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Abstract

Debates regarding the climate change impacts on human societies and natural
ecosystems remain a central concern for scientists and policymakers world-
wide. Our study aims to contribute to this important research area by exam-
ining how climate change may affect the hydrological regime and energy pro-
duction of the Kandadji hydroelectric power plant. We used in-situ observa-
tional data, climate model simulations and the outputs from the Community
Water Model (CWatM), a hydrological model driven by three climate models.
Quantile-quantile mapping was applied to the simulated discharge to adjust
systematic biases in the hydrological model outputs. Two scenarios from the
Representative Concentration Pathways (RCPs; RCP2.6& RCP8.5) and two
scenarios form the Shared Socioeconomic Pathways (SSP126 and SSP370)
were considered. Our results show that CWatM provides limited performance
in representing both the seasonal cycle and inter-annual variability of the river
discharge. Upward trends in the observed hydro-climatic parameters (total
rain, rainy days, heavy rainfall events, maximum, minimum and mean dis-
charges) were found meaning that we are facing an intensification of the ob-
served hydrological cycle. These trends seem likely to continue over the future
periods for all the scenarios. While changes in mean annual hydroelectricity
generation potential are projected to be minor (<3%), tremendous changes at
the seasonal scale are expected. Overall, these findings demonstrate promising
prospects for future grid stabilization, energy service delivery and socio-eco-
nomic benefits for the local communities, while emphasizing the need for
adaptive reservoir management to navigate seasonal discharge extremes.
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1. Introduction

Access to reliable and affordable electricity remains the fundamental pillar for the

economic, social, and industrial development of any sovereign state. According to

the global energy think tank, EMBER (https://ember-energy.org/), the majority of
global electricity production (nearly 60%) in 2023 was derived from fossil fuels [1]
[2] but the power mix is evolving. However, the consumption of these energy
sources results in greenhouse gas (GHG) emissions, driving global warming, air
pollution, and their associated impacts. In 2015, at the 21* Conference of the Par-
ties (COP21), most countries committed to reduce global GHG emissions (mainly
CO.) and limiting temperature rise. To address this challenge, nations are actively
seeking to increase the share of renewable energy sources in the global electricity
generation, including hydropower, solar and wind power. In addition to being
non-polluting and low-carbon, renewables are inexhaustible on a human time-
scale making them critical for sustainable future. Recent data show that, for the
first time in 100 years, renewables (33.8%) overtook coal power (33.0%) in 2025
[3]. Currently, beyond supporting grid stability in more than 150 countries, hy-
dropower represents the third largest source of global electricity generation ac-
counting for 14.3% of the total production in 2024, behind coal and gas [4]. This
makes hydropower the leading renewable energy technology worldwide.

As stable and clean energy source, Hydropower is generated from hydroelectric
dams that are structures built on waterways to store large quantities of water or
through pumped storage systems [4]. Beyond power generation, the large water
reservoirs support agricultural and livestock development while supplying drink-
ing water to local communities. As a technically mature technology, hydropower
is ranked as a primary source of renewable electricity that can offer crucial grid
flexibility and storage capacity to balance electricity supply and demand [5]. Fur-
thermore, it is among the most cost-effective electricity technologies characterized
by low operation and maintenance costs though its deployment heavily depends
on national, regional and global policies [6] [7]. Countries like Canada, China and
the United States, which are among the world’s largest economies, hold the largest
installed hydropower capacities globally [8]. However, hydroelectricity generation
relies directly on river discharge (runoff) making it highly sensitive to climate var-
iability and climate change. According to the International Hydropower Associa-
tion [9], changes in runoff and its seasonality and shifts in temperature and pre-
cipitation intensity directly influence hydroelectricity generation.

Indeed, it is well established that global warming and climate change will have
significant repercussions on the hydrological regime of rivers [10]-[13]. Compar-

ing streamflow across the largest African rivers, Aich et al. [14] stated that climate
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change impacts are clearly visible in the mean discharge. For hydroelectric power
plants, both operational and under construction, such as the Kandadji dam in Ni-
ger, this sensitivity poses major concerns for several reasons. First, temperature
increases could trigger shifts in evapotranspiration, rainfall patterns, streamflow
and overall water availability which can directly affect the hydropower generation.
Analyzing three different dams, [15] revealed that the energy generation is highly
sensitive to reservoir inflow and water level. Furthermore, they argued that the
power of a given year is dependent on the total rainfall of current and/or the pre-
ceding year depending on the plant. Second, substantial uncertainties remain re-
garding the future rainfall changes particularly over West Africa and the Sahel
regions. While recent studies have shown no clear trend in cumulative annual
rainfall across West Africa and the Sahel [16] [17], clear signals of an increase in
the frequency and intensity of heavy rainfall events have been identified [18] [19].
Regarding streamflow, despite high uncertainties across major African river ba-
sins, increasing trends have emerged in recent projections [5] [14] [20]. Finally,
the Niger River Basin exhibits complex hydro-climatic dynamics, notably charac-
terized by a distinct two-peak flow regime highly sensitive to climate variability
and change across the Sahelian and Guinean headwater regions [21]-[24].

A severe water deficit could lead to a substantial decline in electricity generation
whereas a significant increase in extreme flows would pose major risks to the dam
infrastructure safety, surrounding populations, downstream ecosystems, and power
production stability. Despite the strategic importance of this infrastructure for Ni-
ger’s energy transition, agricultural systems, and climate resilience, quantitative
assessments evaluating the impact of future climate change on Kandadji hydroe-
lectric power plant remain limited. Therefore, analyzing future hydro-climatic pa-
rameters at the Kandadji station and their associated impacts on electricity gener-
ation is essential. This could promote better management and mitigate the possi-
ble negative impacts associated with climate variability and climate change. Our
main objective is to quantify the potential impacts of climate change on the hy-
drological regime and the electricity production of Kandadji hydroelectric power
plant. The remainder of this paper is organized as follows: Section 2 describes the
materials and methods used; Section 3 presents and discusses the results; and Sec-

tion 4 provides concluding remarks and policy recommendations.

2. Materials and Methods

2.1. Study Area and Data Used

2.1.1. Study Area

The Kandadji hydroelectric power plant is currently under construction on the
Niger River, the third longest river in Africa (exceeding 4200 km of length) and
the most important surface water resource in Niger [25]. Originating in the Fouta
Djallon highlands of Guinea, the river flows through Mali, Niger, Benin and Ni-
geria before discharging into the Atlantic Ocean. The entire Niger River basin ex-

tends across nine states including Guinea, Cote d’Ivoire, Mali, Niger, Burkina
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Faso, Benin, Cameroon, Chad, and Nigeria. Furthermore, the basin is divided into
four hydrological sections: The upper basin (from the source in Guinea to Ségou
in Mali); the inner delta (from Ségou to Tossaye in Mali); the Middle Niger (ex-
tending from Timbuktu in Mali to Malanville in Benin covering an area of ap-
proximately 900,000 km?) and the lower Niger [25]. Figure 1 illustrates the geo-
graphical location of the Kandadji dam project site (14°36'32"N, 0°59'14"E). It is
located near the village of Kandadji, approximately 61 km downstream from the
Malian border and 187 km upstream from Niamey. The design nominal discharge
of the Kandadji power plant is estimated at 237.5 m*/s for one turbine (yielding
950 m?*/s for the four turbines) with a net head of 14.4 m with an expected power

output of approximately 130 MW.

Study Area

1.0°E 1.2°E 1.4°E 1.6°E

Figure 1. Localization of the study area of Kandadji hydroelectric power plant.

2.1.2. Data Used

1) Observational Data
Observational data used in this study include daily historical river discharge, rain-
fall and derived evapotranspiration at the Kandadji station. Daily river discharge
records were obtained from the National Hydrological Service (NHS) of Niger for
the period 1980-2019 (Table 1). To address missing values in the discharge series,
gaps were filled using the most representative measure of central tendency for a

sample (the median). Specifically, we calculated the median of the calendar day
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corresponding to the missing day over a 10-year moving window (5 years prior
and 5 years following the target year) centered on the target year.

Gridded daily precipitation data were extracted from the Climate Hazards In-
frared Precipitation with Station data version 2 (CHIRPS; [26]) over the period
1981-2016 (Table 1). Precipitation values were extracted using the nearest-neigh-

bor interpolation method at Kandadji station.

Table 1. Observation and hydrological model data from CWatM driven by climate model (GFDL, IPSL, HadGEM).
1981-2005 historical period common to observations and models for flow rate. The selected future periods are near
(2025-2049) and far (2075-2099) futures.

Data Source

Observation

Hydrological

Model (CWatM)

Parameters Period  Resolution Reference
Rainfall-CHIRPS 1981-2016 0.05° x 0.05° [26]
Discharge (/n-situ) 1980-2019 - National Hydrological Service
Discharge (Historical) (1951-2005)
Reference period 1981-2005
Discharge (Future) (2006-2100) 0.5° % 0.5°  https://cwatm.iiasa.ac.at/

Pilots Models (GFDL, IPSL, HadGEM) 2025-2049

Scenarios (RCP2.6 and RCP8.5) 2075-2099

Other Climate

Model

e (1951-2015)
Precipitation and temperature

(2016-2100) . ) https://www.isimip.org
Model (GFDL, IPSL) 20252049 0% X0 (2]
Scenarios (SSP1-2.6 and SSP3-7.0)
2075-2099

2) Model Simulations

a) Hydrological data

Hydrological simulations were extracted from the Community Water Model
(CWatM). Developed and maintained by the International Institute for Applied
Systems Analysis (IIASA), CWatM is an open-source hydrological model de-
signed to simulate the daily water cycle at global and regional scales across histor-
ical and future periods [27]. The model is integrated into the Inter-Sectoral Impact
Model Inter-comparison Project (ISIMIP, https://www.isimip.org) and assesses
water availability, demand, and environmental flow requirements while incorpo-
rating human influences and water management. CWatM is particularly suited
for evaluating how future water demand responds to socio-economic dynamics
and how runoff changes under varying climate conditions. In this study, simu-
lated daily discharge at the Kandadji station was analyzed.

As with all hydrological modeling frameworks, CWatM requires initial and
boundary conditions derived from observational datasets or climate model out-
puts. In this study, outputs from three global climate models (GCMs) were used
to drive CWatM over both historical (1951-2005) and the future (2006-2100) pe-
riods. These climate models are from the Institut Pierre Simon Laplace (IPSL-
CM5A-LR), the Hadley Centre Global Environment Model (HadGEM2-ES), and
the Geophysical Fluid Dynamics Laboratory (GFDL-ESM2M). The climate mod-

els output data for the future period are based on climate change scenarios [28]-
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[30]. Two scenarios are considered from the Representative Concentration Path-
ways (RCPs) scenarios; the most extreme scenario (RCP8.5) and the mitigation
scenario (RCP2.6) (Table 1). The scenarios selected would provide a broad range
of potential impacts of climate change on streamflow and hydropower production
for the Kandadji dam in Niger. Table 1 summarizes information on the data used
in this study.

b) Climate data

Climate data from two global circulation models (GCMs) were also used in this
study (Table 1). These are models from IPSL and the GFDL and have evolved
within the Coupled Model Inter-comparison Project Phase 6 (CMIP6;

https://wcrp-cmip.org/cmip-phases/cmip6/). They were downscaled and bias ad-

justed under the Inter-Sectoral Impact Model Inter-comparison Project (ISIMIP3b).
They cover a historical period (1951-2015) and future period (2016-2100) under
two selected scenarios from Shared Socioeconomic Pathways SSP1-2.6 (low emis-
sions & sustainability) and SSP3-7.0 (medium to high emissions & regional ri-
valry). The climate variables considered in this study include rainfall as well as
maximum and minimum temperatures. The latter two variables (maximum and
minimum temperatures) were used to derive the potential evapotranspiration.
Both models have been previously evaluated in representing rainfall patterns and
extremes events over the Sahel region [19].

3) Data preparation

For all gridded datasets, values were extracted at the nearest-neighbor grid
point of the Kandadji station. The advantages of this approach have been dis-
cussed and demonstrated in previous studies [19] [31]-[34]. The analysis was per-
formed on the common longest period of all datasets and using ensemble mean
for the models data. According to the observed discharge data, the hydrological
model evaluation and bias correction were done over the period 1981-2005. The
future analyses were conducted over the near future (2025-2049) and far future
(2075-2099). Potential evapotranspiration (ET0) was estimated using the Har-
greaves Reference Evapotranspiration Equation (1) based on the FAO Irrigation
and drainage paper 56 guidelines [35] and implemented via the FAO56 R-pack-
age. As demonstrated by Mohawesh and Talozi [36], the Hargreaves formulation
provides reliable ETO estimates instead of using the FAO56PM method with ac-

ceptable accuracy.
ETO=0.0023x (T, +17.8)x R, x [T —Toir (1)

where Thea, Tmin and Zha represent respectively the average, minimum and maxi-
mum temperatures in degree *C and R, is the extraterrestrial radiation (M]-m>day™")
and depends on the station position (latitude).

For climate impacts assessments, it is strongly recommended to perform bias
corrections of the model data [37]. In this study, we applied the quantile-quantile
mapping approach on the hydrological model data (discharge). It is based on a
non-parametric function that modifies the mean, variability, and shape errors of

the cumulative distribution function (CDF) of the simulated variables [38]. Spe-
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cifically, the method proposed by Amengual et a/ [38], was designed to adjust

errors while preserving scaling signals and extreme flow variability.

2.2. Methods

2.2.1. Hydroclimate Parameters Used

Based on observational datasets, we analyzed recent historical trends in rainfall
and streamflow at the Kandadji station. We assessed changes in the annual rainfall
amount (PRCPTOT), the rainy days (days with rainfall exceeding 1 mm, RR1)
and the occurrence of intense rainfall (days with rainfall above the 99" percentile,
R99). For the streamflow, we evaluated the annual maximum, minimum, and
mean discharge alongside two sector specific hydrological indices: the maximum
number of hydrological consecutive dry days (HCDD), and the maximum num-
ber of hydrological consecutive wet days (HCWD). A hydrological dry day is de-
fined when the streamflow drops below the minimum environmental flow thresh-
old of 50 m*/s as stipulated in the Water Charter of the Niger Basin Authority
(NBA) [39]. Conversely, a hydrological wet day is defined as a day when discharge
reaches or exceeds the threshold of 950 m?*/s, representing the nominal design dis-
charge required for the continuous operation of all four turbines. The selection of
these specific indices is particularly related to their potential influence on river
dynamics and therefore on the resulting hydroelectricity generation. We also as-
sessed future changes in mean annual accumulated evapotranspiration under the
selected climate scenarios.

Statistical significance was assessed at the 5% level across all analyses: Student’s
t-test (Snedecor and Cochran, 1989) [40] was used to detect changes in the mean,
the Mann-Kendall test (Kendall, 1975) [41] to evaluate monotonic trends, and
Pearson’s correlation coefficient to examine linear relationships. Model perfor-
mance was evaluated using the mean bias (ME), coefficient of determination (R?),
root mean square error (RMSE), and the modified Nash-Sutcliffe Efficiency (mNSE;
Krause et al,, 2005) [42].

2.2.2. Determination of the Electricity Production

Using historical and projected streamflow series, the hydropower potential was
calculated and the corresponding climate change impacts were quantified. The
hydraulic, mechanical and electrical power were estimated using Equations (2)-
(4), while the annual energy output and climate change impacts were derived us-
ing Equation (5) and Equation (6). Indeed, hydraulic power ( B, in Watt) sup-

plied to the turbines by the water flow is expressed as:
P, =pxgxH, xQ (2)

where p is the water density [kg/m’], Q the daily streamflow [m®/s], g the

gravitational acceleration [m/s?], H isthenethead (H, =14.4m for the Kan-

n
dadji project).

The mechanical power (P, ) is the power output of the turbine and given by

ec

Equation (3). In the case of the Kandadji dam, four Kaplan turbines were consid-
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ered assuming a turbine efficiency of 7, =92%.

Pmec:4xl7txph:4X77txpxngnXQ (3)

The gross electrical power output ( P, ) delivered by the generator, assuming a

lec

generator efficiency of 775 =99% is given by the formula (4):

Peleczpmecxne=4X77GxntXngXHnXQ (4)

The total annual electricity production E in GWh is obtained by integrating

daily electrical power over the year:

E =" (Puecq x24)x10°° (5)

where Nrepresents the number of days in the given year (365 or 366).

For each of our variables, the impact of climate change was evaluated using the
difference between the future and the reference periods of the considered variable.
For example, the impact on the produced electrical energy is calculated using the

Equation (6):
Ié = Ef{lt - Eref (6)

I! is the change in the produced electrical energy over the future periods
(2025-2049; 2075-2099) for the scenario j (RCP2.6; RCP8.5 or SSP126 and
SSP370).

E/}, isthe electricity production over the future period (2025-2049; 2075-2099)
for the scenario j (RCP2.6; RCP8.5 or SSP126 and SSP370).

E.; is the electricity production over the reference period 1981-2005.

3. Results and Discussion
3.1. Variability of the Observed Hydroclimate Indices

This section presents a detailed assessment of the historical evolution of hydro-
climatic hazards observed at the Kandadji station. Specifically, Figure 2(a), Figure
2(b) depict the historical trends of the maximum number of hydrological consec-
utive dry days (HCDD:; consecutive days with discharge < 50 m*/s), the maximum
number of hydrological consecutive wet days (HCWD; days with flow exceeding
the threshold of 950 m?/s), as well as the annual minimum, mean and maximum
streamflows. The HCDD index reveals a clear shift between the period 1981-1990s
and the post 2000 decades (Figure 2(a)). In the post 2000 period, the HCDD val-
ues reached their lowest levels (except for 2003 and 2018), driving a statistically
strong downward trend. This shift indicates that we are currently experiencing a
period with shorter durations of dry hydrological day sequences. In contrast to
the HCDD pattern, HCWD values display a slight increasing trend (Figure 2(a)).
Over the study period, the annual cumulative number of wet days consistently
exceeded 60 days, confirming that streamflow remains above the 950 m?/s opera-
tional threshold for at least two months per year. Furthermore, annual minimum,
mean and maximum discharge rates at Kandadji station exhibit a marked increase

(Figure 2(b)), demonstrating a certain intensification of the river flow. While
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higher flows promote reservoir fill up and enhance sustainable hydropower gen-
eration potential, they simultaneously elevate flood risks to dam infrastructure
and surrounding riverine communities.

Regarding precipitation indices, Figures 2(c)-(e) illustrate the historical evolu-
tion of the annual total rainfall, the annual total of rainy days (RR1) and the an-
nual total of heavy rainfall days (R99). All three indices exhibit significant upward
trends, meaning that the Kandadji area is experiencing increasingly wetter condi-
tions over recent decades. This finding strongly aligns with previous regional
studies [18] [19] [43]. Increasing in these precipitation indices can favor higher
runoff and river discharge, notably amplifying peak water levels during the local

river flood.

| = Hydrological Dry days (HCDD; Sen's slope=-2.2") (@)
®  Hydrological Wet days (HCWD; Sen's slope=0.33)

s

) I

2

@ 1980 1990 2000 2010 2020
Year

o

1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019

100 120 140

Annual Rainfall Amount (mm)

Maximum number of consecutive days
40

20
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Rainy days (day)
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®  Maximum (Sen's slope=10.9*)
= Minimum (Sen's slope=1.2")
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<
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©
@
3

1500
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1000
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Figure 2. Inter-annual variability of observed (a) maximum number of consecutive wet (in blue color) and dry (in red color) days,
(b) maximum (in blue color), minimum (in red color) and average (in gray color) variation of discharge (m?/s), (c) annual rainfall

amount (mm), (d) rainy days and (e) heavy rainfall days.

The seasonal distribution of the average river discharge at the Kandadji station
(Figure 3) indicates that the lowest flows occur between March and July. More
particularly, May and June exhibit the lowest streamflows, less than or equal to
the minimum environmental thresholds of 50 m?®/s, making them the driest
months hydrologically. During these two months, in the absence of a storage res-
ervoir to store water and regulate its flow, the natural discharge is insufficient to
operate even a single turbine for hydroelectricity generation. However, the period
from November to January registers high sustained discharge corresponding to
the period of the “black flood” or “Guinean flood”. It should be noted that flows
exceeding the first vigilance threshold (1444 m*/s threshold at Niamey station) are

recorded during the months of August and September linked to the occurrence of
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heavy rainfall, leading to flash flood known as “red flood” or “local flood”. Overall,
the observed hydrological seasonal cycle appears to be mainly influenced by the
complex interplay between remote upstream rainfall and local Sahelian precipita-
tion. This bimodal regime presents a notable challenge for hydrological models
like CWatM, as simulating the long travel times and attenuation of remote pre-
cipitation signals requires accurate routing and wetland parametrizations [27]
[44].

Discharge in m/s
400 600 800 1000 1200 1400
L L L L L L

200
!

o

LU N S S B B S B B S S m T T T LN s S m e

T 1T T T T
1 19 46 73 100 127 154 181 208 235 262 289 316 343
Julian Day

Figure 3. Seasonal cycle of observed discharge (m?/s). The blue dash lines delimit the pe-
riod of discharge lower than 237.5 m*/s and the red dash lines delimit the period with flow
exceeding the threshold of 950 m?/s.

3.2. Hydrological Model Validation

In this section, we present the evaluation of the performance of the hydrological
model (CWatM) driven by three climate models (HadGEM, IPSL, and GFDL) in
representing the observed features of the streamflow at Kandadji station. Quan-
tile-Quantile mapping was applied to each model member before computing the
ensemble mean. Figure 4(a), Figure 4(b) present the simulated versus observed
discharge regimes. It appears that the CWatM ensemble mean highlights a peak
(Q=1000 m3/s ) during the period August-September (Figures 4(a)) which
matches the local flood period. In fact, this peak corresponds to the monsoon sea-
sonal rainfall peak over the Sahel region [45]. Thus, the discharge seasonal cycle
of the CWatM ensemble mean denotes the strong influence of the rainfall in sim-
ulating the streamflow. Moreover, a study over two river basins in Cote d’Ivoire
(West Africa) has shown that the inflow is highly dependent on rainfall [15]. Dur-
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ing the Guinea flood period (October-January) the CWatM ensemble mean (Q
~500 m®/s) underestimates the observed (Q >1000 m3/s ) streamflow. However,
the period of low water levels (March-June), the CWatM ensemble mean indicates
the lowest streamflow but relatively higher than the observed. Meanwhile, the
high CWatM discharge rates may be related to the bias correction method used as
the approach does not capture new extreme dynamics (more intense event).

In terms of inter-annual variability (Figure 4(b)), CWatM ensemble mean
overestimates the observation. This overestimation is particularly pronounced
during the period 1981-1985 which is already characterized as a severe drought
period [46]. This can be linked to the Sahelian paradox, which shows low rainfall,
associated to high streamflow [21] [22]. Moreover, the land use land cover degra-
dation in Kandadji area would favor CWatM to produce higher runoff and
streamflow [21]. However, for some other years, the model strongly underesti-
mates the observation (1990-1992). During the post 1994 period, CWatM ensem-
ble mean seems to reproduce the observation. Over this period, the observation
and ensemble mean model produce higher streamflow than the preceding period
(1986-1993). The observed increase in rainfall and extreme rainfall over the Sahel

region [18] [19] may favor the increase in streamflow during the post 1990 period.
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Figure 4. The mean ensemble models (CWatM_GFDL, CWatM_IPSL, CWatM_HadGem)
discharge compared to the observation at Kandadji station for (a) the seasonal cycle and
(b) inter-annual variability.
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Furthermore, the low correlation (Corr = 0.30) and determination (R? = 0.10)
coefficients and the little modified Nash-Sutcliffe Efficiency (mNSE = 0.03) indi-
cate a limited capacity of the model to reproduce daily streamflow and its varia-
bility at Kandadji station. Several factors account for these hydrological limita-
tions. First, CWatM is a global hydrological model driven by three global climate
models (GFDL, IPSL, HadGem). Each model has its own strengths and limita-
tions, and their relatively coarse spatial resolution may limit the representation of
some subgrid-scale processes and local hydro-climatic features. Second, the me-
teorological forcing data are derived from the global climate models and therefore
represent an additional source of uncertainty that may propagate through the hy-
drological simulations. In this regard, [27] concluded that the quality of meteor-
ological forcing data driving the hydrological models represents an external limi-
tation and a source of uncertainty. Finally, the hydrological model outputs used
in this study were obtained from ISIMIP, an international modelling initiative that
may not fully capture local-scale processes and subgrid-scale variability due to the

coarse spatial resolution of the underlying model inputs and simulations [24].

3.3. Future Changes in the Hydroclimate Parameters

Table 2 summarizes the projected future changes in hydroclimatic parameters
used in this study. Significant increases in maximum and minimum temperatures
are expected, ranging from 1.1°C to 4.4°C depending on the periods (2025-2049
and 2075-2099) and the scenarios (SSP126 and SSP370). Furthermore, the in-
crease in the minimum temperature appears to be more pronounced than that of
maximum temperature. While the temperature increase is unequivocal [30], the
thresholds reached by these changes could have significant impacts on natural
(water, biodiversity, etc.) and human systems (health, dams, electricity transmis-
sion systems, etc.). Under these warming conditions, significant increases in rain-
fall are also projected, ranging from 12% to 42%. This aligns with the results of
recent studies that have shown an increase in rainfall and intense rainfall over the
Sahel region [19] [45]. Potential evapotranspiration exhibits an increasing pattern,
but a less pronounced relative increase compared to rainfall. Indeed, it is projected
to vary from less than 1% over the period 2025-2049 (SSP126) to more than 5%
over the period 2075-2099 (SSP370). Naturally, increased evapotranspiration
would result from rising temperatures and enhanced atmospheric moisture con-
tent could feedback into rainfall intensification [19] [46]. Regarding the flow rates,
a slight increase ranging from 0.13% to 2.55% could be recorded. This increase
appears to coincide with the increase in rainfall, but to a much lesser extent. How-
ever, the consensus positive change in the future discharges found in our study
seems divergent to some previous studies, which reported mixed trends [14] [44].
Unlike our case, which considered the ensemble mean models, these authors per-
formed analyses on individual models. This may favor mixed trends in one case
and smoothing in the other. Otherwise, the increase in the maximum number of

wet hydrological days (HCWD) and the decrease in maximum number of dry hy-
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drological days (HCDD) contribute to this streamflow increase (Table 2). How-
ever, the smallest increase in flow (0.13%) recorded for the RCP8.5 scenario and
over the period 2075-2099, despite the significant increase in rainfall, could stem
from the drastic reduction in HCWD (-18.75%), which is largely offset by a
smaller decrease in HCDD (-14%).

Table 2. Future changes in the selected Hydroclimate parameters at Kandadji hydroelec-
tricity power plant. Significant changes in bold and italics.

SSP126 SSP370
Climate Variables
2025-2049 2075-2099 2025-2049 2075-2099

Rainfall (%) 19.3 12.12 19.2 42.76
Maximum temperature (°C) 1.1 1.3 1.3 3.7
Minimum temperature (°C) 1.3 15 1.7 44

Potential Evapotranspiration (%) 0.68 1.58 0.67 5.43
RCP2.6 RCP8.5

Hydrological Variables
2025-2049 2075-2099 2025-2049 2075-2099

Discharge (%) 2.06 1.37 2.55 0.13
Maximum number of hydrological
. 5 39.8 9.06 21.09 -18.75
consecutive wet days (HCWD, in %)
Maximum number of hydrological
0.78 -9.2 -13.75 -14.06

consecutive dry days (HCDD in %)

3.4. Changes in the Electricity Power Generation

To analyze the impact of climate change on potential electricity production at
Kandadji, we calculated the difference between the energy projected in the future
periods (2025-2049 & 2075-2099) under two RCP scenarios (RCP2.6 and RCP8.5)
and that produced during the baseline reference period (1981-2005). The results
obtained from the CWatM ensemble mean are presented in Figure 5. It appears
that the ensemble mean of the model simulates a very slight increase in the average
potential electricity production (<3%) over the two periods, regardless of the sce-
nario (Figure 5(a)). During the period 2075-2099 under the scenario RCP8.5, the
largest increase is projected, although it remains marginal (~0.13%). The small
increase recorded in energy production seems to be correlated with the change in
the flow rates. Similar results were found in previous studies [15] [47] which
showed that the energy produced is highly sensitive to reservoir inflows. Con-
versely, our findings diverge from those of [20] who reported hydropower de-
creases of —9.1% and —8.4% for 2020-2049 and 2070-2099 periods. While these
authors projected increases in mean discharge, the discrepancy likely stems from
the differences in the defined discharge thresholds used power generation formu-
las.

On the seasonal scale (Figure 5(b), Figure 5(c)), changes are characterized by

more pronounced variations. Indeed, energy production varies from —24% to
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+26%. During the dry and the Guinean flood seasons (October to June), there

is a predominance of positive changes, thus an increase in energy production.

Meanwhile, most of the dry seasons (October-November, March-May) are char-

acterized by the highest temperatures and electrical energy demands [48] [49].

Thus, the increasing trends in energy production can help to fill the gap of the

energy demand. The months of July and August appear to be the most affected

by the negative changes, with decreases ranging between —10% and —24%. This

pattern of monthly energy change distribution is comparable to that of monthly

discharge changes obtained by [14]. These authors showed that changes in

monthly discharge ranged from an increase of up to 50% to a decrease of up to

50%.
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Figure 5. Future changes in the electricity power generation (in %) at Kandadji hydroelec-
tricity power plant under RCP2.6 and RCP8.5 (a) for near (2025-2049) and far (2075-2099)
futures (b) and (c) seasonal changes for RCP2.6 and RCP8.5 respectively.
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4. Concluding Remarks

The observed historical rainfall and streamflow reveal an intensification of the
hydrological cycle at the Kandadji station over the Niger river. Indeed, the hydro-
climatic parameters are characterized by significant increases in annual rainfall
amount, the frequency of rainy days (RR1) and heavy rain events. Over the future
periods, significant positive changes are projected in all hydroclimatic parameters
across the study area under climate change scenarios. This has led to a strength-
ening of streamflow, particularly an increase in the frequency of high flow rates
(except for RCP8.5 during 2075-2099). As concluded by [13] the strengthening of
the hydrological cycle is particularly exacerbated by climate change across West
Africa. The average flow rate at Kandadji is projected to increase moderately
(<3%). Consequently, small positive changes (<3%) in hydroelectric power gen-
eration could be recorded over future periods, regardless of the scenarios. This
confirms the strong link between flow rate and hydroelectric power generation.
However, the general trend masks significant seasonal disparities. Indeed, sea-
sonal changes exhibited high variability in the hydroelectric power generation var-
ying from —24% to up to +26%.

In summary, while the insights gained in this study are constrained by the lim-
itations of the global-scale CWatM model within the ISIMIP framework, these
directional findings provide a reliable baseline for strategic planning in Niger. The
results offer promising prospects for future grid stabilization, energy service de-
livery, and national socio-economic development. However, the intensification of
the hydrological regime may also increase flood risks, posing significant threats to
both human and natural systems. Consequently, future investigations using fine-
scale regional hydrological models and considering localized subgrid processes
are essential to confirm these findings and better quantify the modeling uncer-

tainties and confidence levels.
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