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Abstract

This study evaluates the projected impacts of climate change on surface water
availability in the Diaguiri River Basin, a sub-catchment of the Gambia River
in West Africa, using the conceptual rainfall-runoff model GR4]J. The model
was calibrated (1981-1992) and validated (1998-2004) with daily hydroclimatic
observations, and forced with bias-corrected outputs from five CORDEX-Africa
CMIP5 Regional Climate Models (GFDL-ESM2M, HadGEM2-ES, IPSL-
CM5A-LR, MIROCS5, and NorESM1-M) under RCP4.5 and RCP8.5 scenarios.
Model performance was satisfactory across multiple metrics (NSE = 0.66 - 0.71;
KGE = 0.71 - 0.83; logNSE = 0.54 - 0.77). Future simulations reveal a non-
linear precipitation-runoff response, with ensemble mean annual discharge
increasing by +24.3%, +20.0%, and +30.7% under RCP4.5 for the near-term
(2021-2040), mid-century (2041-2070), and late-century (2071-2100), re-
spectively, driven by moderate increases in precipitation anomalies (+6.72%,
+5.79%, and +12.16%). Under RCP8.5, streamflow anomalies are more er-
ratic—+45.3%, +35.0%, and +26.5% across the same time slices—despite a
declining precipitation signal (+13.68%, +10.19%, and +5.32%), reflecting
amplified hydrological sensitivity and non-stationarity. Monthly hydro-
graphs indicate earlier onset of runoff, intensified wet-season flows, and in-
creased intra-annual variability, particularly under RCP8.5, which exhibits
elevated skewness and kurtosis, signaling a higher frequency of hydrological
extremes. The Diaguiri Basin’s strong rainfall-runoff coupling, compounded
by scenario- and model-dependent uncertainties, underscores the vulnera-
bility of West African headwater catchments to climate-induced hydrocli-
matic shifts. The results highlight the urgent need to integrate ensemble-
based projections and seasonal regime alterations into adaptive water re-
source planning and flood risk management frameworks under non-station-
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ary climate conditions.
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1. Introduction

In the context of accelerating climate change, the management of water resources
has become increasingly problematic, particularly in regions that are already
prone to significant hydrological variability, such as West Africa (Bodian et al.
2018; Thiaw et al., 2021). The challenges are compounded by the increasing fre-
quency and intensity of climate extremes, which exacerbate the unpredictability
of water availability. Recent studies have shown that changing rainfall patterns,
rising temperatures, and increasing evapotranspiration are key drivers of this
growing uncertainty, putting direct pressure on the hydrological balance and wa-
ter-dependent systems (Ayugi et al., 2020; Thiaw et al., 2021; Sadio et al., 2023).
In sub-humid areas such as southeastern Senegal, these impacts are especially se-
vere due to the strong dependence of rural livelihoods and fragile ecosystems on
surface water resources for agriculture, livestock, and domestic use (Faye &
Mendy, 2018; Bodian et al., 2018; Thiaw, 2020).

To understand and anticipate the impacts of climate change on river flows and
watershed hydrology, hydrological models have become indispensable tools.
These models simulate how catchments respond to climatic variables such as pre-
cipitation and temperature, which are increasingly being sourced from General
Circulation Models (GCMs) and Regional Climate Models (RCMs) operating un-
der various greenhouse gas concentration trajectories (Quesada-Chacon et al.,
2021; Kotlarski et al., 2014). While GCMs provide valuable insights at a global
scale, their relatively coarse spatial resolution, typically ranging from 100 to 300
kilometers, limits their effectiveness for impact studies at the watershed or local
scale (Zubler, Schir, & Liithi, 2016). RCMs, with spatial resolutions between 10
and 50 kilometers, offer a more detailed representation of regional and local cli-
matic processes. This is particularly important in West Africa, where convective
rainfall systems dominate and require finer resolution to be accurately modeled
(Teutschbein &Seibert, 2012). Despite these advancements, climate projections
still carry considerable uncertainties due to the range of possible emission scenar-
ios, the internal variability of the climate system, and differences in model struc-
tures and assumptions. Addressing these uncertainties through multi-model en-
sembles and statistical bias correction techniques is crucial to improve the robust-
ness of climate impact assessments (Piani et al., 2010; Ayugi et al., 2020). The
complexity of West African climate is further amplified by the interplay between

large-scale atmospheric circulations and regional features such as the West Afri-
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can monsoon. This dynamic system governs the seasonal distribution and inten-
sity of rainfall in the region and poses additional challenges for climate modeling
(Sylla et al., 2015; Dosio, 2017). The CORDEX-Africa initiative provides a con-
sistent framework for generating downscaled regional climate projections using a
suite of RCMs driven by different GCMs. These RCMs have shown improved per-
formance in reproducing observed climate patterns in Africa, including precipi-
tation gradients and variability (Nikulin et al., 2012; Ehret et al., 2012). When used
in conjunction with hydrological models, they enable the simulation of future
streamflow conditions under different climate change scenarios.

Hydrological models vary widely in their structure and complexity, and their se-
lection depends on the objectives of the study, data availability, and the scale of ap-
plication. Broadly, they can be classified into three main categories: empirical, con-
ceptual, and physically based models. Empirical models rely on statistical relation-
ships between inputs and outputs, often derived from observed data, and tend to be
simpler but less adaptable to changing conditions (Beven, 2012). Conceptual mod-
els, such as GR4]J (Perrin et al., 2003), represent the hydrological cycle through sim-
plified reservoirs and parameterized processes, striking a balance between physical
understanding and practical applicability, which makes them particularly suitable
for data-scarce regions like the crystalline basement zones of West Africa (Bodian
et al., 2018; Thiaw, 2020). Physically based models simulate the detailed processes
of water movement through soil, vegetation, and river networks using physical
equations, requiring extensive input data and computational resources but provid-
ing high-resolution insights into hydrological dynamics (Refsgaard & Knudsen,
1996; Beven, 2012). Given the limited availability of hydrological and meteorologi-
cal data in many parts of West Africa, conceptual models like GR4J are often pre-
ferred for regional-scale impact assessments because they effectively capture the es-
sential rainfall-runoff dynamics with relatively few parameters and manageable data
requirements (Bodian et al., 2018). Their ability to incorporate bias-corrected cli-
mate projections from RCMs enhances the reliability of hydrological simulations,
enabling robust assessments of future water availability under climate change.

Simulating river discharge under future climatic conditions, especially in tropical
regions characterized by high interannual and seasonal varijability (Nka et al., 2015;
Thiaw, 2020), demands a robust and scientifically sound modeling framework. Such
frameworks must effectively integrate climate projections with hydrological models
to generate reliable assessments of future water resources. However, raw outputs
from climate models, including both Global Climate Models (GCMs) and Regional
Climate Models (RCMs), often exhibit systematic biases due to model limitations,
simplifications, and scale mismatches (Maraun et al., 2010; Teutschbein & Seibert,
2012). These biases, if uncorrected, propagate through hydrological simulations and
can significantly distort the estimation of river discharge, leading to misleading con-
clusions about future hydrological regimes. To address these issues, bias correction
techniques are applied to climate model outputs before their use in hydrological

modeling. Among the various methods, the Cumulative Distribution Function trans-
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form (CDF-t) approach (Michelangeli et al., 2009; Vrac et al., 2012) is widely rec-
ognized for its effectiveness (Sy, 2019; Thiaw, 2020; Thiaw et al., 2021; Sylla, 2015;
Gogien, 2023a, 2023b). CDF-t works by mapping the cumulative distribution
function of the modeled climate variable onto the observed distribution, adjusting
the simulated values so that their statistical properties align with observations
while preserving the temporal coherence and interannual variability of the origi-
nal data. This ensures that corrected time series remain physically consistent and
suitable for hydrological impact studies. Beyond CDEF-t, several other bias correction
and downscaling methods are commonly used. Quantile Mapping (QM), similar in
principle to CDEF-t, adjusts the modeled data distribution by matching quantiles be-
tween simulated and observed datasets. Variants of QM include parametric and non-
parametric approaches (Gudmundsson et al., 2012; Cannon et al., 2015). QM is
widely used because of its simplicity and effectiveness, but it may alter temporal se-
quences if not carefully applied. Empirical Statistical Downscaling methods establish
statistical relationships between large-scale climate predictors (from GCMs or
RCMs) and local climate variables, often through regression or machine learning
techniques (Wilby et al., 2004; Vrac et al., 2012). They can generate high-resolution
local climate information but require substantial observational data for calibration.
Dynamical Downscaling involves running high-resolution RCMs nested within
GCMs to produce regional climate information that resolves local physical processes
(Giorgi & Mearns, 1999). While powerful, dynamical downscaling remains compu-
tationally expensive and can still require bias correction post-processing. The Delta
Change or Change Factor Method is a simpler approach that applies projected
changes in climate variables (e.g., temperature or precipitation anomalies) from
GCMs/RCMs as additive or multiplicative factors to historical observations (Déqué,
2007). It preserves observed variability but assumes stationarity in climate variability
patterns. Recent developments also include Multivariate Bias Correction Methods,
which incorporate correction of multiple correlated climate variables simultaneously
to maintain physical consistency across variables like temperature, precipitation, and
humidity (Cannon, 2018; Vrac & Friederichs, 2015). Integrating bias-corrected cli-
mate projections into hydrological models like GR4J enhances the capacity to simu-
late realistic future river discharge patterns, including the identification of periods of
hydrological stress (drought) or surplus (flooding). Such integrated frameworks are
essential for water resource management and climate adaptation planning in vulner-
able tropical catchments, where hydrological responses to climate variability and
change can be highly nonlinear and complex (Teutschbein & Seibert, 2012; Thiaw,
2020; Sadio et al., 2023). Thus, the main objective of this study is to assess the poten-
tial impacts of climate change on hydrological regimes in the Diaguiri River Basin,
located in the southeastern part of Senegal within the West African crystalline base-
ment region. To achieve this, we apply the GR4]J conceptual rainfall-runoff model,
calibrated using the SCE-UA optimization algorithm, and forced with climate pro-
jections from five regional climate models (RCMs) of the CORDEX-Africa initiative
under two Representative Concentration Pathways: RCP4.5 and RCP8.5. This study
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aims not only to simulate future average and extreme flows up to the year 2100 but
also to explore the associated uncertainties across different climate model outputs.
Ultimately, the findings are intended to inform decision-making for sustainable wa-

ter resource planning and climate adaptation strategies in the basin.

2. Study Area

The Diaguiri River Basin is located between latitudes 12°25' and 12°45' North and
longitudes 11°40" and 12°10" West, entirely within the Kédougou region in south-
eastern Senegal (Figure 1). This area belongs to the West African crystalline base-
ment, characterized by low-permeability geological formations that are nonethe-
less fractured, allowing moderate recharge of aquifers through rainfall infiltration.
The basin experiences a tropical climate, transitioning between the southern Su-
danian and northern Guinean climatic zones. It is strongly influenced by two ma-
jor atmospheric circulation centers: the Saint Helena anticyclone, which domi-
nates during the rainy season, and the Egyptian-Libyan anticyclone, coupled with
the Saharan thermal depression, prevailing during the dry season. These systems
control the seasonal migration of the Intertropical Convergence Zone (ITCZ),
which governs the timing and intensity of precipitation. The wet season, extend-
ing from May to October, is marked by humid monsoonal winds originating from
the Atlantic Ocean under the influence of the Saint Helena anticyclone, creating
favorable conditions for rainfall across the basin. Conversely, the dry season, from
November to April, is dominated by the Harmattan winds—dry and dusty air
masses from the northeast driven by the Egyptian-Libyan anticyclone. These at-
mospheric dynamics result in a well-defined bimodal climate, with a distinct al-
ternation between wet and dry periods. The average annual temperature is ap-
proximately 29°C, based on records from the Kédougou synoptic station, the only
meteorological station in the basin that monitors temperature. Mean annual rain-
fall is estimated at 1200 mm for the period 1970-2020, with significant interannual

variability linked to fluctuations in the West African monsoon system.

3. Materials and Methods
3.1. Observed Data

To assess the impact of climate change on surface water availability in the Diaguiri
River Basin, we compiled a comprehensive dataset of observed hydroclimatic vari-
ables, including daily rainfall, temperature, and river discharge records from multi-
ple stations distributed across the basin (Table 1). The main hydrometric station is
located at the Diaguiri road bridge (Lat: 12.63°N, Long: —12.08°W), where daily
river discharge was recorded from June 15, 1974 to December 31, 2005, with a mean
observed flow of 6.30 m?/s. Rainfall observations were obtained from six meteoro-
logical stations within and around the basin, covering various time periods from
1950 to 2016, with mean annual rainfall ranging from 1050 mm at Nepen Diakha to
1233 mm at Kédougou. Temperature data were available from the Kédougou station

for the period 1972-2012, with a mean annual temperature of 29°C. Potential evap-
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otranspiration (PET) was estimated using the method proposed by Oudin (2005),

resulting in an average PET of 1903 mm/year across the basin. The spatially repre-

sentative average rainfall across the Diaguiri Basin was derived using Kriging inter-

polation techniques implemented in the Hydraccess software (Vauchel, 2004). The

use of a single temperature station to estimate Potential Evapotranspiration (PET)

in the Diaguiri River Basin relies on the assumption that temperature variations at

this station adequately represent those across the entire basin. However, this does

not account for localized microclimates or spatial temperature variability, which

could introduce uncertainty in PET estimation.

Table 1. Inventory of daily observed rainfall and temperature data

. Start of Record  End of Record
ID Station Lat. Long. Alt.(m) DataType Mean Observed
(dd/mm/yyyy)  (dd/mm/yyyy)
Diaguiri at the road bridge  12.63 -12.08 110 Hydrometric 15/06/1974 31/12/2005 6.30 m*/s
Rainfall 01/01/1950 31/12/2016 1233 mm
Kédougou 12.13 -12.34 117
Temperature 01/01/1972 31/12/2012 29°C
Saraya 12.78 -11.78 192 01/01/1950 31/12/2013 1174 mm
Laminia 12.62 -12.12 125 01/01/1973 01/01/2015 1151 mm
Nepen Diakha 12.57 -12.07 162 Rainfall 01/01/1989 31/12/2003 1050 mm
Fongolimbi 12.42 -12.02 410 01/01/1963 31/12/2013 1144 mm
Nafadji 12.62 -11.62 185 01/01/1982 31/12/2016 1100 mm
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Figure 1. Geographical location of the Diaguiri River Basin and its measurement stations.
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3.2. Structure and Functioning of the GR4] Rainfall-Runoff Model

The GR4]J (Génie Rural 4 4 paramétres Journalier) model is a daily lumped rain-
fall-runoff model developed by Perrin et al. (2003) at the French research institute
CEMAGREF (now INRAE). The model adopts a parsimonious approach, relying
on just four parameters to characterize the hydrological behavior of a watershed.
Its conceptual simplicity and ability to simulate streamflow effectively in catch-
ments with limited hydro-meteorological data make it especially suitable for ap-
plication in data-scarce watersheds like the Diaguiri River Basin in West Africa.
The model employs a parsimonious structure, characterized by only four param-
eters that capture the essential hydrological behavior of a watershed. These pa-
rameters include the production store capacity (X1), which defines the maximum
water volume that the soil reservoir can hold; the groundwater exchange coeffi-
cient (X2), which accounts for water exchanges with deeper groundwater or adja-
cent basins; the routing store capacity (X3), which controls the retention of flow
within the routing reservoir; and the unit hydrograph time base (X4), which gov-
erns the timing and shape of the hydrograph (Figure 2). Operating at a daily
timestep, the model requires daily inputs of precipitation (£) and potential evap-
otranspiration (PET). Rather than spatially discretizing the catchment, GR4]
treats it as a lumped, homogeneous unit. Key hydrological processes—including
evapotranspiration, infiltration, percolation, and runoff routing—are conceptual-
ized through storage components and transfer functions. The model’s architec-
ture features a soil moisture production store that simulates the partitioning of
precipitation into net evapotranspiration capacity (£n) and effective rainfall (Pn).
This effective rainfall is subsequently split into two flow components: one routed
through a unit hydrograph producing rapid runoff (UH1), and the other through
a secondary hydrograph responsible for delayed flow (UH2). These flow compo-
nents are combined and routed through a routing store (RS), which simulates

groundwater discharge and attenuates flow peaks (Figure 2).

3.3. Cross-Validation Phase of the Model

The calibration and validation of the GR4]J hydrological model were carried out
using observed daily rainfall (), Potential Evapotranspiration (PET), and stream-
flow data (Q) collected from the Diaguiri River Basin. The calibration phase was
conducted over the period 1981-1992, while the model validation was performed
for the period 1998-2004. To minimize the influence of initial conditions on
model outputs, warm-up periods were introduced in 1980 for the calibration
phase and 1997 for the validation phase. The exclusion of discharge data from
1993 to 1997 is justified by gaps in the time series or data quality issues that could
have skewed the results. By excluding these years, only complete and reliable data
are used for calibration and validation, thereby strengthening the robustness of
the cross-validation approach and the reliability of future hydrological projec-
tions. The model optimization was performed using the Shuffled Complex Evo-
lution-University of Arizona (SCE-UA) algorithm (Duan et al., 1992), which is
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PET, P Simulation variables
Interception P: Precipitation
En Pn PET: Potential evapotranspiration
| N En: Net evapotranspiration capacity

Pn: Net precipitation
N Es: Evaporation from the production store

Production x B Ps: Water filling the production store
store (PS) "7 | S S: Level in the production store
Percolation Pr. Water filling the routing store

—P UH1: Unit hydrograph 1
UH2: Unit hydrograph 2
Q9: Output of UH1
R: Level in the routing store
Q1: Output of UH2
Qr: Outflow of the routing store

/\
90% 10%

UH1 UH2 i

Xa 2.4 F: Groundwater exchange term
| ‘ Qd: Flow component from Q1 and F
Q9 Q1 Q,,: Total simulated streamflow
Routing
store (RS) Calibration parameters

X1: maximum capacity of the PS (mm)

Xz: groundwater exchange coefficient (mm)
X3: maximum capacity of the RS (mm)

Xg: time base of unit hydrograph UH1 (d)

Figure 2. Conceptual scheme of the GR4] model (Perrin et al., 2003).

widely recognized for its robustness in exploring complex parameter spaces and
avoiding local optima in hydrological model calibration (Vrugt et al., 2003; Thiaw,
2020; Thiaw et al., 2021). The GR4] model, with its parsimonious structure, re-
quires the careful estimation of its four parameters to adequately capture the hy-
drological response of the Diaguiri watershed under both historical and future
climatic conditions (Perrin et al., 2003; Pushpalatha et al., 2012; Thiaw, 2020). The
use of observed data and a rigorous optimization technique ensures the reliability
of the calibrated model for subsequent climate change impact assessments on sur-

face water availability in this West African basin.

3.4. Model Performance Evaluation

In this study, the evaluation of the GR4J model’s performance in the Diaguiri
River Basin was conducted using a multi-objective function that integrates four
complementary performance metrics: Nash-Sutcliffe Efficiency (NSE), log-trans-
formed Nash-Sutcliffe Efficiency (log-NSE), Kling-Gupta Efficiency (KGE), and
the coefficient of determination (R?). The combined use of these metrics allows
for a more comprehensive and balanced assessment of the model’s ability to re-
produce both high-flow and low-flow conditions under varying hydrological re-
gimes (Nash & Sutcliffe, 1970; Gupta et al., 2009; Pushpalatha et al., 2012; Kling
et al., 2012). The inclusion of both NSE and log-NSE is especially important to
capture the model’s sensitivity to extreme flows as well as baseflows, particularly
in a watershed characterized by strong seasonality and alternating periods of
floods and droughts. NSE evaluates the overall agreement between observed and
simulated streamflows, with values approaching 1 indicating better model perfor-
mance (Nash & Sutcliffe, 1970; Moriasi et al., 2007). The log-NSE, by applying a
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logarithmic transformation to both observed and simulated flows, enhances the
evaluation of low-flow conditions that are critical for water availability during dry
seasons (Pushpalatha et al.,, 2012). The KGE metric, proposed by Gupta et al.
(2009), integrates correlation (r), bias (p), and variability (a), providing a global
diagnostic of model behavior across different flow regimes. Finally, R* measures
the strength of linear correlation between observed and simulated discharges, of-
fering a simple indicator of the model’s overall fit (Legates & McCabe, 1999). The
corresponding mathematical formulations of these performance metrics are as

follows:

|2(Qs =) |

A 12(00,-C0)|

(M

It |:Z((Qobs,i _Qob; )(QS"’"’" O ))1 )
[2 (O = ot )| *2( Qs = o) ]
)

[E(log (Quns)~1og(Qu) 2 }
[Z (log (Qobs,i ) - IOg(Q”b‘Y ))2 }

KGE:l—\/[(r—l)z+(a—1)2+(/3—1)2] @)

where Qo5 and Qi are the observed and simulated streamflows at time step i,

log— NSE = 1- 3)

respectively; O, and QO

sim

are their corresponding mean values; r is the linear
correlation coefficient; a is the variability ratio (i.e., the ratio of standard devia-
tions Ouim/ Ouss); and P is the bias ratio gm/ foss

The adoption of multiple performance indicators allows the model evaluation
to capture the full range of hydrological variability observed in the Diaguiri wa-
tershed. Moreover, the integration of the GR4] model with the SCE-UA optimi-
zation algorithm (Duan et al., 1992) within airGR (Coron et al., 2017) provides a
robust and adaptable framework, particularly well-suited for simulating climate-
change scenarios using bias-corrected outputs from Regional Climate Models
(RCMs).

3.5. Downscaling of Regional Climate Models

Future climate scenarios were developed using bias-corrected outputs from a suite
of Regional Climate Models (RCMs) produced under the CORDEX- Africa initia-
tive (Coordinated Regional Downscaling Experiment for Africa), which provides
dynamically downscaled simulations at approximately 0.44° resolution suitable
for basin-scale climate impact assessments in Africa (Giorgi et al., 2009; Nikulin
et al., 2012). These RCMs, driven by different Global Climate Models (GCMs)
under the RCP4.5 and RCP8.5 scenarios, were selected for their demonstrated skill
in representing the seasonal and interannual variability of the West African mon-
soon (Nikulin et al., 2012; Sylla et al., 2013; Dosio et al., 2015; Diallo et al., 2016;
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Thiaw et al., 2021). The table below summarizes the climate models used in this
study.

Table 2. Description of Regional Climate Models (RCMs) and Their Driving GCMs Used

Model
Model Institution Type Resolution Key Features Simulation Periods Reference
Geophysical Fluid ~ Earth . . Historical (1950- Dunne
. N . Includes interactive carbon cy-
GFDL-ESM2M  Dynamics Labora-  System 1.25° x 1.25 . 2005); etal,
cles in the ocean and atmosphere
tory (USA) Model Future (2021-2100) 2012
Earth Simulates atmospheric dynamics, Historical (1950- Collins
Hadley Centre (UK A B )
HadGEM2-ES System 1.875° x 1.25° ocean currents, and biogeochem- 2005); etal.,
Met Office) .
Model ical feedback. Future (2021-2100) 2011
Earth Historical (1950-  Dufresne

Institut Pierre-Simon

Integrates atmosphere-ocean-land

IPSL-CM5A-LR System 2.5° x 1.25° 2005); etal.,
Laplace (France) surface processes
Model Future (2021-2100) 2013
Earth Historical (1950-  Bentsen
Norwegian Climate . . Emphasizes high-latitude feed- (
NorESM1-M System  1.9° x 2.5 2005); etal.,
Centre (Norway) backs and carbon cycles.
Model Future (2021-2100) 2013
L. Earth Coupled model addressing global ~ Historical (1950- Watanabe
University of Tokyo 3 3 o .
MIROC5 q ) System 1.4° x 1.4° variability and long-term projec- 2005); etal,
apan
P Model tions Future (2021-2100) 2010

To enhance the physical realism of the climate projections, the raw RCM out-
puts were bias-corrected using the CDF-t method (Cumulative Distribution
Function transform), which adjusts both the mean and higher-order moments
of the modeled distribution to match those of observed data while preserving
climate change signals (Michelangeli et al., 2009; Vrac et al., 2012). This correc-
tion technique has been widely validated and is particularly suited for applica-
tions in hydrological impact modeling under climate change conditions
(Teutschbein & Seibert, 2012; Thiaw, 2020; Thiaw et al., 2021). The bias correc-
tion utilized observed daily data of precipitation (1950-2016) and temperature
(1972-2012) from the Diaguiri basin for the historical reference periods. Each
climate variable was corrected independently, and the procedure was applied at
the scale of each grid cell intersecting the catchment. To aggregate the bias-cor-
rected RCM precipitation grids to basin-scale inputs, the Kriging method was
employed using Hydraccess software (Vauchel, 2004). The resulting bias-ad-
justed time series were then used as inputs to simulate streamflow responses
over the future period 2021-2100, which was subdivided into three-time hori-
zons: near-term (2021-2040), mid-century (2041-2070), and end-of-century
(2071-2100).

4. Results
4.1. GR4] Model Efficiency during Cross-Validation

The evaluation of the GR4J model’s performance during the cross-validation phase

highlights its robustness in simulating streamflow within the semi-humid Diaguiri
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River Basin. The calibration, conducted over the period 1981-1992, and the subse-
quent validation, carried out for 1998-2004, enabled an assessment of the model’s
transferability across distinct climatic conditions. During calibration, the Nash-
Sutcliffe Efficiency (NSE) reached 0.66 and improved to 0.71 during validation, in-
dicating good agreement between observed and simulated flows, particularly dur-
ing the rainy season when runoff generation is most pronounced (Figure 3 and
Figure 4). The log-transformed NSE (log-NSE), which emphasizes low-flow dy-
namics, increased markedly from 0.54 to 0.77, suggesting that the model effectively
reproduces both high-flow events and baseflows (Figure 3 and Figure 4)—an es-
sential aspect in semi-humid basins where streamflow is governed by the alterna-
tion between wet and dry seasons (Thiaw, 2020; Thiaw et al., 2021). The Kling-
Gupta Efficiency (KGE), which integrates correlation, bias, and variability, also
showed improvement from 0.71 to 0.83, confirming the model’s balanced perfor-
mance across hydrological components. Similarly, the coefficient of determination
(R?) followed the same trend as the NSE (0.66 and 0.71), further attesting to the
reliability of the simulations (Figure 3 and Figure 4).
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Figure 3. Calibration of the GR4] model over the period 1981-1992.
350,0

KGE2:0.83 NSE:0.71 log-NSE:0.77 R?:0.71
300,0

250,0 -

Discharge (m3/s)

200,0

150,0

100,0

50,0

%
Tl
=

0,0

DR P WDONDDDNDDNDDNDOOOQQ QO U NN NNNDO MDD DD

2922299922929 92°2°28¢°2°2298822?29LeL2e92ee8ev

2253852083852 3365: 85632 383 EL%% 53

SEESGCEEESTYgESEESTECcSEETYgESsEESTYg S EETGC
——Observed ——Simulated

Figure 4. Validation of the GR4J model over the period 1998-2004.
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These findings confirm the GR4J model’s reliability and suitability for project-
ing future streamflow under climate change scenarios, thereby reinforcing confi-
dence in the anticipated hydrological shifts within the Diaguiri River Basin. In
light of the model’s stable and consistent performance, particularly during the val-
idation phase (1998-2004), the corresponding parameter set—X1: 207.40 mm, X2:
—30.66 mm, X3: 333.28 mm, and X4: 2.09 days—was retained for future simula-

tions.

4.2. Bias Correction of Climate Projections Using CDF-t

4.2.1. Temperature Bias Correction under RCP4.5 and RCP8.5

The CDF-t bias correction technique was applied separately to the temperature
outputs of each climate model, using observed daily data from 1972 to 2012 as a
reference period. This approach allowed for the adjustment of the modeled tem-
perature distributions so that they better reflected the statistical characteristics of
observed series, notably their mean values and interannual variability. Under the
RCP4.5 emissions scenario, bias correction led to noticeable improvements across
most models. For instance, GFDL-ESM2M reproduced the observed standard de-
viation relatively well (2.09°C versus 2.23°C observed), with a correlation of 0.73
and a root mean square deviation (RMSD) of 2.12°C. HadGEM2-ES and IPSL-
CM5A-LR performed even better, with correlation coefficients of 0.89 and 0.91,
respectively, and RMSD values below 2°C. Although MIROCS slightly exagger-
ated the variability, it retained a low RMSD of 1.65°C. NorESM1-M yielded the
most consistent results, combining the lowest RMSD (1.38°C) with a high corre-
lation of 0.92. Under the RCP8.5 scenario, model behavior remained broadly sim-
ilar. GFDL-ESM2M and HadGEM2-ES showed higher RMSDs (2.29°C and
2.33°C), while IPSL-CM5A-LR and MIROC5 maintained strong correlation val-
ues (0.89) and RMSDs of 2.35°C and 1.54°C, respectively. Once again, NorESM1-
M provided the most stable results, with a correlation of 0.91 and an RMSD of
1.68°C (Figure 5).

Opverall, the CDF-t method significantly improved the alignment between mod-
eled and observed temperature data. Among the ensemble, NorESM1-M, MI-
ROCS5, and IPSL-CM5A-LR emerged as the most reliable performers under both
RCP4.5 and RCP8.5 scenarios. These improvements in temperature accuracy re-
inforce the credibility of hydrological projections for the Diaguiri Basin, thereby
contributing to more robust planning for climate adaptation and sustainable wa-

ter management in this key sub-basin of the Gambia River.

4.2.2. Precipitation Bias Correction under RCP4.5 and RCP8.5

The CDF-t method was also applied to precipitation outputs from multiple cli-
mate models, using observed rainfall data from 1950 to 2016 in the Diaguiri River
Basin as a reference. This bias correction markedly improved the representation
of the statistical properties of precipitation, especially its variability and distribu-
tion, which are critical for accurately modeling runoff generation and hydrologi-

cal extremes in climate-sensitive catchments. Under the RCP4.5
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Figure 5. Taylor diagrams comparing CDF-t bias-corrected CMIP5 temperature outputs with observations under RCP4.5 and
RCP8.5 scenarios.
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scenario, MIROC5 and NorESM1-M showed the best agreement with observed
precipitation patterns. Their standard deviations closely matched the observed
value of 3.76 mm, with high correlation coefficients of 0.86 and 0.83, respec-
tively, and the lowest root mean square deviations (RMSDs) of 2.22 mm and
2.20 mm. IPSL-CM5A-LR and HadGEM2-ES also performed well, though
HadGEM2-ES slightly underestimated interannual variability. GFDL-ESM2M
tended to overestimate variability but maintained a reasonable correlation of
0.80, with an RMSD of 2.51 mm. Under the RCP8.5 scenario, overall model
performance remained consistent. HadGEM2-ES and NorESM1-M continued
to deliver strong results, with RMSDs near 2.15 mm and correlations above
0.83. MIROCS slightly overestimated variability (4.32 mm) but retained a
strong correlation of 0.82. GFDL-ESM2M again had the highest RMSD (2.63
mm), reflecting persistent overestimation, while IPSL-CM5A-LR showed bal-
anced moderate performance (Figure 6). These findings highlight the essential
role of bias correction in refining climate model outputs for hydrological sim-
ulations. Given precipitation’s key role as the main driver of hydrological pro-
cesses in the Diaguiri River Basin, these corrected datasets substantially im-
prove the reliability of simulated runoff, streamflow, and hydrological extremes

under future climate scenarios.

4.2.3. Projected Warming Trends over the 21st Century

The projected temperature trends derived from the multi-model ensemble re-
veal a consistent and progressive warming of the Diaguiri River Basin through-
out the 21st century under both RCP4.5 and RCP8.5 scenarios. Under the in-
termediate stabilization pathway RCP4.5, the mean temperature anomaly rela-
tive to the historical baseline increases from +1.29°C during the near-term pe-
riod (2021-2040) to +2.01°C in the mid-century (2041-2070), reaching +2.41°C
by the end of the century (2071-2100) (Figure 7). This trajectory reflects a grad-
ual warming trend, aligning with global efforts to limit radiative forcing and
greenhouse gas emissions after mid-century. In contrast, under the high-emis-
sion RCP8.5 scenario—which assumes continued growth in emissions—the
projected warming is more pronounced and accelerates over time. Tempera-
ture anomalies begin at +1.45°C in the near future (2021-2040), rise sharply to
+2.66°C by mid-century (2041-2070), and culminate at a significant +4.37 °C
by the late 21st century (2071-2100) (Figure 8). This steeper trajectory under
RCP8.5 indicates a strong sensitivity of the regional climate system to green-
house gas forcing, with the latter period exhibiting nearly double the warming
compared to RCP4.5.

These results highlight the growing divergence between scenarios after mid-
century and underscore the critical influence of future emission pathways on re-
gional climate outcomes. The projected warming—especially under RCP8.5—has
profound implications for the hydrological regime of the Diaguiri Basin, includ-
ing increased evapotranspiration, altered runoff patterns, and heightened stress

on water resources.
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Figure 6. Taylor diagrams comparing CDF-t bias-corrected CMIP5 precipitation outputs with observations under the RCP4.5 and

RCP8.5 scenarios.
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Figure 7. Projected multi-model mean temperature anomalies under RCP4.5 for three fu-
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Multi-Model Mean Temperature Anomalies by Future Time Horizon (°C)
CMIP5 projections under RCP8.5 scenario
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Figure 8. Projected multi-model mean temperature anomalies under RCP8.5 for three fu-
ture periods: 2021-2040, 2041-2070, and 2071-2100.

4.2.4. Projected Rainfall Evolution through 2100
The projected evolution of precipitation over the Diaguiri River Basin throughout
the 21st century, based on bias-corrected outputs from a suite of five CMIP5
global climate models (GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MI-
ROCS5, and NorESM1-M), reveals marked temporal heterogeneity and pro-
nounced scenario-dependent divergence. Under the RCP4.5 stabilization path-
way, ensemble projections indicate a modest but progressively increasing hydro-
climatic signal. Mean annual precipitation anomalies relative to the historical
baseline (1956-2016) are projected to rise by +6.72% during the near term (2021-
2040), with a slight attenuation to +5.79% in the mid-century (2041-2070), fol-
lowed by a more substantial increase of +12.16% toward the end of the century
(2071-2100). This gradual upward trajectory suggests a potential intensification
of moisture availability under moderate radiative forcing. However, the inter-
model spread remains substantial—ranging from -11.96% (IPSL-CM5A) to
+18.48% (HadGEM2-ES) in the near term, and reaching up to +39.89% (MI-
ROCS5) by century’s end (Figure 9). Conversely, the RCP8.5 high-emissions sce-
nario exhibits a more erratic and nonlinear precipitation response, characterized
by amplified inter-model variance and weakened convergence. The ensemble
mean anomaly peaks early in the century at +13.68% (2021-2040), reflecting a
greenhouse gas-driven intensification of the regional hydrological cycle. This
signal diminishes to +10.19% by mid-century and further weakens to +5.32% by
2071-2100, despite highly divergent individual model outputs. For instance,
while GFDL-ESM2M projects an extreme increase of +62.7% by century’s end,
HadGEM2-ES and IPSL-CM5A-LR simulate pronounced drying trends of
—31.7% and —28.02%, respectively (Figure 10). This divergence points to deep
model disagreement under strong radiative forcing, likely driven by disparate rep-
resentations of deep convection, land-atmosphere feedbacks, and large-scale cir-
culation shifts affecting monsoonal dynamics.

Overall, these findings underscore the profound uncertainty inherent in long-
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term precipitation projections for the Diaguiri River Basin, particularly under

RCP8.5. While RCP4.5 supports a more coherent signal of modest wetting, the

high-emissions trajectory entails a shift toward hydroclimatic non-stationarity,

with potential for both substantial intensification and severe rainfall deficits de-

pending on the model and time horizon. Given the basin’s strong precipitation-

runoff coupling, such variability presents critical implications for future hydro-

logical responses, water availability, and flood risk.
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Figure 9. Multi-model ensemble mean and range of projected precipitation anomalies un-
der RCP4.5 for the Diaguiri River Basin (2021-2100).
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Figure 10. Multi-model ensemble mean and range of projected precipitation anomalies
under RCP8.5 for the Diaguiri River Basin (2021-2100).
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4.2.5. Projected Changes in Annual Streamflow through to 2100

Under the RCP4.5 stabilization pathway, long-term projections indicate a sub-
stantial intensification of annual runoff volumes in the Diaguiri River Basin over
the 2021-2100 period. The multi-model ensemble mean (MMM) streamflow is
projected to increase by +24% relative to the historical baseline, a response that
closely reflects the basin’s precipitation-driven hydrological regime (Table 3, Fig-
ure 11). This enhanced runoff signal aligns with the ensemble mean precipitation
anomaly of +8.37%, based on bias-corrected outputs from five CMIP5 global cli-
mate models. However, considerable inter-model variability underscores the sys-
tem’s nonlinear rainfall-runoff response. For instance, MIROC5, which simulates
the highest precipitation anomaly (+23.45%, equivalent to +273 mm), yields the
most pronounced streamflow amplification (+50.7%), while GFDL-ESM2M fol-
lows closely with a +15.6% rainfall increase driving a +45.6% discharge gain.
NorESM1-M, with a moderate precipitation rise of +10.0%, produces a corre-
sponding +33% increase in mean annual flow. In contrast, HadGEM2-ES projects
a near-stationary precipitation signal (—1.35%) and a marginal discharge increase
(+3.9%), while IPSL-CM5A-LR, exhibiting a drying trend (-5.88%), simulates a
negative runoff response (—12.9%) (Figure 11). These divergent projections em-
phasize the Diaguiri Basin’s strong hydroclimatic sensitivity and the critical role
of antecedent moisture conditions and model-specific rainfall dynamics in mod-
ulating future streamflow. The amplification of discharge variability, evident
through increases in ensemble spread and higher-order flow statistics, further re-
flects the basin’s potential transition toward hydrological non-stationarity under

evolving climate conditions.

Table 3. Baseline and projected annual streamflow variability in the Diaguiri Basin under RCP4.5

Statistic
Mean (m3/s)
STD (m?/s)

Cv

Skewness

Kurtosis
Min (m3/s)
Q05 (m3/s)
Q25 (m3/s)
Q50 (m3/s)

Q75(m3/s)

Q95 (m3/s)

Max (m?3/s)

IQR (m3/s)
Range (m?/s)

Observed GFDL_ESM2M HadGEM2_ES IPSL_CM5A_LR MIROC5 NorESM1_M MMM_RCP4.5

6.16
3.47
0.56
0.63
-0.15
0.79
1.80

5.94
8.20
12.07
15.51
4.86

14.72

9.02 6.44 5.40 9.34 8.24 7.69
4.87 4.06 3.60 3.79 4.55 4.17
0.54 0.63 0.67 0.41 0.55 0.56
0.83 1.12 1.04 0.73 0.99 0.94
0.70 1.22 0.63 0.67 1.02 0.85
0.72 0.45 0.69 3.01 0.89 1.15
2.51 1.07 1.10 3.81 2.08 2.11
5.58 3.74 2.62 6.38 5.69 4.80
8.28 5.77 4.80 8.82 7.51 7.04
11.87 7.92 7.00 11.49 10.29 9.71
17.43 14.44 13.29 15.27 17.40 15.56
26.34 19.68 16.88 21.93 22.50 21.47
6.29 4.18 4.38 5.11 4.59 491
25.62 19.22 16.19 18.93 21.62 20.31
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Annual Flow Distributions by Model (RCP4.5)
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Figure 11. Distribution of Annual Streamflow by Climate Model under RCP4.5 (2021-2100).

While the RCP4.5 scenario outlines a moderately wetter future with relatively
consistent precipitation-runoff responses, the RCP8.5 pathway introduces a more
complex and heterogeneous hydrological signal, driven by amplified radiative
forcing and divergent precipitation trajectories across models. Indeed, by 2100,
the multi-model mean (MMM) annual streamflow increases by +34.3%, rising
from a historical baseline of 6.20 m?®/s to 8.30 m®/s. This hydrological amplifica-
tion corresponds to a +9.3% increase in multi-model ensemble precipitation
(from 1164.4 mm to 1272.5 mm), though individual model responses diverge
widely. For instance, GFDL-ESM2M, which exhibits the highest projected rainfall
anomaly (+40.0%, equivalent to +466 mm), simulates a dramatic +125.7% in-
crease in streamflow, indicating strong nonlinear amplification likely driven by
intensified rainfall events and saturation-excess runoff. Similarly, MIROCS5, with
a +27.0% increase in precipitation, yields a +58.3% discharge rise. In contrast,
HadGEM2-ES and IPSL-CM5A-LR simulate notable rainfall deficits (-9.5% and
—13.5%, respectively), which translate into reduced streamflows of —4.4% and
—21.3% (Table 4, Figure 12). These disparities underscore the basin’s high rain-
fall-runoff sensitivity and the divergent hydrological pathways that arise from in-
ter-model variability in precipitation projections. Overall, despite a modest en-
semble mean increase in rainfall, the streamflow response is amplified in magni-
tude and variability, pointing to the potential for disproportionate hydrological
extremes under future climate conditions—particularly in rainfall-dependent
semi-humid systems like the Diaguiri Basin. These findings emphasize the im-
portance of incorporating both ensemble means and model spread into future wa-

ter resource planning and risk assessment frameworks.

DOI: 10.4236/gep.2025.139007

143 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.139007

I. Thiaw

Table 4. Baseline and projected streamflow variability in the Diaguiri basin under RCP8.5.

Statistic Observed GFDL_ESM2M HadGEM2_ES IPSL_CM5A_LR MIROC5 NorESM1_M MMM_RCP8.5

Mean (m?/s)
STD (m?/s)
Cv
Skewness
Kurtosis
Min (m?/s)
Q05 (m3/s)
Q25 (m3/s)
Q50 (m3/s)
Q75(m3/s)
Q95 (m3/s)
Max (m?3/s)
IQR (m3/s)
Range (m®/s)

6.2
3.5
0.6
0.6
-0.2
0.8
1.8
3.3
5.9
8.2
12.1
15.5
4.9
14.7

14.0
7.7
0.6
0.9
1.3
0.2
4.0
8.2

13.3

18.5

27.8

43.0

10.3

42.7

5.9 4.9 9.8 7.0 8.3
4.4 4.3 3.8 4.2 4.9
0.7 0.9 0.4 0.6 0.6
1.2 0.7 0.6 0.6 0.8
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Figure 12. Distribution of Annual Streamflow by Climate Model under RCP8.5 (2021-2100).

4.2.6. Century Streamflow Dynamics by Sub-Period

The multi-model mean streamflow projections for the Diaguiri River Basin under
the RCP4.5 and RCP8.5 scenarios highlight distinct temporal variability across three
key sub-periods of the 21st century. Under the RCP4.5 scenario, the multi-model
mean (MMM) streamflow increases by +24.3% in the near term (2021-2040), stabi-
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lizes at +20% by mid-century (2041-2070), and intensifies further to +30.7% in the
late-century period (2071-2100). These hydrological shifts are consistent with the
progressive increase in ensemble mean precipitation anomalies—rising from
+6.72% to +12.16%—and reflect a coherent intensification of moisture availability
under moderate radiative forcing. In contrast, under RCP8.5, the hydrological re-
sponse exhibits a more erratic trajectory, shaped by highly divergent rainfall projec-
tions. While streamflows initially surge to +45.3% in the near term, they decline to
+35% mid-century and further to +26.5% by century’s end, mirroring the weaken-
ing precipitation signal (+13.68% to +5.32%). This declining hydrological signal oc-
curs despite some models projecting extreme increases in rainfall (e.g., GFDL-
ESM2M: +62.7%), while others simulate severe drying (e.g., HadGEM2-ES: —31.7%).
The broader inter-model spread in rainfall anomalies under RCP8.5 translates into
greater hydrological uncertainty, with streamflow distributions exhibiting increased
dispersion, asymmetry, and peakedness. Overall, the Diaguiri Basin’s strong rain-
fall-runoff coupling underscores the critical importance of accounting for precipi-
tation variability in projecting future hydrological behavior. The contrasting pat-
terns observed between scenarios point toward a wetter, yet more predictable future
under RCP4.5, versus a more volatile and uncertain regime under RCP8.5—raising
essential challenges for water resources planning and flood risk mitigation in the

context of climate-driven non-stationarity.
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Figure 13. Projected mean annual streamflow distribution for the near-term (2021-2040), mid-century (2041-2070), and late-century
(2071-2100) periods under the RCP4.5 scenario.
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Figure 14. Projected mean annual streamflow distribution for the near term (2021-2040), mid-century (2041-2070), and late century
(2071-2100) periods under the RCP8.5 scenario.

4.2.7. Hydrological Regime Variability under Future Climate Scenarios

The simulated monthly hydrographs of the Diaguiri River Basin, generated using
the GR4] rainfall-runoff model driven by bias-corrected outputs from five CMIP5
climate models under RCP4.5 and RCP8.5 scenarios, indicate substantial shifts in
the seasonal hydrological regime throughout the 21st century (Tables5&6). Both cli-
mate scenarios suggest a notable advancement in the onset of runoff, intensification
of seasonal peak flows, and greater intra-annual variability. During the dry season
(November-April), projected discharges remain low (below 1 m?/s), yet are slightly
elevated compared to the historical baseline. For instance, January flows rise from
0.13 m*/s (observed) to 0.63 m®/s (projected), signaling possible changes in baseflow
contributions or early-season precipitation inputs. Despite low mean flows, this pe-
riod exhibits pronounced interannual variability, as shown by high skewness and
kurtosis—particularly in May and June, where kurtosis exceeds 21 under RCP8.5,
reflecting the likelihood of rare but intense rainfall-runoff events. The onset of sig-
nificant runoff is projected to shift earlier in the hydrological year. In May, average
flows reach 0.38 m®/s (RCP8.5) and 0.30 - 0.37 m?/s (RCP4.5), up from 0.27 m*/s
observed, despite the flow regime being dominated by irregular and extreme events
(CV > 2.0). This temporal advancement may reflect earlier rainfall onset and re-
duced soil moisture deficits, potentially altering catchment response thresholds.

Streamflow magnitudes during the peak season (July-September) show the most
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dramatic changes. Under RCP8.5, mean discharges in August and September rise to
25.86 m*/s and 35.05 m?*/s respectively, corresponding to +54.8% and +13% increases
over historical levels. RCP4.5 follows similar trends, albeit with more moderate in-
creases. These changes are accompanied by heightened standard deviation and ex-
panded interquartile ranges, indicating stronger interannual fluctuations. While co-
efficients of variation remain under 1—consistent with seasonal regimes—the rise in
skewness (e.g., July: 1.06) and kurtosis (e.g., October: 3.51) reveals a higher frequency
of extreme high-flow events, underscoring intensifying flood risks under future cli-
mate conditions. The recession period (October-December) also presents elevated
flow levels. In October, for example, RCP8.5 projections indicate mean flows of 13.53
m?/s, compared to 11.57 m?*/s historically (+16.9%). Statistical descriptors such as
skewness and kurtosis remain high in these months, highlighting the persistence of
asymmetric, heavy-tailed distributions and the continued risk of late-season hydro-
logical extremes. Figure 15 and Figure 16, which present monthly boxplots com-
paring historical and projected multi-model streamflow quantiles under RCP4.5 and
RCP8.5, visually confirm the overall intensification of the seasonal hydrograph.
Opverall, both emission scenarios forecast an intensification of runoff dynamics in
the Diaguiri River Basin, characterized by heightened magnitudes, increased recur-
rence, and amplified variability of high-flow events. The RCP4.5 scenario suggests
a moderately wetter hydrological regime accompanied by enhanced asymmetry and
leptokurtic streamflow distributions, indicative of more frequent but moderate ex-
tremes. In contrast, RCP8.5 projects more severe hydrological extremes and greater
inter-model and intra-annual variability, reflecting deeper distributional uncer-
tainty. These projected transformations underscore a clear departure from historical
hydrological stationarity and highlight the urgent need for flexible, adaptive water
resource management strategies and robust flood risk governance tailored to the

vulnerabilities of semi-humid tropical river systems such as the Diaguiri Basin.

Table 5. Monthly streamflow statistics (Mean, SD, CV, Skewness, Kurtosis) for the Diaguiri River Basin under RCP4.5

Month Mean_RCP4.5 (m3/s) SD (m3/s) CV  Skewness Kurtosis Observed Discharge (m3/s)
Jan 0.631 0.041 0.065 0.359 -0.043 0.13
Feb 0.418 0.022 0.052 0.269 0.050 0.05
Mar 0.300 0.013 0.044 0.201 0.190 0.12
Apr 0.226 0.010 0.044 1.291 5.011 0.18
May 0.379 0.790 2.085 4.667 21.360 0.27
Jun 2.270 3.600 1.586 2.840 9.544 0.48
Jul 9.395 5.505 0.586 1.056 1.824 2.76
Aug 25.855 8.645 0.334 0.521 -0.090 16.71
Sep 35.053 9.261 0.264 0.360 -0.038 31.02
Oct 13.526 4.531 0.335 1.739 3.514 11.57
Nov 2.761 0.473 0.171 1.045 1.901 1.93
Dec 1.126 0.106 0.094 0.570 0.311 0.50
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Table 6. Monthly streamflow statistics (Mean, SD, CV, Skewness, Kurtosis) for the Diaguiri River Basin under RCP8.5.

Month Mean_RCP8.5 (m3/s) SD (m3/s) CV  Skewness Kurtosis Observed Discharge (m3/s)
Jan 0.631 0.041 0.065 0.359 -0.043 0.13
Feb 0.418 0.022 0.052 0.269 0.050 0.05
Mar 0.300 0.013 0.044 0.201 0.190 0.12
Apr 0.226 0.010 0.044 1.291 5.011 0.18

May 0.379 0.790 2.085 4.667 21.360 0.27
Jun 2.270 3.600 1.586 2.840 9.544 0.48
Jul 9.395 5.505 0.586 1.056 1.824 2.76
Aug 25.855 8.645 0.334 0.521 -0.090 16.71
Sep 35.053 9.261 0.264 0.360 -0.038 31.02
Oct 13.526 4.531 0.335 1.739 3.514 11.57

Nov 2.761 0.473 0.171 1.045 1.901 1.93
Dec 1.126 0.106 0.094 0.570 0.311 0.50

Monthly Discharges: Multi-model Mean vs Observed (RCP4.5)
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Figure 15. Boxplots comparing observed and projected monthly streamflow quantiles under the RCP4.5 scenario (multi-model
mean) for the Diaguiri River Basin at the 2100 horizon.
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Monthly Discharges: Multi-model Mean vs Observed (RCP8.5)
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Figure 16. Boxplots comparing observed and projected monthly streamflow quantiles under the RCP8.5 scenario (multi-model
mean) for the Diaguiri River Basin at the 2100 horizon.

5. Discussion

This study aimed to assess the impacts of climate change on future surface water
availability in the semi-humid Diaguiri River Basin using the GR4] rainfall-runoff
model driven by bias-corrected regional climate projections. The evaluation of the
model’s performance during the cross-validation phase offers valuable insights
into its reliability and transferability across distinct climatic conditions. The cross-
validation results reveal a clear improvement in model performance between the
calibration (1981-1992) and validation (1998-2004) periods, indicating the GR4]
model’s ability to generalize across interannual hydrological variability. The in-
crease in Nash-Sutcliffe Efficiency (NSE) from 0.66 to 0.71, along with a substan-
tial gain in the log-NSE from 0.54 to 0.77, underscores the model’s capacity to
capture both peak discharge events and baseflow dynamics—an essential feature
in semi-humid systems governed by the alternation between wet and dry seasons
(Bodian et al., 2018; Thiaw, 2020; Thiaw et al., 2021). The Kling-Gupta Efficiency
(KGE), rising from 0.71 to 0.83, and the coefficient of determination (R*) follow-
ing the same trend (0.66 to 0.71), further confirm the model’s balanced perfor-
mance across key hydrological components. These outcomes are in line with pre-
vious findings across West African basins and similar tropical environments (e.g.,
Thiaw et al.,, 2021; Demb¢élé et al., 2020; Bodian et al., 2018; Satgé et al., 2015),
where GR4] has proven effective in simulating flows under data-scarce conditions.
The robustness observed during validation supports the selection of the associated
parameter set (X1: 207.40 mm, X2: —30.66 mm, X3: 333.28 mm, X4: 2.09 days) for
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use in future climate impact simulations. This parameterization ensures method-
ological consistency and provides a reliable foundation for scenario-based projec-
tions. By anchoring long-term hydrological forecasts to a well-calibrated and val-
idated model structure, this study enhances the credibility of its results and con-
tributes to the development of adaptive water resource management strategies in
the face of increasing climate uncertainty.

Following the validation of the hydrological model, bias correction was a criti-
cal step to ensure that the climate model outputs used as inputs for future hydro-
logical simulations accurately reflected local conditions. The application of the
CDEF-t technique for correcting temperature and precipitation biases substantially
enhanced the statistical agreement between observed and modeled climate varia-
bles, which is essential for realistic streamflow projections. Under both RCP4.5
and RCP8.5 scenarios, temperature outputs from NorESM1-M, MIROC5, and
IPSL-CM5A-LR showed the best alignment with observations, as evidenced by
low RMSD values (e.g., 1.38 °C for NorESM1-M) and high correlations (>0.89),
reinforcing their credibility for hydrological modeling. Precipitation correction
also improved variance and distribution metrics, particularly for MIROC5 and
NorESM1-M, which closely matched the observed standard deviation and yielded
strong correlation coefficients (0.86 and 0.83, respectively). These findings are
consistent with results from West African studies such as Sylla et al. (2016), Dem-
bélé et al. (2020) and Thiaw et al. (2021), which highlight the effectiveness of CDF-
tin correcting systematic biases in CMIP5-derived precipitation and temperature
across the Sahel and Sudanian zones. Compared to simpler methods like linear
scaling or delta change—which have been widely used in the region (Bodian et al.,
2018; Sadio et al., 2023)—CDE-t offers a more refined correction by preserving
the shape of the distribution and correcting both mean and variability. However,
despite its strengths, recent work by Dosio & Panitz (2016) and Nikulin et al.
(2012) emphasizes the importance of multi-method assessments, as some bias
correction methods may struggle with extreme events or non-stationarity. In the
case of the Diaguiri Basin, the successful application of CDF-t, particularly when
evaluated through Taylor diagrams, confirms its value in producing climate in-
puts better suited for simulating future hydrological conditions in semi-humid
tropical basins. By improving the realism of future temperature and rainfall pro-
jections, bias correction directly enhances the robustness of the GR4]J-based hy-
drological simulations, thus providing a sound basis for climate adaptation strat-
egies and sustainable water resource planning in West Africa.

The hydrological projections for the Diaguiri River Basin under CMIP5-based
RCP4.5 and RCP8.5 scenarios reveal a marked intensification of streamflow dy-
namics driven primarily by changes in precipitation regimes and temperature-
induced evapotranspiration shifts. Under RCP4.5, the multi-model ensemble
mean (MMM) indicates a substantial increase in mean annual streamflow (+24%),
closely tracking the moderate precipitation rise (+8.4%) projected for the basin.

This positive rainfall-runoff coupling corroborates findings from other West Af-
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rican studies, which report gradual wetting trends under intermediate emission
pathways (Sultan et al., 2019; Abiodun et al., 2017). Nonetheless, notable inter-
model variability highlights the nonlinearity of the hydrological response: models
such as MIROC5 and GFDL-ESM2M predict pronounced discharge amplifica-
tions, while others like IPSL-CM5A-LR project slight runoff reductions, echoing
the complex spatial heterogeneity and climatic sensitivity characteristic of tropical
basins (Taylor & Marsham, 2017; Thiaw et al., 2021). Under the high-emission
RCP8.5 pathway, the hydrological signal intensifies further (+34.3% mean stream-
flow increase), but with greater divergence and uncertainty among models. The
amplification of discharge variability suggests increased flood risk and a pro-
nounced departure from historical hydrological stationarity. These findings align
with those of Angelina et al. (2015), who reported increases in mean annual dis-
charge of the Niger River at Koulikoro by 6.9% (2026-2050), 0.9% (2051-2075),
and 5.6% (2076-2100) based on SWAT model simulations under the SRES A1B sce-
nario. Similarly, Azari et al. (2016) projected increases in streamflow under both
RCP4.5 and RCP8.5 scenarios for the Gorganroud River basin in northern Iran. To-
gether, these studies corroborate the general trend of enhanced runoff and stream-
flow in response to moderate to high greenhouse gas emissions, underscoring a
common pattern of hydrological intensification across diverse climatic and geo-
graphic contexts. This cross-regional consistency further supports the robustness
of the GR4] model projections for the Diaguiri River Basin and reinforces the need
for adaptive water resource management strategies tailored to future hydrological
variability. Temporally, the streamflow response under RCP4.5 is relatively coher-
ent and progressive across the century, whereas RCP8.5 yields a more erratic tra-
jectory with an initial surge in runoff followed by declines linked to precipitation
uncertainties. Seasonal hydrograph analyses indicate an earlier onset of runoff,
elevated baseflows during the dry season, and substantially intensified peak flows
in the wet season, emphasizing shifts in hydrological seasonality and extreme
event frequency. These findings resonate with regional observations of changing
monsoonal rainfall patterns and heightened hydrological variability in West Af-
rica (Niang et al., 2014; Fontaine, 2012; Dia-Diop, 2020). Overall, this study high-
lights the critical need for integrating climate-driven hydrological uncertainty into
adaptive water resource management frameworks in the Diaguiri Basin, empha-
sizing scenario-dependent flood risk mitigation and sustainable planning for

semi-humid tropical catchments vulnerable to non-stationary climate regimes.

6. Conclusion

This study offers a detailed and robust evaluation of the impacts of climate change
on the hydrological dynamics of the Diaguiri River Basin, a representative semi-
humid tropical watershed in West Africa. By integrating the GR4] rainfall-runoff
model with bias-corrected climate projections from a multi-model CMIP5 ensem-
ble under both RCP4.5 and RCP8.5 scenarios, we have quantified future changes

in temperature, precipitation, and streamflow characteristics through the 21st
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century. The results demonstrate a clear and progressive warming trend across
the basin, with temperature increases ranging from +1.3°C to +2.4°C under
RCP4.5, and intensifying up to +4.4°C under the high-emission RCP8.5 scenario
by century’s end. This warming is projected to significantly influence the basin’s
hydrological cycle, notably through enhanced evapotranspiration and shifts in
rainfall patterns. Precipitation projections reveal more complex and uncertain
trends. Under the moderate RCP4.5 pathway, a general increase in rainfall and
runoff is anticipated, supporting a wetter future with an ensemble mean precipi-
tation rise of about 8% - 12%, accompanied by a corresponding 24% increase in
mean annual streamflow. This scenario suggests a relatively coherent intensifica-
tion of the hydrological regime, characterized by heightened runoff volumes and
moderately increased variability. In contrast, the RCP8.5 scenario presents a more
heterogeneous and erratic precipitation signal, with some models projecting sub-
stantial wetting while others forecast drying trends. Consequently, streamflow
projections under RCP8.5 show amplified variability and extremes, with an over-
all ensemble mean increase of 34%, but with significant inter-model divergence—
including scenarios of both increased flooding risk and reduced water availability.
Seasonal analyses further reveal shifts in the hydrological regime, with earlier on-
set of runoff, intensified peak flows during the rainy season, and elevated
baseflows in the dry season. The projected rise in flow variability and frequency
of extreme events, particularly under RCP8.5, signals a transition toward hydro-
logical non-stationarity. This has critical implications for water resources man-
agement, flood risk mitigation, and ecosystem health in the basin. These findings
underscore the necessity of incorporating climate model uncertainties and hydro-
logical sensitivities in planning frameworks. Given the semi-humid and rainfall-
dependent nature of the Diaguiri Basin, adaptive water management strategies
must prioritize flexibility, enhanced monitoring, and integrated approaches that
consider both climatic and socio-economic factors. Future research directions
should include downscaling to finer spatial resolutions, coupling hydrological
models with land use and groundwater dynamics, and engaging stakeholders to
co-develop resilience pathways. Overall, this study contributes valuable insights
into the evolving water cycle of a vulnerable West African basin, supporting in-
formed decision-making to safeguard water security under uncertain but increas-

ingly challenging climate futures.
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