that was observed above would be closely related to the variability of the monthly mean flows during the high water period (the flows from August to October) and not to a change in the hydrological regime of the catchment. There are the most significant increases of the mean monthly discharge from August to November whatever the considered scenario, projected period, and hydrological model (Table 7). These results are consistent with those of [43,44].






4. Discussion


The models’ performances over the 10-year calibration and the five-year validation periods have been found to be good, implying that the models can reproduce the observed runoff with an acceptable accuracy. However, the ability of the four models to reproduce flows is limited by the poor reproduction of flood flows. In fact, the four hydrological models failed in the reproduction of the exceptional flood of 1970 in the calibration period. The same observation was made for the floods of 2007, 2008, and 2010. The decrease in the performance of the four hydrological models in the validation period can be explained by the difficulty of the models to reproduce the flood flows. But the low flows are well reproduced by the models. Many studies have underlined the inability of hydrological models to estimate flood discharge [45,46]. In this study, the under estimation of high discharge may be due to the determination of the average rainfall in the basin. In fact, the basin with an area of 5670 km2 has only two rain gauges and to reach a sufficient number of rain gauges it was resorted to the rain gauges around the catchment and the means of daily rainfall were extracted from the mean of all used rain gauges. Moreover, the frequency of extreme rainfall in the basin can also affect flows. The validation performances with RCMs data is sometimes better than that obtained with the observed data. The use of the in situ data seems to alter the simulation quality. It would be important to test the same hydrological models with gridded data such as the Era-interim reanalysis data [47] and observed precipitation data such as Global Precipitation Climatology Project-GPCP [48] and Tropical Rainfall Mission Measurement (TRMM, 3B42; [49]) to improve the simulation quality. The multi-models approach can also be developed to increase the model performances and reduce the simulation uncertainties.



The study has focused on changes in the future water availability and its temporal availability. The RCP4.5 scenario indicates an increase of annual precipitations in the near-future (P1), while decreases are expected for the middle (P2) and the end century (P3). For the RCP8.5 scenario, the near future is characterized by a decrease of annual precipitations, while the middle and end of the century are characterized by a slight increase. Even if these changes are insignificant, they confirm the changes in past rainfall in the region [9,50]. Many studies have indicated that the RCMs do not converge on future precipitation changes in Western Africa. This is mainly due to model errors and processes representation in RCMs, rather than to differences in driving GCMs [51]. This could also be explained by the great variability of precipitations and a high occurrence of small-scale precipitations in West Africa. Downscaling RCMs with a high spatial resolution of grids (about 5 km) to take into account the low-scale phenomena could therefore improve the performances of RCMs in the region. The monthly projections show significant decreases of precipitation in June, July, and October under both RCP4.5 and RCP8.5 scenarios, while significant increases in August and September are indicated. This means that the rainy season could be concentrated in August and September. So it could therefore have a restriction of the duration of the rainy season and a diminution of the number of wet days as indicated by [9] in the basin and by [10] in Burkina-Faso. If, despite the decreasing of the number of wet days in the basin, the annual averages do not vary significantly, it can be concluded that the frequency of extreme precipitations could increase.



The annual PET projections show a significant increase in the averages of the three projected periods relative to the baseline period for both RCP4.5 and RCP8.5 scenarios. These projections converge with the projections of temperatures in the region. Moreover, as with the temperatures, the increase under the RCP8.5 scenario is higher than that obtained under the RCP4.5 scenario. On a monthly scale, the projections show a significant increase of PET means for all months and all periods except in April and May, which predict a decrease of the mean for the P1 period of the two scenarios. The increase of PET may lead to soil moisture decrease and increase of the water stress of the plants. This can lead to the decline in agricultural production, the destruction of vegetation cover, and the amplification of desertification in this area.



The consequences of climate change on the discharges have also been investigated in this study. The projected discharges indicate a significant increase relative to the baseline period. Despite this increase, it can be noted that for the RCP4.5 scenario, there is a decrease of discharges in the P2 period compared to the P1 and P3 periods, while for the RCP8.5 scenario, the P2 period flows are lower than the discharges of P1 and P3 periods. The future variation of discharges is strongly related to the precipitation variation for each projected period. The discharges will therefore depend heavily on rainfall in the basin. The increase of flows during the P2 period can be explained by the large increase of rainfall over the catchment during this period for the RCP8.5 scenario [9]. Similar results were obtained by [52,53] in the Indus basin in Pakistan. Ref. [54] also found a high variability in future flows due to the variability of the various components of the hydrological cycle in the same catchment. As with rainfall, the significant runoff increases were obtained mostly from August to November. Otherwise, the convergence of the projections of all the hydrological models implies that these models are robust in the context of climate change. The combination of these four hydrological models in a multi-model can also improve the performance of the projections and especially reduce the uncertainties on the forecasts.




5. Conclusions


This paper first allowed us to estimate, using data from an ensemble of three climate models, the change in rainfall and PET in the Mékrou catchment at the Kompngou outlet in the short, medium, and long-term. If there is a continuing increasing trend to 2100 for PET for both RCP4.5 and RCP8.5 scenarios, rainfall variability will be observed depending on the projected periods and the climate change scenario considered. The method used to compute an ensemble climate model output is the Simple Average Method. It will be important to use other methods such as the Weighted Average Method that take into account the performance of each model in ensemble approach computing. An increase in the number of climate models is also required to reduce the uncertainties of models. Despite the quality of the EQM method in bias correction, the use of several bias correction methods could be helpful for assessing their impact on hydrological simulations in this catchment. Future studies could focus on these aspects.



From four hydrological rainfall-runoff models, the daily flows in the basin were simulated with the observed data and those from the climate models. Based on the results obtained, it appears that the hydrological models used have shown a good capacity for the simulation of flows at the outlet of Kompongou with RCMs data as the input. This good capacity can be improved by developing the multi-models approach in the catchment.
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Figure 1. Study area. 
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Figure 2. Seasonal variability of rainfall and discharge in the basin ((a) Monthly rainfall amounts over 1981–2014; (b) Monthly mean of discharge over 2006–2012). 
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Figure 3. Schematic structure of (a) ModHyPMA [33]; (b) HBV [36]; (c) AWBM [37]; and (d) SimHyd [37]. 
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Figure 4. Rates of change of monthly rainfall amounts per projected period and scenario (blue: P1, green: P2 and red: P3). 
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Figure 5. Rates of change of annual PET per projected period and scenario. 
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Figure 6. Rates of change of monthly PET per projected period (blue: P1; green: P2 and red: P3). 
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Figure 7. Hydrographs of observed and simulated discharge. 
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Figure 8. Evolution annual mean of projected discharge according to the RCP4.5 scenario. 
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Figure 9. Evolution annual mean of projected discharge according to the RCP8.5 scenario. 
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Figure 10. Evolution hydrograph of projected discharge under the RCP4.5 and RCP8.5 scenarios. 
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Table 1. Main characteristics of the RCM projections.
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	Model (RCM)
	Institution
	Driving GCM
	Horizontal Resolution
	No. of Vertical Levels
	Simulation Period
	Reference





	HIRHAM5
	DMI
	GFDL-ESM2M
	50 km
	31
	1951–2100
	[18]



	REMO
	CSC
	MPI-ESM-LR
	50 km
	27
	1951–2100
	[19]



	RCA4
	SMHI
	EC-EARTH
	50 km
	40
	1951–2100
	[20]
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Table 2. Mean and Standard deviation of rainfall over baseline and projected periods.
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Baseline

	
Projections




	
Periods

	
RCP4.5

	
RCP8.5






	

	
P1

	
1054.79 ± 133.28

	
993.63 ± 134.48




	
1048.86 ± 145.70

	
P1

	
982.86 ± 131.42

	
1067.14 ± 150.19




	

	
P3

	
1035.38 ± 143.44

	
1038.28 ± 110.65
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Table 3. Results of student’s t-test for rainfall amounts.
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Periods

	
May

	
June

	
July

	
August

	
September

	
October

	
Yearly






	
RCP4.5




	
P1

	
0.55

	
−3.72 *

	
−0.33

	
4.14 *

	
2.62 *

	
−2.40 *

	
0.16




	
P2

	
0.07

	
−4.95 *

	
−3.12 *

	
3.38 *

	
1.90

	
−2.41 *

	
−1.84




	
P3

	
−0.60

	
−7.12 *

	
−1.45

	
5.71 *

	
4.05 *

	
−2.74 *

	
−0.36




	
RCP8.5




	
P1

	
0.78

	
−4.23 *

	
−3.31 *

	
3.45 *

	
2.81 *

	
−3.28 *

	
−1.53




	
P2

	
0.42

	
−2.17 *

	
−1.50

	
5.01 *

	
3.82 *

	
−1.54

	
0.48




	
P3

	
0.03

	
−4.83 *

	
−2.24 *

	
4.54 *

	
4.41 *

	
−3.14 *

	
−0.32








* States significant difference between the mean of the projected period and the mean the baseline period.
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Table 4. Mean of annual PET per period.
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Baseline

	
Projections




	
Periods

	
RCP4.5

	
RCP8.5






	

	
P1

	
1626.50 ±18.04

	
1652.99 ± 26.57




	
1587.27 ± 98.21

	
P2

	
1666.14 ±20.51

	
1701.98 ± 24.19




	

	
P3

	
1685.56 ± 25.55

	
1766.63 ± 31.57
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Table 5. Results of student’s t-test for PET.
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Periods

	
January

	
February

	
March

	
April

	
May

	
June

	
July

	
August

	
September

	
October

	
November

	
December

	
Yearly






	
RCP4.5




	
P1

	
9.82 *

	
7.16 *

	
2.50 *

	
−2.00 *

	
−1.85

	
9.47 *

	
14.49 *

	
3.59 *

	
5.52 *

	
6.03 *

	
6.10 *

	
9.83 *

	
9.26 *




	
P2

	
10.54 *

	
8.04 *

	
5.06 *

	
1.68

	
0.15

	
12.10 *

	
14.59 *

	
6.31 *

	
8.27 *

	
6.83 *

	
7.08 *

	
11.18 *

	
12.10 *




	
P3

	
11.61 *

	
8.49 *

	
4.93 *

	
2.98 *

	
2.66 *

	
15.34 *

	
19.01 *

	
8.45 *

	
9.68 *

	
6.96 *

	
8.50 *

	
12.22 *

	
14.02 *




	
RCP8.5




	
P1

	
10.51 *

	
8.48 *

	
3.57 *

	
−1.00

	
−1.35

	
11.02 *

	
16.17 *

	
6.04 *

	
9.19 *

	
7.55 *

	
7.20 *

	
11.55 *

	
11.20 *




	
P2

	
11.78 *

	
10.18 *

	
5.73 *

	
2.30 *

	
1.69

	
14.50 *

	
18.13 *

	
8.28 *

	
11.55 *

	
9.29 *

	
7.74 *

	
12.39 *

	
14.44 *




	
P3

	
13.86 *

	
11.41 *

	
9.82 *

	
6.91 *

	
6.67 *

	
21.50 *

	
24.48 *

	
12.63 *

	
15.28 *

	
11.77 *

	
8.40 *

	
14.25 *

	
19.26 *








* States significant difference between the mean of the projected period and the mean the baseline period.
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Table 6. Performances of hydrological models in calibration and validation period.






Table 6. Performances of hydrological models in calibration and validation period.





	
Criterion

	
Calibration

	
Validation




	
NSE

	
R2

	
NSE

	
R2






	
Input data

	
Observed

	
RCM

	
Observed

	
RCM

	
Observed

	
RCM

	
Observed

	
RCM




	
ModHyPMA

	
0.77

	
0.70

	
0.87

	
0.71

	
0.74

	
0.75

	
0.69

	
0.71




	
HBV

	
0.73

	
0.71

	
0.86

	
0.71

	
0.71

	
0.74

	
0.71

	
0.75




	
AWBM

	
0.87

	
0.70

	
0.88

	
0.7

	
0.63

	
0.68

	
0.68

	
0.71




	
SimHyd

	
0.85

	
0.71

	
0.86

	
0.71

	
0.61

	
0.58

	
0.70

	
0.66
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Table 7. Results of student’s t-test for runoff.






Table 7. Results of student’s t-test for runoff.





	
Period

	
RCP4.5

	
RCP8.5




	
July

	
August

	
September

	
October

	
November

	
Yearly

	
July

	
August

	
September

	
October

	
November

	
Yearly






	
ModHyPMA




	
P1

	
0.18

	
3.23 *

	
2.24 *

	
2.11 *

	
3.06 *

	
2.78 *

	
−1.51

	
1.44

	
1.63

	
1.21

	
2.14 *

	
1.56




	
P2

	
−0.54

	
1.44

	
0.86

	
1.01

	
2.12 *

	
1.35

	
0.52

	
3.16 *

	
3.01 *

	
2.83 *

	
3.63 *

	
3.46 *




	
P3

	
−1.46

	
2.98 *

	
3.37 *

	
3.04 *

	
3.63 *

	
3.47 *

	
−1.09

	
1.85

	
2.32 *

	
2.11 *

	
2.92 *

	
2.42 *




	
AWBM




	
P1

	
0.86

	
3.42 *

	
2.64 *

	
2.56 *

	
5.71 *

	
4.09 *

	
−0.33

	
1.37

	
1.64

	
1.27

	
4.41 *

	
2.43 *




	
P2

	
0.20

	
1.36

	
1.14

	
1.32

	
4.53 *

	
2.31 *

	
1.00

	
3.29 *

	
3.00 *

	
2.79 *

	
5.87 *

	
4.25 *




	
P3

	
−0.20

	
2.60 *

	
3.27 *

	
3.21 *

	
5.94 *

	
4.26 *

	
−0.23

	
1.15

	
2.12 *

	
2.05 *

	
5.15 *

	
3.00 *




	
HBV




	
P1

	
2.14 *

	
3.78 *

	
3.06 *

	
3.61 *

	
3.78 *

	
4.14 *

	
1.33

	
2.07 *

	
1.26

	
1.44

	
2.29 *

	
2.19 *




	
P2

	
0.68

	
1.67

	
1.26

	
2.29 *

	
2.95 *

	
2.23 *

	
2.07 *

	
3.08 *

	
2.42 *

	
3.01 *

	
3.40 *

	
3.44 *




	
P3

	
0.58

	
2.59 *

	
3.27 *

	
3.85 *

	
4.02 *

	
3.86 *

	
0.80

	
1.27

	
1.12

	
1.80

	
2.37 *

	
1.95




	
SimHyd




	
P1

	
3.09 *

	
4.73 *

	
2.97 *

	
3.42 *

	
4.88 *

	
4.43 *

	
1.91

	
3.16 *

	
2.11 *

	
2.39 *

	
4.19 *

	
3.43 *




	
P2

	
1.63

	
2.73 *

	
1.48

	
2.37 *

	
4.31 *

	
3.08 *

	
2.97 *

	
4.39 *

	
3.41 *

	
3.83 *

	
5.13 *

	
4.67 *




	
P3

	
1.63

	
4.22 *

	
3.68 *

	
3.87 *

	
4.93 *

	
4.76 *

	
1.63

	
2.94 *

	
2.62 *

	
3.07 *

	
4.75 *

	
3.90 *








* States significant difference between the mean of the projected period and the mean the baseline period.
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