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1 | INTRODUCTION

Stern (2010) identified climate change and poverty as the two major
challenges of our time. Modelling future climate change has led to
the development of multiple general circulation models (GCMs) and

regional climate models (RCMs) along with various downscaling

| Bernd Diekkriiger?

| Evison Kapangaziwiri® |

23 | Emmanuel A. Lawin! | Ganiyu T. Oyerinde® |

Abstract

The aim of this study was to quantify climate change impact on future blue water
(BW) and green water (GW) resources as well as the associated uncertainties for 4
subbasins of the Beninese part of the Niger River Basin. The outputs of 3 regional cli-
mate models (HIRHAMS5, RCSM, and RCA4) under 2 emission scenarios (RCP4.5 and
RCP8.5) were downscaled for the historical period (1976-2005) and for the future
(2021-2050) using the Statistical DownScaling Model (SDSM). Comparison of climate
variables between these 2 periods suggests that rainfall will increase (1.7% to 23.4%)
for HIRHAMS5 and RCSM under both RCPs but shows mixed trends (-8.5% to 17.3%)
for RCA4. Mean temperature will also increase up to 0.48 °C for HIRHAMS5 and
RCSM but decrease for RCA4 up to -0.37 °C. Driven by the downscaled climate data,
future BW and GW were evaluated with hydrological models validated with
streamflow and soil moisture, respectively. The results indicate that GW will increase
in all the 4 investigated subbasins, whereas BW will only increase in one subbasin.
The overall uncertainty associated with the evaluation of the future BW and GW
was quantified through the computation of the interquartile range of the total number
of model realizations (combinations of regional climate models and selected hydrolog-
ical models) for each subbasin. The results show larger uncertainty for the quantifica-
tion of BW than GW. To cope with the projected decrease in BW that could adversely
impact the livelihoods and food security of the local population, recommendations for

the development of adequate adaptation strategies are briefly discussed.
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techniques (Ahmed et al., 2013; Gudmundsson, Bremnes, Haugen, &
Engen-Skaugen, 2012; Hagemann et al., 2011; Hay, Wilby, &
Leavesley, 2000; Piani et al., 2010; Piani, Haerter, & Coppola, 2010;
Salathé, Mote, & Wiley, 2007) to solve the issues of the coarse GCMs
and RCMs scales (Fowler, Blenkinsop, & Tebaldi, 2007; Wood, Leung,
Sridhar, & Lettenmaier, 2004).
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Statistical and dynamical downscaling are the two common
methods used for the disaggregation of GCMs and/or RCMs outputs.
Whereas dynamical downscaling disaggregates GCM outputs from the
global scale to the regional scale using climate models, the statistical
approach downscales GCM and RCM outputs to the local and point
scales using statistical functions. The former is less attractive because
it is computationally demanding and not easily transferable to new
regions. Notwithstanding, dynamical downscaling has the advantages
of providing RCM outputs consistent with the host GCM (Wilby &
Dawson, 2007), and better representation of orographic precipitation
(Haensler, Hagemann, & Jacob, 2011) and extreme events (Fowler
et al., 2007). Statistical downscaling is favoured because of its parsi-
mony, easier transferability to other regions, and lesser demand on
computer resources.

Although climate change is a global phenomenon, regions are not
affected the same way (UNFCCC, 2007). West Africa is one of the most
exposed and vulnerable regions to the adverse effects of climate change
(IPCC, 2007a, 2007b, Niasse, Afouda, & Amani, 2004). The economy of
this region is mainly based on rainfed agriculture, and any change in the
climate regime would directly affect the income at the country level as
well as the livelihood of local populations (Liderach, Martinez-Valle,
Schroth, & Castro, 2013; Schroth, Laderach, Martinez-Valle, Bunn, &
Jassogne, 2016; Sultan & Gaetani, 2016). The high sensitivity of the
West African region to climate hazards is illustrated by the severe con-
sequences of the drought of the 1970s and 1980s (Amogu et al.,
2010; Badou, Kapangaziwiri, Diekkriiger, Hounkpe, & Afouda, 2016;
Lebel et al., 2009) and the floods at the end of the 2000s and the begin-
ning of the 2010s (Aich et al., 2015; Descroix et al., 2012) on agricultural
production and livelihoods of local population (Bonou, 2016; Hounkpe,
Diekkriiger, Badou, & Afouda, 2016; Liersch et al., 2013).

Although the adverse impacts of climate hazards felt by the West
African population are known, the extent to which future climate
change will impact water resources is still an open question. Lebel and
Ali (2009) reported wetter conditions since 1990 after the drought of
1970s and 1980s in the eastern and central Sahel, whereas dry condi-
tions are still prevailing in the western part. Other studies (Badou
et al., 2016; Laprise et al., 2013; Sylla et al., 2010; Vizy, Cook, Crétat,
& Neupane, 2013) have shown a decrease in rainfall in the western
Sahel and an increase in the eastern part. However, Oyerinde et al.
(2016) and Kaboré/Bontogho et al. (2015) reported an intensification
of the hydrological cycle in the eastern and central Sahel respectively.
For Oyerinde et al. (2016), climate change in the future will be benefi-
cial for hydropower production caused by an increase in precipitation
and streamflow despite an increase in potential evapotranspiration
for more than 70% of the Niger River Basin (2.2 million km?), the largest
river basin in West Africa.

Mbaye et al. (2015) working in western Sahel over the Senegal
River Basin showed that precipitation would decrease by the end of
the century for most parts of the study area with the exception of
the southern part (Guinean Highlands). Potential water yield (the dif-
ference between precipitation and potential evapotranspiration)
would decrease as well.

However, other studies have reported unclear impacts on the
hydrological cycle in response to climate change (Carter & Parker,
2009; Druyan, 2011; Vetter et al., 2015; Yira, Diekkrlger, Steup, &

Bossa, 2017). A comparison of 10 climate studies over West Africa
showed that the direction in which rainfall will vary during the current
century is uncertain (Druyan, 2011). Carter and Parker (2009) com-
pared the impacts of climate change, population growth, and land
use/land cover changes on groundwater in Africa. They found out that
population growth would have the most severe impact, whereas cli-
mate change would have significant impacts albeit with uncertainties
(both in direction and magnitude). Comparing the impacts of climate
change on the streamflows of four large African basins, Aich et al.
(2014) found that the Niger and the Limpopo river basins will experi-
ence a mixed trend with respect to their mean river discharge—an
increase of high flows and a reduction of low flows—for most of the
investigated climate models. Yira et al. (2017) also pointed out the
unclear behaviour of future climate change for the Dano Basin of
Burkina Faso as they found that downscaled data from six RCMs are
nonconsistent regarding future direction of rainfall and discharge.

Hence, more research is needed to better understand, with less
uncertainty, the direction and magnitude of climate change impacts
over West Africa. In that sense, multimodel assessment approach is
thus expected to capture the uncertainties in the modelling of climate
change impacts (Mbaye et al., 2015; Oyerinde et al., 2016; Yira et al.,
2017). The objectives of this study are therefore, for the Beninese part
of the Niger River Basin, to

1. statistically downscale the outputs of RCMs and assess future cli-

mate trends;

2. quantify the impact of climate change on future blue water (BW)
and green water (GW) availability; and

3. quantify the uncertainty associated with the evaluation of BW
and GW.

2 | MATERIALS AND METHODS

Following the defined three objectives, the methodology of the study
can be split into three parts. The first part addresses how future cli-
mate change was assessed over the study area, namely, how three
RCMs products were statistically downscaled and analysed. The sec-
ond part addresses how climate change impacts on future BW and
GW were assessed. This includes how a set of four calibrated and val-
idated hydrological models was applied. The third part addresses the
quantification approach of uncertainties associated with the evalua-
tion of future BW and GW. Prior to a detailed description of these
three parts, the current section provides a brief description of the

study area and the applied climate data.

2.1 | Study area

The Beninese part of the Niger River Basin consists of four adjacent
and poorly gauged subbasins—the Coubéri (13,217 km?), Gbassé
(8,038 km?), Yankin (8,171 km?), and the Kompongou (5,670 km?)—
located in northern Benin, situated between 1°50'E and 3°75'E longi-
tude and 10°0’'N and 12°30’N latitude (Figure 1). Its climate is Suda-

nese in the south and Sudano-Sahelian in the north. The mean
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FIGURE 1 (a) Location of the Beninese part of the Niger River Basin
and Kompongou subbasins, and the climate and streamflow networks

annual rainfall for the period of 1971-2010 is about 936 mm, whereas
the mean minimum and mean maximum temperatures are 21.54 °C
and 34.55 °C, respectively (Badou, 2016).

2.2 | Climate data

In this study, a statistical downscaling technique was implemented. A
critical step of the method is the choice of the large-scale predictors
to be used for downscaling a given predictand (Gutiérrez et al.,
2011; Wilby & Dawson, 2007). This choice of predictors requires a

sound knowledge of the relationship between the predictors and the

in West Africa; (b) digital elevation model; and (c) Coubéri, Gbasse, Yankin,

predictands of interest. There is, however, an alternative of using
RCM outputs as predictors following a direct predictor-predictand
relationship. For example, to downscale the temperature of a given
gauge (predictand), one can use the temperature from an RCM as pre-
dictor (Kebede, Diekkriiger, & Moges, 2013). This alternative seems
particularly interesting in hydrological modelling because RCMs out-
puts can be disaggregated to the hydrological local impact assessment
scale. In this study, following Gobiet, Suklitsch, and Heinrich (2015);
Kebede et al. (2013); and Themefl, Gobiet, and Heinrich (2011),
RCM outputs were used as predictors. RCMs that provide not only
precipitation and temperature but also wind speed, humidity, and
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radiation data were preferred because some of the hydrological
models (UHP-HRU, SWAT, and WaSiM) used in this study require
these variables. Table 1 gives a summary of the characteristics of the
RCMs used. All three RCMs were developed in the framework of
the CORDEX AFRICA (Giorgi, Jones, & Asrar, 2009).

Furthermore, observed data from 12 in situ climate stations were
used as reference data for the downscaling (Table 2). Radiation data
were derived from sunshine duration information using the formula
of Amoussa (1992).

23 |

The Statistical DownScaling Model (SDSM) Ver 4.2 (Wilby & Dawson,
2007) was selected for the downscaling of climate data. SDSM is
reported to be a robust model (Kebede et al., 2013; Wetterhall,
Bardossy, Chen, Halldin, & Xu, 2006; Wilby & Dawson, 2012) and
has been successfully applied worldwide (Wilby & Dawson, 2007).

Statistical downscaling

SDSM is “a hybrid of the stochastic weather generator and transfer
function methods” (Wilby & Dawson, 2007). The model has to be
run for each climate variable and each gauging station, which makes
it easy to implement but at the same time tedious. Further details on
the model are provided in the user manuals and the notes of Wilby
and Dawson (2015, 2013, 2007, 2004).

The calibration process searches for the best statistical relation-
ship allowing the predictors to fit as much as possible the predictands
for the present day climate. To obtain such a fit, a trial and error tech-
nique was used. The empirical relationship obtained after the calibra-

tion is tested for an independent historical period during the

validation stage. Upon a successful validation, the empirical predic-
tor-predictand relationship is used to downscale ensembles of the
same local variables for the future climate.

The RCMs data cover the period 1950-2100. The period 1976-
2005 (with 1976-1995 as the calibration period and 1996-2005 for
validation) was chosen as the baseline period, and the future period
spans from 2021 to 2050.

To account for the stochastic nature of climate variables (Biao,
Alamou, & Afouda, 2016) and as a result of limited computer
resources, a total of 20 ensemble simulations were generated for each
downscaled variable. Ensemble means were used for the comparison
of downscaled and observed variables and to derive the statistics
(Kebede et al., 2013).

2.4 | Future BW and GW availability

The calibration and validation of the hydrological models and the iden-
tification of the hydrological models adequate for the simulation of
BW and GW are described in detail in Badou (2016). This author iden-
tified in a set of four hydrological models the ones adequate for the
simulation of the BW and GW of the research area.

By definition, BW is the sum of streamflow (which includes shal-
low groundwater), deep aquifer recharge, and water storage (lakes,
ponds, wetlands, etc.). However, BW in this study was restricted to
the sum of streamflow and deep aquifer recharge. This was
constrained by the crucial challenge related to hydrological data avail-
ability and acquisition in the region (Kapangaziwiri, Hughes, &

Wagener, 2012). Streamflow (including shallow groundwater) is

TABLE 1 Summary of some characteristics of the RCMs used in this study

GCM Centre
Earth System Model ICHEC EC-EARTH
MPI-ESM-LR
NOAA-GFDL-GFDL-ESM2M

Danish Meteorological Institute (DMI)
Max Planck Institute (MPI)

Swedish Meteorological and Hydrological Institute
(SMHI)-Rossby Centre

RCM Scenario
HIRHAMS5
RCSM
RCA4

RCP 4.5 and 8.5
RCP 4.5 and 8.5
RCP 4.5 and 8.5

Note. ICHEC is the Irish Centre for High-end Computing; EC-EARTH is the Earth system model; MPI-ESM-LR is the max Planck institute-Earth system
model running on low-resolution grid; NOAA-GFDL-GFDL-ESM2M is the National Oceanic and Atmospheric Administration-Geophysical Fluid Dynamics
Laboratory-Earth System Model; and RCSMs the regional climate system models.

TABLE 2 Observed climate data used during the downscaling

Stations Elev. (m) Lat. (degree) Long. (degree)  Rain. (mm)
Gaya 202 11.88 3.45 +
Kandi 290 11.13 2.93 +
Natitingou 460 10.32 1.38 +
Parakou 392 9.35 2.6 +
Alfakoara 282 11.45 3.07 +
Banikoara 310 11.3 243 +
Bembéréké 491 10.2 2.67 +
Ina 358 9.97 2.73 +
Kalalé 410 10.3 3.38 +
Kouandé 442 10.33 1.68 +
Malanville 160 11.87 34 +
Nikki 402 9.93 3.2 +

Mean temp. (°C)  Rel. hum. (%) W. speed (m/s)  Rad.” (Wh/m?)

+ + + +
+ + + +
+ + + +
+ + + +

Note. + Indicates that data are available and - indicates that they are not. The data length is 1976-2005.
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readily available (Dettinger & Diaz, 2000) and was therefore taken as a
proxy for BW. Green water has two components, green water flow
(which is actual evapotranspiration) and green water storage (which
is soil moisture). Soil moisture being the primary source of actual
evapotranspiration (i.e., green water flow), in this study, GW was
defined as the sum of soil moisture and actual evapotranspiration,
and soil moisture was taken as a proxy for GW. Having no observed
soil moisture data, satellite soil moisture data of the European Space
Agency Climate Change Initiative (http://www.esa-cci.org/) was used
(Badou, 2016).

Badou (2016) found that HBV-light, UHP-HRU, SWAT, and
WaSiM hydrological models were adequate for the simulation of the
daily streamflow of the Coubéri and Kompongou subbasins; HBV-light
and SWAT for the Gbasse subbasin; and WaSiM, HBV-light, and UHP-
HRU for the Yankin subbasin (see Table 3). For the simulation of soil
moisture, UHP-HRU and SWAT were identified as adequate for the
Coubéri, Gbasse, and Kompongou subbasins, and UHP-HRU, SWAT,
and WaSiM for the Yankin subbasin (see Table 3). A description of
the four hydrological models is given in the Supporting Information
(Table S1) along with their performances (Tables S2-S6). A quality
control was conducted prior to the selection of the calibration and val-
idation periods of the hydrological models, which span from 1977 to
2010 (Tables S2-S5). This period has limited missing for model driving
climate data, and streamflow and soil moisture data, which are used as
reference data. Note that the periods of calibration and validation of
the statistical downscaling tool, SDSM, 1976-2005 (see Section 2.3),
and that of the hydrological models (WaSiM, SWAT, UHP-HRU, and
HBV-light), 1977-2010, are not interlinked and therefore different.
Also due to missing data, the periods of calibration and validation of
the hydrological models vary from one subbasin to the other but fall
within the period 1977-2010 (see Table 52-S6).

For each subbasin, the hydrological models were run with the
downscaled data from the three RCMs, HIRHAMS5, RCSM, and
RCA4, and future BW was evaluated only with the hydrological
models that were successfully validated for the simulation of
streamflow, whereas future GW was evaluated solely with the hydro-
logical models validated for the simulation of soil moisture. Doing so
enabled the exploitation of the strengths of each of the hydrological
models used.

TABLE 3 Capacity of the hydrological models to simulate daily
streamflow and soil moisture, modified after Badou (2016)

Subbasin Coubéri Gbassé Yankin Kompongou
Streamflow

HBV-light + + + +
UHP-HRU + - + +
SWAT + + - +
WaSiM + - + +
Soil moisture

HBV-light - - - -
UHP-HRU + + + +
SWAT + + + +
WaSiM = = + =

Note. The sign + signifies that the model is adequate (see Tables S2-S5 and
S6) for the simulation of the variable, the sign—that it is not.

As downscaling was effective (see Section 4.1), observation-based
hydrological simulations and downscaled RCMs data-based historical
simulations can interchangeably be used as reference for computing
changes. In this paper, to quantify climate change impacts, observa-
tion-based BW and GW of the hydrological models calibration and
validation periods were averaged to obtain, for each case, a mean
value used as reference for the historical period and compared with
future BW and GW. In reality, BW and GW resulting from running
the hydrological models with observed climate data are more repre-
sentative (and less uncertain) of the processes occurring across the
study area. An alternative would have been to use BW and GW
resulting from running the hydrological models with RCMs data for
the historical period as reference, but this would have led to higher
uncertainties in quantifying BW and GW changes.

2.5 | Uncertainty quantification

The uncertainty analysis focused on the overall predictive uncertainty,
which implied lumping all the sources of uncertainties (i.e., input data,
reference data, hydrological models, hydrological models parameters,
climate models, and emissions scenarios). Such analysis of predictive
uncertainty helps in capturing the overall range of expected uncer-
tainty propagated through the modelling. The two emission scenarios
(RCP4.5 and RCP8.5), the three RCMs (HIRHAMS5, RCA4, and RCSM),
the four hydrological models (HBV-light, UHP-HRU, SWAT, and
WaSiM), and the N behavioural solutions of the hydrological models
(see Tables S2-S5) were considered to compute the number of model
realizations (NMR), which is the total number of simulations and is

given in Equation (1) below.

NMR = 2x3x4xN (1)

The overall uncertainties were presented in the form of box-plots
drawn with all the elements of the NMR and discussed in terms of
interquartile ranges (the difference between the 75th and 25th per-
centiles). The interquartile range expresses how scattered the data
are, and is therefore used as a measure of uncertainty. Thus, the
higher the interquartile range is, the wider the box-plot are, implying

the degree of uncertainty of the results.

3 | RESULTS

3.1 | Downscaled climate variables

Although radiation, humidity, and wind speed data were also down-
scaled, only the results of the downscaling of precipitation and tem-
perature are presented because previous studies mainly focus on
these two variables. Downscaled radiation, relative humidity, and wind
speed are shown in Figures S1-S3, respectively.

3.1.1 |

Figure 2 compares RCMs and observed precipitation. The left- and

Precipitation

right-hand side panels of the diagram show raw and bias-corrected
rainfall, respectively.

In general, the RCMs rainfall captured the unimodal rainfall
regime of the study area with the maximum peak in August well

defined. However, for the stations located in the south (Nikki, Ina,
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Bembereke, Natitingou, and Kalale), RCA4 overestimates the rain

during the April to October season. Comparison of raw and down-

scaled RCM rainfall shows that biases in the raw data are successfully

corrected especially for HRHAMS5 and RCSM (but to a lesser extent

for RCA4). A clear difference is noted between the statistical proper-

ties of raw and downscaled rainfall whose standard deviations fall
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FIGURE 2 Continued.

within the intervals (2.06, 4.67) against (2.57, 3.31), and absolute
values of the mean absolute errors within the intervals (0, 1.51)
against (0, 0.56). Yet this difference in statistical properties does
not imply an alteration of the climate signal (Figure 2). Therefore,
the conclusion was that SDSM is appropriate for downscaling rainfall
over the study area.

Downscaled RCMs projections are presented as changes relative
to the baseline period (Figure 3). Under RCP4.5, rainfall exhibits a pos-
itive trend for HIRHAM5 (47 to 265 mm, i.e., 4.6% to 23.4%) and
RCSM (22 to 264 mm, i.e, 1.9% to 23.3%) but a mixed trend for
RCA4 (-66 to 215 mm, i.e., =7.7% to 17.3%).

Under RCP 8.5, similar trends are projected with slight change in
the magnitudes: 47 to 265 mm (4.5% to 23.4%) increase for

HIRHAMS5, 19 to 265 mm (1.7% to 23.4%) increase for RCSM, and
-73 to 205 mm (-8.5% to 16.2%) for RCA4. Half of the stations depict
negative trends particularly with RCA4 model (Figure 3).

3.1.2 | Temperature

Figure 4 displays the mean temperature before and after downscaling
(left and right panels, respectively). The three RCMs reproduced well
the seasonal cycle of observed temperature; however, they
underestimated the magnitude. This is particularly so for RCSM, which
depicts the strongest underestimation during the months of January
and December. Downscaled temperature matches reasonably well

the observed temperature for the three RCMs with low standard
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FIGURE 3 Box plots of the projected change (2021-2050) in annual mean rainfall relative to the baseline period (1976-2005) under RCP 4.5

(upper panel) and RCP 8.5 (lower panel)

deviation and low MAE values (Figure 4). These results thus indicate
that SDSM s suitable for the downscaling of the temperature over
the study area.

Figure 5 shows the expected changes in mean temperature for
the future period (2021-2050) relative to the historical period
(1976-2005). Regardless of the scenario, HIRHAMS5 and RCSM exhib-
ited positive trends with RCA4 showing negative trends. As an order
of magnitude, the changes equal 0.02 to 0.38 °C and 0.04 to
0.35 °C for HRHAM5 under RCP4.5 and RCP 8.5, respectively. In
the case of the RCSM model, changes of -0.01 to 0.48 °C and
-0.02 to 0.45 °C are projected under RCP 4.5 and RCP 8.5, respec-
tively. The changes are expected to reach -0.34 up to 0.09 °C and
-0.37 up to 0.04 °C under RCPs 4.5 and 8.5 for the RCA4 model. It
is interesting to note that the station at Parakou will experience both
the highest temperature increase (HIRHAM5 and RCSM) and the
highest temperature decrease (RCA4).

3.2 | Future BW and GW availability

Projected BW and GW are presented in Figures 6-9 for the first and
last decades of the future time horizon for the Coubéri, Gbasse,
Yankin, and Kompongou subbasins, respectively. Some variables (e.g.,
GW in Figures 6a,d, and BW in Figures 7b and 8c) are not shown
because the hydrological models were not suitable for the predictions
of these variables.

Over the Coubéri subbasin, the ensemble of hydrological models
predict a negative trend of BW by midcentury. For SWAT and UHP-

HRU, the decrease is in the same order of magnitude for both RCPs
(Figures 6b,c). However, HBV-light and WaSiM project a decrease
under RCP8.5 that is slightly higher than under RCP4.5 (Figures 6a,
d). GW is expected to increase in the subbasin with an increase under
RCP4.5 nearly twice that under RCP8.5. Overall, compared with the
reference period, rainfall will vary between -0.6% (RCP4.5) and
-1.5% (RCP8.5), which will result in a decrease in BW of -37.5%
(RCP4.5) and -36.8% (RCP8.5) and an increase in GW of 4.7%
(RCP4.5) and 3.4% (RCP8.5).

For the Gbassé subbasin, both HBV-light and SWAT predict a
decrease in BW but with different magnitudes. The decrease will be
between 17% and 39% for the HBV-light and even higher for the
SWAT model (Figures 7a,c). Future trend in GW is consistent across
the models with both UHP-HRU and SWAT predicting an increase in
GW especially under RCP4.5 (Figures 7b,c). Altogether, the deviation
from the reference period can be summarized as follows: a variation
of rainfall by +4.2% under RCP4.5 and £3.4% under RCP8.5 that will
induce a reduction in BW by -50.6% under RCP4.5 and -49.3% under
RCP8.5 and an increase in GW by 16.3% under RCP4.5 against 15.0%
under RCP8.5.

The expected change in BW and GW resources relative to the ref-
erence period, across the Yankin subbasin, is presented in Figure 8
along with the change in rainfall. Rainfall is expected to increase for
HIRHAMS5 and RCSM (with a higher increase under RCP4.5) but to
decrease for RCA4 (along with a higher decrease under RCP8.5).
Regardless of the climate models and the RCP, BW will decrease but

GW is simulated to increase. In addition, the decrease in BW is slightly
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FIGURE 4 Comparison of raw (left panel) and downscaled (right panel) mean temperature of the baseline period (1976-2005). Stations are
ordered from the south to the north of the study area. STD = standard deviation; MAE = mean absolute error

higher under RCP8.5, whereas the increase in GW is slightly higher
under RCP8.5. On the whole, rainfall will likely increase by 5.6% under
RCP 4.5 and by 5.1% under RCP8.5. This change in rainfall will be
accompanied by a reduction in BW of -25% under RCP4.5 and
-26.0% under RCP8.5 but by an increase in GW of 10.9% under
RCP4.5 and 10.1% under RCP8.5.

The projected BW and GW of the Kompongou subbasin (Figure 9)
have different trends from the three other subbasins. The first differ-
ence is that, unlike the other subbasins, rainfall will increase for all cli-
mate and hydrological models with the exception of UHP-HRU run
with RCA4. The second peculiarity of the Kompongou subbasin is that
a mixed trend (an increase and a decrease) and not a decrease (as it
was the case for the other subbasins) in BW is projected. Also, unlike

the other subbasins, UHP-HRU showed a decrease in GW when run
with RCA4 and RCSM data.

Of the four subbasins, the highest increase in rainfall and the low-
est decrease in BW are simulated for the Kompongou subbasin. Over-
all, compared with the reference period, rainfall will increase by
between 9.1% (RCP4.5) and 8.9% (RCP8.5). This change in rainfall will
lead to a change in BW of -8.4% (RCP4.5) and -6.2% (RCP8.5) but to
an increase in GW by 5.5% (RCP4.5) and 4.9% (RCP8.5).

3.3 | Uncertainty quantification

The uncertainty quantification of the Coubéri subbasin was based

on 90 model realizations. The result is presented in Figure 10.
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FIGURE 6 Simulated changes (%) in rainfall, blue water (BW), and green water (GW) under RCP4.5 and RCP8.5 climate scenarios in the Coubéri
subbasin by the HBV-light (a), UHP-HRU (b), SWAT (c), and WaSiM (d) hydrological models. A: HIRHAM5_RCP4.5_2021-2030, B:
HIRHAM5_RCP4.5_2041-2050, C: RCA4_RCP4.5_2021-2030, D: RCA4_RCP4.5_2041-2050, E: RCSM_RCP4.5_2021-2030, F:
RCSM_RCP4.5_2041-2050, G: HIRHAMS5_RCP8.5_2021-2030, H: HIRHAM5_RCP8.5_2041-2050, I: RCA4_RCP8.5_2021-2030, J:
RCA4_RCP8.5_2041-2050, K: RCSM_RCP8.5_2021-2030, L: RCSM_RCP8.5_2041-2050

Rainfall is predicted to decrease by a median of -2.9% to -4.0%
with an interquartile range between 8.7% and 9.2%. The median
of BW will also decrease by between -38.4% to -41.3% with an
interquartile range of 16.1% to 21.6%. The median projected
change in GW is approximately 1.5% to 2.5% with an interquartile
range of 2.2% to 2.7%. The values of the interquartile ranges
show that the GW evaluation is associated with lesser uncertainty
than that of rainfall, whereas the assessment of BW is the least

certain.

For the Gbassé subbasin, 48 model realizations were used to
assess the uncertainty (Figure 11). The median of rainfall is predicted
to increase by between 5.2% and 6.3% along with an associated inter-
quartile range of 8.2% to 8.72%. Similarly, the median of GW wiill
increase by 12.4% to 14.0% with an interquartile range of 18.4% to
19.1%. The median of BW is, however, predicted to decrease between
-21.3% and -23.2% with an interquartile range of 18.5% to 20.2%.
Thus, the evaluation of change in rainfall is associated with lesser

uncertainty than the quantification of BW and GW.
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FIGURE 9 Simulated changes (%) in rainfall, blue water (BW), and green water (GW) under RCP4.5 and RCP8.5 climate scenarios in the Gbassé
subbasin by the HBV-light (a), UHP-HRU (b), SWAT (c), and WaSiM (d) hydrological models. A: HIRHAM5_RCP4.5_2021-2030, B:
HIRHAM5_RCP4.5_2041-2050, C: RCA4_RCP4.5_2021-2030, D: RCA4_RCP4.5_2041-2050, E: RCSM_RCP4.5_2021-2030, F:
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In the case of the Yankin subbasin, 78 model realizations were
used to assess the uncertainty. An inspection of Figure 12 reveals
that rainfall change will exhibit positive trends of 7.7% to 8.6%
changes of the median along with an interquartile range of 10.5%
to 11.2%. However, the median of the BW is predicted to decrease
by -15.2% to -17.8%, whereas the median of the GW is projected
to increase by 9.3% to 10.0%. The associated interquartile ranges
are predicted as of the order of 36.5% to 42.2% and 6.8% to 7.3%
for BW and GW, respectively. As in the case of the Coubéri subbasin,
GW evaluation is associated with lesser uncertainty than the evalua-
tion of rainfall, whereas while the assessment of BW resources is the

least certain.
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FIGURE 12 Ensemble percentiles (lower, median, and upper
quartile) projected interannual rainfall, blue water, and green water
trends relative to 1984-1988 and 2005-2008 in the Yankin subbasin.
X_21-30, X_31-40, X_41-50 denotes the values of rainfall (X = R),
blue water (X = B), and green water (X = G) during the decades 2021-
2030, 2031-2041, and 2041-2050

For the Kompongou subbasin, the combination of climate models,
emissions scenarios, hydrological models, and behavioural hydrological
models parameters resulted in 24 model realizations, which is the
smallest NMR of all subbasins. The reason is that only one behavioural
hydrological model parameter set was retained after the calibration
and validation procedure (see Section 4.3 and Tables S2-S5). The
analysis of the uncertainty is presented in Figure 13. The median
projected change in rainfall is approximately 8.8% to 10.2% with an
interquartile range of 11.9% to 12.4%. This increase in rainfall will lead
to an increase in both BW and GW. Whereas the median of the BW is
predicted to increase by 0.2% to 4.5% with an interquartile range of
70.7% to 73.1%, that of GW is predicted to increase by 2.0% to
2.8% along with an interquartile range of 12.7% to 13.2%. Thus, the
evaluation of BW is associated with the largest uncertainty in compar-
ison with the assessment of rainfall and GW for which the interquar-

tile ranges are smaller.

4 | DISCUSSION

4.1 | Downscaled climate variables

411 |

The findings presented above are consistent with recent downscaling

Precipitation

studies over Africa. The projected increase in rainfall for HIRHAMS5
and RCSM is consistent with the conclusions of Oyerinde et al.
(2016) who reported an increase of 2% (RCP 4.5) and 5% to 10%
(RCP 8.5) from the middle to the end of the century over the Niger
River Basin. Similarly, Kaboré/Bontogho et al. (2015) found that in
the Massili Basin of Burkina Faso, rainfall will slightly increase for
the period 2006-2050 in comparison with the period 1975-2000.
Besides, the mixed trend of rainfall projected by RCA4 is comparable
with the findings of Kebede et al. (2013) who reported that in the
Baro-Akobo Basin of Ethiopia, downscaled rainfall by the model



BADOU ET AL.

80 .|

=
=]
T

e

[~
=]
T

]
=]
T
i

Deviation from 1979-1984 (%)
F-{ T
‘ |
F-+{ T}
|
|
i
L
{L]

40+ g

i =T i
60+ ! H !
1 ! 1
I H 1
-+ i 2l

80} -
R_21-30 R_31-40 R_41-50 B_2130 B_31-40 B_41-50 G_21-30 G_31-40 G_41-50

FIGURE 13 Ensemble percentiles (lower, median, and upper
quartile) projected interannual rainfall, blue water, and green water
trends relative to 1979-1984 in the Kompongou subbasin. X_21-30,
X_31-40, X_41-50 denotes the values of rainfall (X = R), blue water
(X = B), and green water (X = G) during the decades 2021-2030,
2031-2041, and 2041-2050

REMO (A1B and B1 scenarios) resulted in a change of -2% to 21%.
The negative rainfall trend projected for some stations (Figure 3) is
consistent with the results found for the Ouémé Basin of Benin,
where a 9% to 12% decrease in rainfall was expected when REMO
rainfall (A1B which is similar to RCP6.0 scenario and B1 which is sim-
ilar to the RCP4.5 scenario) was bias-corrected (Bossa, Diekkriger, &
Agbossou, 2014).

However, the fact that stations exhibit both positive and negative
rainfall trend relaunches the discourse on the importance of the direc-
tion (rather than the magnitude) of change of future rainfall over West
Africa (Druyan, 2011; Yira et al., 2017).

412 |

The projected increase in temperature for the models HIRHAMS5 and

Temperature

RCSM corroborates the conclusions of Kaboré/Bontogho et al.
(2015) and Oyerinde (2016) where the former reported that tempera-
ture will increase by 1.8 °C (RCP4.5) and 3.0 °C (under RCP8.5) from
1971 to 2050 in Massili basin of Burkina Faso, and the latter found
that the Niger River Basin will experience a temperature increase of
between 5% and 10% under RCP4.5 and 5% and 20% under RCP8.5
from the beginning to the end of the century.

On the contrary, the negative trend of temperature projected for
the climate model RCA4 contrasts the continuation of warming during
the rest of the century reported in IPCC (2013). However, it is not the
first time that a decrease in temperature is reported in the literature.
For example, Kebede et al. (2013) downscaled the minimum and max-
imum temperatures of the GCM CGCM 3.1 (A1B scenario) and the
RCM REMO (A1B and B1 scenarios) and obtained almost similar
results. The results of Kebede et al. (2013) showed that the majority
of the investigated stations will experience a decrease in maximum
temperature (for CGCM3.1) and half of the stations will exhibit a

decrease in minimum temperature (for REMO).

Another aspect that requires attention is that higher temperatures
are projected under RCP4.5 than under RCP8.5. These results are sur-
prising because the opposite was expected. However, Kebede et al.
(2013) also found almost similar results when they reported higher
maximum temperature under B1 than under A1B for half of the stations
and higher minimum temperature under B1 than under A1B for 40% of
the stations. Given that the same downscaling model, SDSM is used by
Kebede et al. (2013) as well as in this study, one wonders if the results

imply an internal artefact (or systematic error) of the model.

4.2 | Future BW and GW availability

On average, a decrease in BW is projected and GW is predicted to
increase. The increase in GW is linked to the projected warming and
the intensification of the hydrological cycle. In the context of increas-
ing rainfall, the warmer the atmosphere, the greater the evaporative
demand, which leads to an increase in GW. This in turn leads to less
water to run off and/or to percolate and reach the deep aquifer so
the decrease in BW. These results are partly in agreement with the
conclusions of some previous studies in nearby basins. Using four
hydrological models, Cornelissen, Diekkruiger, and Giertz (2013) inves-
tigated the impact of climate change (REMO under A1B and B1 sce-
narios) and land use change on the water balance of the Térou Basin,
a tributary of the Ouémé River in Benin. Regardless of the emissions
scenarios, two models (UHP-HRU and GR4J) predicted a decrease in
discharge (which is the most important part of the BW), whereas the
two others (SWAT and WaSiM) predicted an increase in discharge.
Bossa (2012) conducted a study with the SWAT model to evaluate
the influence of climate (REMO under A1B and B1) and land use
changes on the sediment yield and the water balance of the Donga-
Pont and the Ouémé-Bonou basins in Benin, and the results indicated
a decrease in water yield, surface run-off and groundwater flow, and
actual evapotranspiration. However, land use change would induce
an increase in surface run-off and water yield (depending on the type
of change envisaged) but a decrease in the others' water balance com-
ponents. Zannou (2011) reported that the Ouémé Basin will experi-
ence a 41% decrease in water resources by 2025. Oyerinde et al.
(2016) used eight GCM products and found that annual streamflow
would slightly increase by the end of the century at the run-off sta-
tions at Malanville and Kainji located in the Niger River Basin. Finally,
Touré, Diekkrtger, and Mariko (2016) found that climate change will

lead to a decrease in groundwater resource in the Klela Basin of Mali.

4.3 | The particular case of the Kompongou subbasin

Unlike the three other subbasins, in the Kompongou subbasin, rainfall
is expected to increase (with the exception of UHP-HRU run with
RCA4 data), GW to decrease when UHP-HRU is run with RCA4 and
RCSM data, and BW to have a mixed trend (not a decrease as it was
the case for the other subbasins). This unique behaviour could be
explained by the difference in climate conditions between the calibra-
tion/validation period (1979-1984) and the future time horizon
(2021-2050). In the subbasin, the calibration (1979-1984) of hydro-
logical models was satisfactory but the validation (2007-2010) was

not. Kompongou is the subbasin with the largest percentage of
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missing data in the historical streamflow records. As a result, there was
a difference of nearly 30 years between the calibration period (1979-
1984) and the validation period (2007-2010). During these 30 years,
the subbasin might have undergone many changes in its characteris-
tics making validation very difficult if not impossible. Subsequently,
comparison with the future was limited to the calibration period,
which actually was a period of severe drought (Badou et al., 2016).
Hence, when compared with that period of drought, some models (e.
g., SWAT and WaSiM when run with HIRHAM5 and RCSM data) sim-
ulate an increase in future BW and UHP-HRU when driven by RCA4
and RCSM data predicts a decrease in GW.

4.4 | Uncertainty quantification

The key outcome of the uncertainty analyses is that BW quantification
is associated with larger uncertainty than GW evaluation. Two main
reasons can explain it. First, BW evaluation was done with four hydro-
logical models of very distinct structures: a conceptual lumped model
(HBV-light), two conceptual semidistributed model (UHP-HRU and
SWAT), and a distributed physically based model (WaSiM). On the
contrary, GW was assessed solely with the hydrological models
(UHP-HRU, SWAT, and WaSiM) having a more or less physically
meaningful soil moisture routine. Second, and most importantly,
although the approaches used by the models to compute evapotrans-
piration (i.e., GW) are nearly similar, the approaches used to derive the
streamflow components (i.e., BW) are very different. UHP-HRU,
SWAT, and WaSiM use the Penman-Monteith method (Monteith,
1965; Penman, 1956) to compute Potential evapotranspiration. To
derive surface run-off (a component of BW), HBV-light uses a typical
tank-type approach, WaSiM a method based on the Richards equa-
tion, and UHP-HRU and SWAT the SCS CN method (Badou, 2016).

5 | RECOMMENDATIONS

The main finding of this study is that though rainfall may have a pos-
itive trend in the future, increase in rainfall will be accompanied by a
decrease in BW resources, the easily accessible water resources but
with an increase in GW resources. Given the current population
growth in the study area, from 1,579,006 in 2014 to 5,600,000
expected in 2050 (Badou, 2016), this is rather crucial information for
decision makers and water planners. Less BW resources imply less
water for municipal, domestic, and industrial uses; less water for agri-
culture and possibly more conflicts between farmers and cattle
rangers (Lougbegnon, Dossou, Houessou, & Teka, 2012); and less
water for fishery. Two sets of solutions could be explored to address
the problem. This first set deals with BW and the second with GW.
In order to meet the increasing water demand with the predicted
decrease in BW, a rational use of BW is mandatory. In the study area,
traditional belief in the “gods” is still very strong and often, hazards
are seen as the gods' curses (Vissin, 2007). The solution, therefore, is
more sociological than technical, implying that more attention should
be given to the sociological dimension of adaptation to a changing cli-
mate. Wherever a technical solution is necessary, the human dimension

should also be included. Unfortunately, this aspect is often not taken

into account in most recommendations. More research is needed to
bridge the gap between technical solution and their relevance for the
people to implement them. Another solution to address the issue of
the projected decrease in BW is the use of grass and alfalfa lands to
dampen run-off (Kharel, Zheng, & Kirilenko, 2016). This technique
limits run-off and increases deep aquifer recharge, which has a buffer
effect against climate change (Vouillamoz, Lawson, Yalo, & Descloitres,
2015).

The second set of solutions is based on the projected increase
in GW. An increase in GW implies an increase in either transpira-
tion and/or evaporation (both resulting in increased water losses).
To face the probable increase in evaporation, more research is
needed to reverse the situation, by, for example, implementing
techniques of soil and water conservation that can easily be applied
in the study area. Rodriguez-Juan, Sbai, and El Harradji (2015) con-
ducted such as study for the Mestferki Basin located in North-East
of Morocco.

6 | CONCLUSION

A proper estimation of future water availability is vital information for
water planners. This study explored alternative avenues for more
informative and robust hydrological prediction of the water resources
of the Benin Portion of the Niger River Basin, a conglomerate of four
subbasins, which is rich in terms of ecosystem services but poorly
gauged. Water resources were treated as BW and GW. The products
of three RCMs (HIRHAMS5, RCSM, and RCSM) under RCPs 4.5 and 8.5
were statistically downscaled and used to run four different hydrolog-
ical models. Whereas BW was predicted using only the most suitable
hydrological models for the simulation of streamflow, GW assessment
depended on those models found to be more behavioural for the sim-
ulation of soil moisture storage. It was found that

1. rainfall will likely increase (1.7% to 23.4%) for HIRHAM5 and
RCSM under both RCPs but will show mixed trends (-8.5% to
17.3%) for RCA4. Mean temperature will also increase up to
0.48 °C for HIRHAM5 and RCSM but decrease for RCA4 up to
-0.37 °C.

2. as a result of global warming, GW will increase in all the four
investigated subbasins and BW will only increase in the
Kompongou subbasin. The median decrease in BW is projected
to approximate -38% to -41% in the Coubéri subbasin, -21%
to -23% in the Gbassé subbasin, and -15% to -18% in the Yankin
subbasin, but a median increase of 0.2% to 4.5% is predicted in
the Kompongou subbasin. The median increase in GW will
approximate 2% to 3% in Coubéri, 12% to 14% in Gbasse, 9%
to 10% in Yankin, and 2% to 3% in Kompongou.

3. using interquartile ranges, BW evaluation is associated with larger
uncertainty than GW quantification. A variation of the interquar-
tile ranges of 16% to 21% in BW against 2% to 3% in GW for the
Coubéri subbasin, 19% to 20% in BW against 18% to 19% in GW
for the Gbasse subbasin, 37% to 42% in BW against 7% in GW
for the Yankin subbasin, and 71% to 73% in BW against 13% in

GW for the Kompongou subbasin was noted.
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The projected increase in rainfall will be accompanied by a
decrease in BW resources, the easily accessible water resources but
with an increase in GW resources. If technical solutions (use of grass
lands to dampen run-off and increase deep aquifer recharge, tech-
niques of soil and water conservation) are necessary, more attention
should be given to the sociological dimension of adaptation to a

changing climate.

ACKNOWLEDGMENTS

This study was conducted at the Graduate Research Programme on
Climate Change and Water Resources of the University of Abomey-
Calavi in the framework of the WASCAL Initiative and funded by
German Federal Ministry of Education and Research (BMBF). The time
of Dr Evison Kapangaziwiri was generously covered by the ZCHSOVH
project of the Hydrosciences Research Group of the CSIR. The
authors would like to thank the editors and the two anonymous

reviewers for their valuable contributions.

ORCID

Djigbo Félicien Badou (2 http://orcid.org/0000-0001-5159-7095

Bernd Diekkriiger (=) http://orcid.org/0000-0001-9234-7850

REFERENCES

Ahmed, K. F., Wang, G,, Silander, J., Wilson, A. M., Allen, J. M., Horton, R.,
& Anyah, R. (2013). Statistical downscaling and bias correction of cli-
mate model outputs for climate change impact assessment in the U.S.
northeast. Global and Planetary Change, 100, 320-332. https://doi.
org/10.1016/j.gloplacha.2012.11.003

Aich, V., Liersch, S., Vetter, T., Andersson, J. C. M., Miller, E. N., &
Hattermann, F. F. (2015). Climate or land use?—Attribution of changes
in river flooding in the Sahel zone. Water, 7, 2796-2820. https://doi.
org/10.3390/w7062796

Aich, V., Liersch, S., Vetter, T., Huang, S., Tecklenburg, J., Hoffmann, P, ...
Hattermann, F. F. (2014). Comparing impacts of climate change on
streamflow in four large African river basins. Hydrology and Earth System
Sciences, 18, 1305-1321. https://doi.org/10.5194/hess-18-1305-2014

Amogu, O., Descroix, L., Yéro, K. S., Le Breton, E., Mamadou, |, Ali, A,, ...
Belleudy, P. (2010). Increasing river flows in the Sahel? Water, 2,
170-199. https://doi.org/10.3390/w2020170

Amoussa, S. (1992). Estimation of global solar radiation in Benin. Renewable
Energy, 2, 311-317. https://doi.org/0960-1481/92

Badou, D. F. (2016). Multi-model evaluation of blue and green water avail-
ability under climate change in four non-Sahelian basins of the Niger
River basin. Published PhD Thesis. University of Abomey-Calavi.
Retrieved from http://www.wascal-uac.org/new/thesis/DjighoF %
C3%A9licienBADOU.pdf

Badou, D. F., Kapangaziwiri, E., Diekkrtger, B., Hounkpé, J., & Afouda, A. A.
(2016). Evaluation of recent hydro-climatic changes in four tributaries
of the Niger River basin (West Africa). Hydrological Sciences Journal,
62(5), 715-728. https://doi.org/10.1080/02626667.2016.1250898

Biao, I. E., Alamou, A. E., & Afouda, A. (2016). Improving rainfall-runoff
modelling through the control of uncertainties under increasing climate
variability in the Ouémé River basin (Benin, West Africa). Hydrological
Sciences Journal, 61(16), 2902-2915. https://doi.org/10.1080/
02626667.2016.1164315

Bonou, A. (2016). Impacts of floods on the livelihoods of farmers in the con-
text of Forest degradation and Climate Change. Published PhD thesis.
Retrieved from https://www.ucad.sn/files/edjped_Alice_BONOU.pdf

Bossa, A. Y., Diekkriiger, B., & Agbossou, E. K. (2014). Scenario-based
impacts of land use and climate change on land and water degradation

from the Meso to regional scale. Water, 6, 3152-3181. https://doi.org/
10.3390/w6103152

Bossa, Y. A. (2012). Multi-scale modeling of sediment and nutrient flow
dynamics in the Ouémé catchment (Benin)—Towards an assessment
of global change effects on soil degradation and water quality. Pub-
lished PhD thesis. Rheinischen Friedrich-Wilhelms-Universitit Bonn.
Retrieved from http://hss.ulb.uni-bonn.de/2012/2983/2983.pdf

Carter & Parker (2009). Climate change, population trends and groundwa-
ter in Africa. Hydrological Sciences Journal, 676-689.

Cornelissen, T., Diekkrtger, B., & Giertz, S. (2013). A comparison of hydro-
logical models for assessing the impact of land use and climate change
on discharge in a tropical catchment. Journal of Hydrology, 498,
221-236. https://doi.org/10.1016/j.jhydrol.2013.06.016

Descroix, L., Genthon, P, Amogu, O., Rajot, J. L., Sighomnou, D., &
Vauclin, M. (2012). Change in Sahelian Rivers hydrograph: The case
of recent red floods of the Niger River in the Niamey region. Global
and Planetary Change, 98-99, 18-30. https://doi.org/10.1016/].
gloplacha.2012.07.009

Dettinger, M. D., & Diaz, H. F. (2000). Global characteristics of stream flow
seasonality and variability. Journal of Hydrometeorology, 1, 289-310.
https://doi.org/0.1175/1525-7541(2000)001

Druyan, L. M. (2011). Studies of 21st-century precipitation trends over
West Africa. International Journal of Climatology, 31, 1415-1424.
https://doi.org/10.1002/joc.2180

Fowler, H. J., Blenkinsop, S., & Tebaldi, C. (2007). Linking climate change
modelling to impacts studies: Recent advances in downscaling tech-
niques for hydrological modelling. International Journal of AgriScience,
27, 1547-1578. https://doi.org/10.1002/joc.1556

Giorgi, F., Jones, C., & Asrar, G. (2009). Addressing climate information
needs at the regional level: The CORDEX framework. World Meteoro-
logical Organization Bulletin, 58, 175-183.

Gobiet, A., Suklitsch, M., & Heinrich, G. (2015). The effect of empirical-sta-
tistical correction of intensity-dependent model errors on the
temperature climate change signal. Hydrology and Earth System Sciences,
19(2), 4055-4066. https://doi.org/10.5194/hess-19-4055-2015

Gudmundsson, L., Bremnes, J. B., Haugen, J. E., & Engen-Skaugen, T.
(2012). Technical note: Downscaling RCM precipitation to the station
scale using statistical transformations—A comparison of methods.
Hydrology and Earth System Sciences, 16, 3383-3390. https://doi.org/
10.5194/hess-16-3383-2012

Gutiérrez, J. M., Martin, D. S., Cofi o, A. S., Herrera, S., Manzanas, R., &
Frias, M. D. (2011). User guide of the ENSEMBLES downscaling portal
(version 2). Retrieved from https://www.meteo.unican.es/downscaling/
doc/UserGuide.pdf

Haensler, A, Hagemann, S., & Jacob, D. (2011). The role of the simulation
setup in a long-term high-resolution climate change projection for the
southern African region. Theoretical and Applied Climatology, 106,
153-169. https://doi.org/10.1007/s00704-011-0420-1

Hagemann, S., Chen, C., Haerter, J. O., Heinke, J., Gerten, D., & Piani, C.
(2011). Impact of a statistical bias correction on the projected hydro-
logical changes obtained from three GCMs and two hydrology
models. Journal of Hydrometeorology, 12, 556-578. https://doi.org/
10.1175/2011JHM1336.1

Hay, L. E., Wilby, R. L., & Leavesley, G. H. (2000). A comparison of delta
change and downscaled GCM scenarios for three mountainous basins
in the United States. Journal of the American Water Resources Association,
36, 387-397. https://doi.org/10.1111/j.1752-1688.2000.tb04276.x

Hounkpé, J., Diekkriiger, B., Badou, D. F., & Afouda, A. (2016). Change in
heavy rainfall characteristics over the Ouémé River Basin, Benin
Republic, West Africa. Climate, 4, 1-23. https://doi.org/10.3390/
cli4010015

IPCC (2007a). In M. L. Parry, O. F. Canziani, P. J. Palutikof, C. E. Hanson, &
L. P. van Der (Eds.), Climate change 2007: Impacts, adaptation and vul-
nerability. Contribution of working Group Il to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge,
United Kingdom and New York, NY, USA: Cambridge University press.


http://orcid.org/0000-0001-5159-7095
http://orcid.org/0000-0001-9234-7850
https://doi.org/10.1016/j.gloplacha.2012.11.003
https://doi.org/10.1016/j.gloplacha.2012.11.003
https://doi.org/10.3390/w7062796
https://doi.org/10.3390/w7062796
https://doi.org/10.5194/hess-18-1305-2014
https://doi.org/10.3390/w2020170
https://doi.org/0960-1481/92
http://www.wascal-uac.org/new/thesis/DjigboF%C3%A9licienBADOU.pdf
http://www.wascal-uac.org/new/thesis/DjigboF%C3%A9licienBADOU.pdf
https://doi.org/10.1080/02626667.2016.1250898
https://doi.org/10.1080/02626667.2016.1164315
https://doi.org/10.1080/02626667.2016.1164315
https://www.ucad.sn/files/edjped_Alice_BONOU.pdf
https://doi.org/10.3390/w6103152
https://doi.org/10.3390/w6103152
http://hss.ulb.uni-bonn.de/2012/2983/2983.pdf
https://doi.org/10.1016/j.jhydrol.2013.06.016
https://doi.org/10.1016/j.gloplacha.2012.07.009
https://doi.org/10.1016/j.gloplacha.2012.07.009
https://doi.org/0.1175/1525-7541(2000)001
https://doi.org/10.1002/joc.2180
https://doi.org/10.1002/joc.1556
https://doi.org/10.5194/hess-19-4055-2015
https://doi.org/10.5194/hess-16-3383-2012
https://doi.org/10.5194/hess-16-3383-2012
https://www.meteo.unican.es/downscaling/doc/UserGuide.pdf
https://www.meteo.unican.es/downscaling/doc/UserGuide.pdf
https://doi.org/10.1007/s00704-011-0420-1
https://doi.org/10.1175/2011JHM1336.1
https://doi.org/10.1175/2011JHM1336.1
https://doi.org/10.1111/j.1752-1688.2000.tb04276.x
https://doi.org/10.3390/cli4010015
https://doi.org/10.3390/cli4010015

BADOU ET AL.

WILEY—24

IPCC (2007b). In S. Solomon, D. Quin, M. Manning, Z. Chen, M. Marquis, K.
B. Averyt, & M. Tignor (Eds.), Climate change 2007: The physical science
basis. Contribution of working group | to the fourth assessment report of
the intergovernmental panel on climate change. Cambridge, United King-
dom and New York, NY, USA: Cambridge University Press.

IPCC (2013). Summary for policymakers. In T. F. Stocker, D. Qin, G.-K.
Plattner, M. Tignor, S. K. Allen, J. Boschung, et al. (Eds.), Climate change
2013: The physical science basis. Contribution of working group | to the
fifth assessment report of the intergovernmental panel on climate change.
Cambridge, United Kingdom and New York, NY, USA: Cambridge Uni-
versity press.

Kaboré/Bontogho, P. E, Nikiema, M., Ibrahim, B., & Helmschrot, J. (2015).
Merging historical data records with MPI-ESM-LR, CanESM2, AFR
MPI and AFR 44 scenarios to assess long-term climate trends for the
Massili Basin in central Burkina Faso. International Journal of Current
Engineering and Technology, 5(3), 1846-1852.

Kapangaziwiri, E., Hughes, D. A., & Wagener, T. (2012). Incorporating
uncertainty in hydrological predictions for gauged and ungauged basins
in southern Africa. Hydrological Sciences Journal, 57(5), 1000-1019.
https://doi.org/https://doi.org/10.1080/02626667.2012.690881

Kebede, A., Diekkriiger, B., & Moges, S. A. (2013). An assessment of tem-
perature and precipitation change projections using a regional and a
global climate model for the Baro-Akobo Basin, Nile Basin, Ethiopia.
Journal of Earth Science and Climatic Change, 4, 1-12. https://doi.org/
10.4172/2157-7617.1000133

Kharel, G., Zheng, H., & Kirilenko, A. (2016). Can land-use change mitigate
long-term flood risks in the prairie pothole region? The case of Devils
Lake, North Dakota, USA. Regional Environmental Change, 16(8),
2443-2456. https://doi.org/10.1007/s10113-016-0970-y

Laderach, P., Martinez-Valle, A., Schroth, G., & Castro, N. (2013). Predicting
the future climatic suitability for cocoa farming of the world's leading
producer countries, Ghana and Cote d'lvoire. Climatic Change, 119,
841-854. https://doi.org/10.1007/s10584-013-0774-8

Laprise, R., Hernandez-Diaz, L., Tete, K., Sushama, L., Separovic, L.,
Martynov, A, ... Valin, M. (2013). Climate projections over CORDEX
Africa domain using the fifth-generation Canadian Regional Climate
Model ( CRCM5 ). Climate Dynamics, 41, 3219-3246. https://doi.org/
10.1007/s00382-012-1651-2

Lebel, T., & Ali, A. (2009). Recent trends in the Central and Western Sahel
rainfall regime (1990-2007). Journal of Hydrology, 375, 52-64. https://
doi.org/10.1016/j.jhydrol.2008.11.030

Lebel, T., Cappelaere, B., Galle, S., Hanan, N., Kergoat, L., Levis, S., ...
Seguis, L. (2009). AMMA-CATCH studies in the Sahelian region of
West-Africa: An overview. Journal of Hydrology, 375, 3-13. https://
doi.org/10.1016/j.jhydrol.2009.03.020

Liersch, S., Cools, J., Kone, B., Koch, H., Diallo, M., Reinhardt, J., ...
Hattermann, F. F. (2013). Vulnerability of rice production in the Inner
Niger Delta to water resources management under climate variability
and change. Environmental Science and Policy, 34, 18-33. https://doi.
org/10.1016/j.envsci.2012.10.014

Lougbegnon, O. T., Dossou, M. E., Houessou, G. L., & Teka, S. O. (2012).
Etude de base pour I'aménagement des terres de parcours dans la com-
mune de Malanville, en zone soudanienne du Bénin. Revue de
géographie de I'Université de Ouagadougou (Vol. 1). Retrieved from
http://rgoburkina.org/wp/5-Maquette_RGO_00_26_Lougbegnon.pdf

Mbaye, M. L., Haensler, A., Hagemann, S., Gaye, A. T., Moseley, C., &
Afouda, A. (2015). Impact of statistical bias correction on the projected
climate change signals of the regional climate model REMO over the
Senegal River Basin. International Journal of Climatology, 36(4),
2035-2049. https://doi.org/10.1002/joc.4478

Monteith, J. L. (1965). Evaporation and environment. In The state and
movement of water in living organisms. XIXth Symposium of the society
for experimental biology, (pp. 205-234). Swansea: Cambridge University
Press.

Niasse, M., Afouda, A., & Amani, A. (2004). Reducing West Africa's vulnera-
bility to climate impacts on water resources, wetlands and desertification:

Elements for a regional strategy for preparedness and adaptation. Gland,
Switzerland and Cambridge, UK: I[UCN.

QOyerinde, G. T. (2016). Climate change in the Niger River Basin on hydro-
logical properties and functions of Kainji Lake, West Africa. Published
PhD Thesis. Retrieved from www.wascal.org/publications/doctoral-
theses/

QOyerinde, G. T., Wisser, D., Hountondji, F. C. C., Odofin, A. J., Lawin, A. E.,
Afouda, A., & Diekkriiger, B. (2016). Quantifying uncertainties in
modeling climate change impacts on hydropower production. Climate,
4(34), 1-15. https://doi.org/10.3390/cli4030034

Penman, H. L. (1956). Evaporation: An introductory survey. Netherlands
Journal of Agricultural Science, 4, 7-29.

Piani, C., Haerter, J. O., & Coppola, E. (2010). Statistical bias correction for
daily precipitation in regional climate models over Europe. Theoretical
and Applied Climatology, 99, 187-192. https://doi.org/10.1007/
s00704-009-0134-9

Piani, C., Weedon, G. P, Best, M., Gomes, S. M., Viterbo, P., Hagemann, S.,
& Haerter, J. O. (2010). Statistical bias correction of global simulated
daily precipitation and temperature for the application of hydrological
models. Journal of Hydrology, 395, 199-215. https://doi.org/10.1016/
j.jhydrol.2010.10.024

Rodriguez-Juan, J., Sbai, A., & El Harradji, A. (2015). Techniques de conser-
vation des eaux et des sols au niveau du bassin versant de Mestferki
(Chaine de Jerada, Nord-Est du Maroc). J-SAWIS, 2015(1), 33-39.

Salathé, E. P. J., Mote, P. W., & Wiley, M. W. (2007). Review of scenario
selection and downscaling methods for the assessment of climate
change impacts on hydrology in the United States Pacific Northwest.
International Journal of Climatology, 27, 1611-1621. https://doi.org/
10.1002/joc.1540

Schroth, G., Laderach, P., Martinez-Valle, A. I, Bunn, C., & Jassogne, L.
(2016). Vulnerability to climate change of cocoa in West Africa: Patterns,
opportunities and limits to adaptation. Science of the Total Environment,
556, 231-241. https://doi.org/10.1016/j.scitotenv.2016.03.024

Stern, N. (2010). Gérer les changements climatiques. Climat, croissance,
développement et équité. Les lecons inaugurales du Collége de France.
http://leconscdf.revues.org/228. Accessed 2013-03-23.

Sultan, B., & Gaetani, M. (2016). Agriculture in West Africa in the twenty-
first century: Climate change and impacts scenarios, and potential for
adaptation. Frontiers in Plant Science, 7, 1-20. https://doi.org/
10.3389/fpls.2016.01262

Sylla, M. B., Coppola, E., Mariotti, L., Giorgi, F., Ruti, P. M., Dell' Aquila, A., &
Bi, X. (2010). Multiyear simulation of the African climate using a
regional climate model (RegCM3) with the high resolution ERA-interim
reanalysis. Climate Dynamics, 35, 231-247. https://doi.org/10.1007/
s00382-009-0613-9

ThemeRl, M. J., Gobiet, A., & Heinrich, G. (2011). Empirical-statistical
downscaling and error correction of regional climate models and its
impact on the climate change signal. Climatic Change, 112(2),
449-468. https://doi.org/10.1007/510584-011-0224-4

Touré, A., Diekkriiger, B., & Mariko, A. (2016). Impact of climate change on
groundwater resources. Hydrology, 3(17), 1-17. https://doi.org/
10.3390/hydrology3020017

UNFCCC. (2007). Climate change: Impacts, vulnerabilities and adaptation
in developing countries. United Nations Framework Convention on Cli-
mate Change. Bonn, Germany. Retrieved from http://unfccc.int/
resource/docs/publications/impacts.pdf

Vetter, T., Huang, S., Aich, V., Yang, T., Wang, X,, Krysanova, V., &
Hattermann, F. (2015). Multi-model climate impact assessment and
intercomparison for three large-scale river. Earth System Dynamics, 6,
17-43. https://doi.org/10.5194/esd-6-17-2015

Vissin, W. E. (2007). Impact de la variabilité climatique et de la dynamique
des états de surface sur les écoulements du bassin béninois du fleuve
Niger. Thése de doctorat, Retrieved from https://tel.archives-
ouvertes.fr/tel-00456097/

Vizy, E. K., Cook, K. H., Crétat, J., & Neupane, N. (2013). Projections of a
wetter Sahel in the twenty-first century from global and regional


https://doi.org/https://doi.org/10.1080/02626667.2012.690881
https://doi.org/10.4172/2157-7617.1000133
https://doi.org/10.4172/2157-7617.1000133
https://doi.org/10.1007/s10113-016-0970-y
https://doi.org/10.1007/s10584-013-0774-8
https://doi.org/10.1007/s00382-012-1651-2
https://doi.org/10.1007/s00382-012-1651-2
https://doi.org/10.1016/j.jhydrol.2008.11.030
https://doi.org/10.1016/j.jhydrol.2008.11.030
https://doi.org/10.1016/j.jhydrol.2009.03.020
https://doi.org/10.1016/j.jhydrol.2009.03.020
https://doi.org/10.1016/j.envsci.2012.10.014
https://doi.org/10.1016/j.envsci.2012.10.014
http://rgoburkina.org/wp/5-Maquette_RGO_00_26_Lougbegnon.pdf
https://doi.org/10.1002/joc.4478
http://www.wascal.org/publications/doctoral-theses
http://www.wascal.org/publications/doctoral-theses
https://doi.org/10.3390/cli4030034
https://doi.org/10.1007/s00704-009-0134-9
https://doi.org/10.1007/s00704-009-0134-9
https://doi.org/10.1016/j.jhydrol.2010.10.024
https://doi.org/10.1016/j.jhydrol.2010.10.024
https://doi.org/10.1002/joc.1540
https://doi.org/10.1002/joc.1540
https://doi.org/10.1016/j.scitotenv.2016.03.024
http://leconscdf.revues.org/228
https://doi.org/10.3389/fpls.2016.01262
https://doi.org/10.3389/fpls.2016.01262
https://doi.org/10.1007/s00382-009-0613-9
https://doi.org/10.1007/s00382-009-0613-9
https://doi.org/10.1007/s10584-011-0224-4
https://doi.org/10.3390/hydrology3020017
https://doi.org/10.3390/hydrology3020017
http://unfccc.int/resource/docs/publications/impacts.pdf
http://unfccc.int/resource/docs/publications/impacts.pdf
https://doi.org/10.5194/esd-6-17-2015
https://tel.archives-ouvertes.fr/tel-00456097/
https://tel.archives-ouvertes.fr/tel-00456097/

22 | \wiLEy

BADOU ET AL.

models. Journal of Climate, 26, 4664-4687. https://doi.org/10.1175/
JCLI-D-12-00533.1

Vouillamoz, J. M., Lawson, F. M. A, Yalo, N., & Descloitres, M. (2015).
Groundwater in hard rocks of Benin: Regional storage and buffer
capacity in the face of change. Journal of Hydrology, 520, 379-386.
https://doi.org/10.1016/j.jhydrol.2014.11.024

Wetterhall, F., Bardossy, A., Chen, D., Halldin, S., & Xu, C.-Y. (2006).
Daily precipitation-downscaling techniques in three Chinese regions.
Water Resources Research, 42, W11423. https://doi.org/10.1029/
2005WR004573

Wilby, R. L., & Dawson, C. W. (2004). Using SDSM version 3.1—A decision
support tool for the assessment of regional climate change impacts.
Retrieved from https://unfccc.int/resource/cd_roms/nal/v_and_a/
SDSM/SDSM.Manual.pdf

Wilby, R. L., & Dawson, C. W. (2007). SDSM 4.2—A decision support tool
for the assessment of regional climate change impacts. Retrieved from
http://co-public.lboro.ac.uk/cocwd/SDSM/SDSMManual.pdf

Wilby, R. L., & Dawson, C. W. (2012). The statistical downscaling model:
Insights from one decade. International Journal of Climatology, 33(7),
1707-1719. https://doi.org/10.1002/joc.3544

Wilby, R. L., & Dawson, C. W. (2013). Statistical downscaling model—Deci-
sion centric (SDSM-DC) version 5.1 supplementary note. Retrieved
from http://co-public.lboro.ac.uk/cocwd/SDSM/Supplementary.pdf

Wilby, R. L., & Dawson, C. W. (2015). Statistical downscaling model—Deci-
sion centric (SDSM-DC) version 5.2 supplementary note. Retrieved
from http://co-public.lboro.ac.uk/cocwd/SDSM/Supplementary52.pdf

Wood, A. W., Leung, L. R, Sridhar, V., & Lettenmaier, D. P. (2004). Hydro-
logic implications of dynamical and statistical approaches to
downscaling climate model outputs. Climatic Change, 62, 189-216.

Yira, Y., Diekkrtiger, B., Steup, G., & Bossa, A. Y. (2017). Impact of cli-
mate change on water resources in a tropical West African
catchment using an ensemble of CORDEX climate simulations.
Hydrology and Earth System Sciences, 21, 2143-2161. https://doi.
org/10.5194/hess-21-2143-2017

Zannou, Y. B. A. (2011). Analyse et Modélisation du Cycle Hydrologique
Continental pour la Gestion Intégrée des Ressources en Eau au Bénin.
Cas du Bassin de 'Ouémé a Bétérou. Published PhD thesis. Retrieved
from www.eaubenin.bj/docs/Soutenances/These_Zannou_Arnaud.pdf

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Badou DF, Diekkriiger B,
Kapangaziwiri E, et al. Modelling blue and green water availabil-
ity under climate change in the Beninese Basin of the Niger River
Basin, West Africa. Hydrological Processes. 2018;32:2526-2542.

https://doi.org/10.1002/hyp.13153



https://doi.org/10.1175/JCLI-D-12-00533.1
https://doi.org/10.1175/JCLI-D-12-00533.1
https://doi.org/10.1016/j.jhydrol.2014.11.024
https://doi.org/10.1029/2005WR004573
https://doi.org/10.1029/2005WR004573
https://unfccc.int/resource/cd_roms/na1/v_and_a/SDSM/SDSM.Manual.pdf
https://unfccc.int/resource/cd_roms/na1/v_and_a/SDSM/SDSM.Manual.pdf
http://co-public.lboro.ac.uk/cocwd/SDSM/SDSMManual.pdf
https://doi.org/10.1002/joc.3544
http://co-public.lboro.ac.uk/cocwd/SDSM/Supplementary.pdf
http://co-public.lboro.ac.uk/cocwd/SDSM/Supplementary52.pdf
https://doi.org/10.5194/hess-21-2143-2017
https://doi.org/10.5194/hess-21-2143-2017
http://www.eaubenin.bj/docs/Soutenances/These_Zannou_Arnaud.pdf
https://doi.org/10.1002/hyp.13153
https://www.researchgate.net/publication/325171844



