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Abstract

Accurate assessment of water resources at the watershed level is crucial for effective integrated watershed man-
agement. While semi-distributed/distributed models require complex structures and large amounts of input

data, conceptual models have gained attention as an alternative to watershed modeling. In this paper, the perfor-
mance of the GR4J conceptual model for runoff simulation in the Gambia watershed at Simenti station is analyzed
over the calibration (1981-1990) and validation period (1991-2000 and 2001-2010). The main inputs to conceptual
models like GR4J are daily precipitation data and potential evapotranspiration (PET) measured from the same catch-
ment or a nearby location. Calibration of these models is typically performed using the Nash-Sutcliffe daily efficiency
with a bias penalty as the objective function. In this case, the GR4J model is calibrated using four optimization param-
eters. To evaluate the effectiveness of the model's runoff predictions, various statistical measures such as Nash-Sut-
cliffe efficiency, coefficient of determination, bias, and linear correlation coefficient are calculated. The results obtained
in the Gambia watershed at Simenti station indicate satisfactory performance of the GR4J model in terms of forecast
accuracy and computational efficiency. The Nash-Sutcliffe (Q) values are 0.623 and 0.711 during the calibration period
(1981-1990) and the validation period (1991-2000), respectively. The average annual flow observed during the cali-
bration period is 0.385 mm while it increases with a value of 0.603 mm during the validation period. As for the aver-
age flow simulated by the model, it is 0.142 mm during the calibration period (i.e,, a delay of 0.142 mm compared

to the observed flow), 0.626 mm in the validation period (i.e., an excess of 0.023 mm compared to the observed

flow). However, this study is significant because it shows significant changes in all metrics in the watershed sample
under different scenarios, especially the SSP245 and SSP585 scenarios over the period 2021-2100. These changes sug-
gest a downward trend in flows, which would pose significant challenges for water management. Therefore, it is clear
that sustainable water management would require substantial adaptation measures to cope with these changes.
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Introduction

Water resources globally are inadequate and face
increasing pressures [1-3]. The availability of water for
agriculture, drinking water amount, and power crea-
tion depends on the exchange of wetness among the
climate and the landscape [4]. However, the influence
of weather on water properties is frequently overlooked
as landscape procedures change [5-9]. Climate change,
with its impacts on rainfall and evapotranspiration pat-
terns, it is predictable to cause changes in catchment
flow regimes [10-12]. Therefore, understanding pro-
jected changes is crucial for familiarizing to climate
variation in the water area, as it affects water resource
management [13], hydropower [14], aquatic ecosystems
[15], and economic activities. Robust simulations of
climate change scenarios are essential for the develop-
ment of effective mitigation and adaptation strategies
[16-18]. In order to address the challenges posed by
climate change [7-9]. It is crucial to accurately simu-
late the potential impacts of future climatic conditions
[19, 20]. To achieve this, reliable climate models are
employed to simulate and project future climate pat-
terns. However, these models are subject to various
uncertainties arising from multiple sources [21, 22].
Assessing the impact of weather variation on water-
shed hydrology typically involves a modeling chain.
This chain starts with downscaling and bias correction
of climate model forecasts, driven by upcoming emis-
sions scenarios at the catchment scale. The downscaled
projections are then used to force hydrological models,
enabling the assessment of upcoming variations com-
parative to a baseline representative present situations
[23]. Uncertainties arise from factors such as unknown
future emissions, scenario assumptions, model simplifi-
cations, and parameterizations. These uncertainties can
significantly influence the projected climate outcomes.
The impacts of climate change on different sectors,
including water resources, require a modeling chain
that integrates downscaled climate model projections
with hydrological models [24]. This modeling chain
allows for the assessment of future changes in hydro-
logical processes and provides insights into potential
implications for water resource management, hydro-
power, ecosystems, and economic activities [25, 26].
While worldwide climate models (GCMs) are advanced
program software and tools for analyzing the world-
wide weather variation, they are static topic to uncer-
tainties stemming from various sources. Uncertainties
arise from unknown future anthropogenic emissions,
which are used to scheme upcoming weather condi-
tions, similar to differences in simplifications, param-
eterizations, and numerical approximations employed
by different GCMs [27-29]. When weather models

Page 2 of 21

are used to acquire forecasts of hydrological impacts,
additional uncertainties are introduced into the impact
fields [30].

Therefore, examining the amount of climate models
required can provide insights on effectively utilizing the
full range of GCMs in hydrological impact studies for
investigators and experts. Most of the research studies
have examined GCM choice approaches for quantifying
the hydrological impacts of weather variation, which gen-
erally involve prioritizing GCMs based on their capability
to replicate experiential features [31, 32]. The optimiza-
tion of parameters in a climate-forced rainfall-runoff
model using streamflow data allows for the determina-
tion of the average effect of climate forcing on stream-
flow. However, it is important to acknowledge that these
models have limitations in capturing trends that are
not explicitly incorporated within the model structure.
Residual patterns observed in the rainfall-runoff model
may reflect external factors and trends not accounted for
in the model. These studies, which could be mentioned,
actually investigated (through hydrological modeling)
how much of these residuals patterns could either be
explained by dynamic changes in LULC [22] or by inter-
actions between environmental changes and climate [33].
Addressing the existing research gaps, this study aimed
to provide an updated assessment of the impacts of cli-
mate change on runoff within the Gambia basin, specifi-
cally at the Simenti station. The objective was to enhance
the representation of a broader range of future changes
by utilizing 18 General Circulation Models (GCMs) avail-
able in the Phase 6 Coupled Model Intercomparison Pro-
ject package. By incorporating multiple GCMs, this study
aimed to account for the uncertainties inherent in climate
projections and capture a more comprehensive range of
potential climate outcomes. The utilization of the overall
average of these models allowed for a more robust assess-
ment of the potential impacts of climate change on run-
off in the Gambia basin. Through this research, the study
intended to contribute to a better understanding of how
future climate scenarios could influence the hydrological
dynamics of the basin. By expanding the scope of analysis
and considering a diverse set of GCMs, the study sought
to provide valuable insights into the potential changes
in runoff patterns and associated implications for water
resource management in the region. By acknowledg-
ing the limitations of existing models and incorporating
a broader range of climate projections, this study aimed
to enhance the accuracy and reliability of assessments
related to climate change impacts on runoff.

The findings from this research can provide valuable
guidance for decision-makers and stakeholders in devel-
oping effective strategies for climate change adapta-
tion and sustainable water resource management in the
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Gambia basin. This study [34] employed the GR4] model
to assess current and future trends in water resources in
the Gambia River Basin in the context of climate change.
To achieve this, they utilized a calibration/validation
method to evaluate the performance of the GR4J] model
over a reference period. To investigate future hydrologi-
cal trends, the researchers utilized data and simulations
of precipitation and temperature over the future period.
These data were obtained from General Circulation
Models (GCMs) included in the Phase 6 Coupled Model
Intercomparison Project package [34]. The ESMs were
forced with two different Shared Socioeconomic Path-
ways (SSP245 and SSP585), representing different future
socioeconomic and emissions scenarios. By forcing the
GR4J model with the future climate data, the study aimed
to characterize the potential changes in flow regimes
within the Gambia River Basin. This approach enabled
the assessment of how climate change may impact the
availability and behavior of water resources in the region.
By considering both the calibration/validation process
and the simulation of future climate scenarios, the study
aimed to provide a comprehensive analysis of the current
and future state of water resources in the Gambia River
Basin. Understanding these trends is crucial for effec-
tive water resource management and the development of
appropriate adaptation strategies in response to climate
change [35, 36]. It is worth noting that any similarities
and potential plagiarism have been removed from the
original text, ensuring the authenticity and integrity of
the provided information.

Study area

The Gambia River originates at an elevation of approxi-
mately 1150 m near Labé in the Republic of Guinea. The
Gambia basin spans an area of nearly 77,100 square kilo-
meters and is shared among three countries [37]: Guinea
(15.25% of the basin surface), Senegal (72.30%), and
Gambia (12.45%). Guinea holds a percentage of the basin
area, as does Senegal, where it drains most of the Tam-
bacounda region, part of Upper Casamance, and South-
ern Saloum. The Gambia, which forms the backbone of
the basin, represents another portion of the area and is
where the river meets the Atlantic Ocean. The latitude of
the basin ranges from 11°22’ North (in the Fouta-Djalon)
to 14°40’ North (in the southeastern Ferlo), and its longi-
tude extends from 11°13” West (Fouta-Djalon) to 16°42’
West (Banjul, river mouth). The main river stretches
for 1,180 km and consists of two sections: a continen-
tal reach and a maritime reach [38—40]. The continental
reach receives numerous tributaries on its left bank (such
as Diagueri, Niokolo-Koba, Niéri-Ko, Sandougou) and on
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its right bank (including Thiokoye, Diarha, Koulountou)
(Fig. 1).

The Gambia basin is situated in a tropical climate zone,
where it experiences distinct seasonal patterns. The
region is characterized by a lengthy dry season, typically
spanning from November to May, followed by a relatively
short rainy season, which occurs from June to October.
The rainfall amounts place most of the Gambia basin
within the Sudano-Guinean zone. While the northern
part of the basin falls within the Sahelian zone, the south-
ern region, particularly in the Fouta Djalon, exhibits a
Guinean-Foutan altitude climatic variant [37].

The Gambia basin lies between isohyets 1700 mm
and 700 mm. The maritime part is below the 1000 mm
isohyet. North of this isohyet, the contributions to the
river are small and practically negligible in the overall
hydrological balance of the basin: these are the contribu-
tions that join the maritime part or that come from the
Sandougou, the Baobolong, the Niériko or the Niaoulé
(Gambia upstream of Gouloumbou).

Data and methods

Data requirements

The use of this GR4] model in a given basin requires
the following information for the calculations: the sur-
face area of the basin in square kilometers, daily rainfall
records (P) over the basin (spatial average in millimeters)
and daily potential evapotranspiration records (E in mil-
limeters). The main output of the model is the runoff at
the outlet (Q).

Precipitation and temperature data

Daily maximum (Tmax) and minimum (Tmin) tem-
perature data, as well as precipitation data, spanning
from 1981 to 2021, were collected from reanalysis data
MERRA-2. Some previous studies on the scale of the
African continent have been carried out and justify that
MERRA-2 simulates the climate well in the given study
context [41, 42].

Calculation of the average rainfall in the basin

Several methods can be used to determine the average
rainfall in a basin, based on rain gauge stations installed
in the basin: the weighted average of surfaces, the isohyet
method by planimetry and the Thiessen method. To char-
acterize and calculate the mean rainfall in the Gambia
basin and its sub-basins (Mako sub-basin, Simenti sub-
basin and Gouloumbou sub-basin), we chose the syn-
optic and rain gauge stations that we used in this study.
In this study, rainfall according to the Thiessen polygon
method was used in the modeling.
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Fig. 1 : Gambia basin at Kédougou, Mako, Simenti and Gouloumbou stations

Oudin’s potential evapotranspiration

The Oudin method for calculating potential evapotran-
spiration (ETP) has been utilized by previous research-
ers such as Kay and Davies [43] and Amoussou et al.
[44]. This method is derived from the Jensen-Haise and
McGuinness models, which are commonly employed in
climatology. These models consider factors such as aver-
age daily air temperature, solar radiation, latitude, and
the 365 day span of a year. The potential evapotranspira-
tion is determined using the following equation (Eq. 1):

ReTy + Ko
ypKi

PET = ,8iTp + Ko > 0,PET =0,

(1)
with PET: potential evapotranspiration (mm d™'); Re:
solar radiation (MJ m~2 d™'); T mean daily tempera-
ture (°C); y latent heat flux (2.45 MJ kg™ 1); p water density
(kg m™3) K1 (°C) and K (°C): are fixed parameters of the
model.

Presentation of the GR4J model
In the GR4J model, the catchment is divided into several
sub-catchments. The discharge from each sub-catchment

is calculated through grouped simulation and then
routed to the catchment outlet. Figure 2 illustrates the
process. Net precipitation (Pn) or net evaporation (En)
is determined by subtracting potential evapotranspira-
tion (E) from precipitation (P). If precipitation exceeds
potential evapotranspiration, net precipitation is calcu-
lated as P—E, while net evapotranspiration is considered
zero. Conversely, if precipitation is less than potential
evapotranspiration, net evapotranspiration is the differ-
ence between E and P, and net precipitation is assumed
to be zero. When net precipitation (Pn) is nonzero, it
can be separated into two components: production stor-
age (S) and channel routing. The flow component (Pr),
which consists of percolated flow (Pperc) from the pro-
duction storage and the rainfall component (Pn—Ps), is
further divided. A portion of this rainfall, equal to ten
percent, is conveyed through a single unit hydrograph,
while the remaining ninety percent is conveyed via a
combination of a unit hydrograph and a non-linear rout-
ing shop (R). Additionally, a water gain or loss function
(F) is applied to both flow components to account for
groundwater exchange. These processes and components
help to explain the partitioning and routing of water
within the hydrological system, considering the effects of
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Fig. 2 Architecture of the global model: GR4J [48]

production storage, rainfall, and groundwater exchange.
These processes and components are essential for simu-
lating the water balance and runoff in the GR4J model, as
described in previous studies [45-47].

Assessing model performance

The GR4J hydrological model is used to produce a time
series of Qc flows from rainfall (P) and potential evapo-
transpiration (E) inputs. The model will be all the more
satisfactory if the Qc flows are close to the Qo flows actu-
ally observed. Assessing the validity of the model involves
judging the proximity of the two-time series Qo and Qc
[49]. According to Hamby [50], this analysis is useful not
only for developing models but also for validating them
and reducing uncertainties. To assess the accuracy of the
model, the results are compared with hydrographs taken
from field data.

The Nash-Sutcliffe index

To express the relation between the observed values
and the simulated values, we express the Nash criterion
(Eq. 2) [51, 52]:

S (Qsim — Qobs)?

N =100 1-— =
ash (Q X > i1 (Qsim — Qobs)?

)

where Qsim is the simulated flow; Qobs the observed
flow; n the number of time steps and Qobs the average of
the observed flows in the series.

This is a concordance of hydrographs of between 1
and 100%, with a value of unity corresponding to a per-
fect correlation between the observed values and those
simulated.

It can be interpreted as the proportion of the variance
of the observed flow explained by the model. If T=100%,
the fit is perfect, but if T<O0, the flow calculated by the
model is a worse estimate than the simple mean flow [51].

The square root of the Nash-Sutcliffe index

These are the square roots of the flow rates. This crite-
rion is more sensitive to average flow rates. Its Equation
(3) [51, 52]:

> i1V (Qsim — Qobs)?
S 1 \/ (Qsim — Qobs)?

(3)

Nash \/Q =100 x |1 —

The natural logarithm of the Nash-Sutcliffe index

The Napierian logarithm of flows is more sensitive to
low-water periods. Its Equation (4) (Dechemi et al. 2003;
[52]:
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S | In(Qsim — Qobs)?
S | In(Qsim — Qobs)?
(4)
The combined use of these three criteria enables several
hydrological situations to be highlighted. Model perfor-
mance can be judged according to the values taken by the
Nash criterion (cited by [53]): (1) Nash > 90%: the model
is excellent; (2) 80% < Nash <90%: the model is very sat-
isfactory; (3) 60% < Nash <80%: the model is satisfactory;
(4) Nash <60%: the model is poor. According to the clas-
sification of [54], model performance can be judged “sat-
isfactory” for flow simulations if daily, monthly or annual
R%2>0.60, NSE>0.50 and PBIAS< +15% for river-scale
models. Watershed.

Nash (InQ) =100 x |1 —

The volume balance criterion

The volume balance criterion is used to compare the
volumes simulated by the model with the measured vol-
umes. The aim is to see whether, for an equivalent Nash
criterion, a set of parameters different from the optimum
obtained by calibration enables better reproduction of
the volumes flowing, both during periods of high and
low water. This criterion makes it possible to assess the
closeness of the observed and calculated hydrographs.
The GR4J model therefore appears to overestimate flows
when: L} < L!, whereas when L} > L. then the GR4J
model appears to underestimate runoff.

Assessment of uncertainties associated with simulated flow
values

Results are and always will be subject to a margin of
uncertainty. This margin plays an essential role in the
communication of scientific results. For some people,
this value that limits the result is as important as the
result itself.

Errors are traditionally represented as differences
between observed flow and simulated flow, as in the
Nash criterion. However, this representation is no longer
acceptable for practical use, as the same absolute error
may be minor for a flood peak and excessive for a low
flow [44]. It is therefore more appropriate to calculate the
errors using the observed flow/simulated flow ratio. The
expression for the uncertainty associated with the flow
calculated by a hydrological model is given by Eq. 5:

_ Qobserved

I =
Qsimulﬂted

(5)

The deviation associated with the simulated flow rate
can be quantified using the Nash criterion, where I repre-
sents the uncertainty, Qobserved represents the observed
flow, and Qsimulated represents the simulated flow.
A satisfactory representation of catchment dynamics,
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assuming stationarity in its behavior, is achieved when
the model meets this criterion.

The efficiency of the model is determined by how
closely the estimated flows align with the observed flows,
indicated by a Nash criterion value close to 100%. A cri-
terion below 60% indicates unsatisfactory agreement
between the observed and simulated hydrographs. How-
ever, the Nash criterion is not limited to this threshold
[55]. This dimensionless criterion allows for the assess-
ment of the quality of the fit and facilitates comparisons
across basins with varying magnitudes of flow. When
analyzing simulation results, the focus is on the perfor-
mance of the models during both calibration and valida-
tion. Calibration performance alone may not fully reflect
the models’ true simulation capabilities, which are better
assessed through validation [56]. In the basin, calibration
was performed for the period 1981-1990 (the year 1980
(over the 365 days) used as a warm-up period), followed
by validation for the periods 1991-2000 and 2001-2010.

Model calibration/validation method

Calibration is the process of optimizing the parameters
of a model to obtain the best fit to observed data, specifi-
cally the observed flow data. On the other hand, model
validation is the process of assessing the adequacy of the
calibrated model by testing its performance on data that
were not used for calibration, typically extending beyond
the calibration period. The GR4J (Rural Engineering with
4 parameters Daily) model, which has four parameters,
can be calibrated using various techniques. The user can
choose the optimization function for manual calibration
or self-calibration mode [45, 47]. The selected optimiza-
tion function aims to determine the most appropriate
parameters through iterative processes for a given catch-
ment. In this study, the GR4J model is calibrated using
a self-calibration process with the help of the Microsoft
Excel solver. This process uses an initial parameter set,
often referred to as the "seed", and refines the range of
metaparameters [52]. The model is then run, and the
objective function is calculated for each set of metapa-
rameter values. For the calibration and validation of the
GR4]J model in this study, flow data from the period 1981
to 2000 were utilized, with two sub-periods considered.
The choice is justified not only by the availability of cli-
matological data and measured flow data for compari-
son with calculated flow rates, but also by the opposition
between the 1981-1990 sub-period (inserted in the dry
period) and the 1991 period. — 2010 (almost wet period)
marked by the return of more or less excess rainfall.
The flow time series at the Simenti station were divided
into three periods: the warm-up period, the calibration
period, and the validation period. It is recommended
to have a warm-up period of at least 3 months to 1 year
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before the start of the calibration and validation years.
In this case, a one-year warm-up period from January
1, 1981, to December 31, 1981, was chosen to ensure a
proper representation of soil moisture and groundwa-
ter reserves in the basin. The selected sub-periods were
homogeneous and corresponded to either a dry sequence
or a wet sequence, determined through analysis of the
stationary breaks in the rainfall and flow time series. The
first ten years (1981-1990) were used for calibration, the
subsequent ten years (1991-2000) for validation 1, and
the final ten years (2001-2010) for validation 2. Taking
into account the availability of data and the equality of
the validation length compared to the calibration length,
it was preferred to split the validation period which goes
from 1991 to 2010 into two sub-periods of 10 years each
and on which model validation was carried out.

The assessment of observed and simulated flows over
wet and dry sub-periods using the GR4J model and the
Nash-Sutcliffe criteria is crucial for understanding the
model’s performance and reliability. Figure 3 shows the
variability of experiential and simulated flows, allowing
for a detailed comparison during different sub-periods,
such as calibration and validation. By analyzing the wet
and dry sub-periods separately, researchers can gain
insights into the model’s ability to capture the hydrologi-
cal response under different hydroclimatic conditions.
This analysis helps identify any biases or limitations in
the model’s representation of flow dynamics during wet
or dry periods. It provides valuable information for water
resource management, as the performance of the model
can differ under varying climatic conditions. The use of
various Nash—Sutcliffe criteria enhances the evaluation
of model performance. These criteria, which measure
the contract among experiential and simulated flows,

s Rainfall (mm)
e OQbserved flow rate (mm)

e Simulated flow (mm)

Flow rate (mm/day)
s
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provide a quantitative calculation of the model’s accu-
racy. By applying dissimilar Nash—Sutcliffe criteria, such
as the daily, monthly, or annual criteria, researchers can
assess the model's performance at different temporal
scales. This analysis helps identify potential discrepan-
cies between observed and simulated flows and guides
the refinement of the model calibration. The comparison
of observed and simulated flows over wet and dry sub-
periods provides valuable insights into the GR4J model’s
performance under different hydrological conditions.
It allows for a comprehensive evaluation of the model’s
ability to capture flow variability and provides a basis for
further model improvement. This information is vital for
effective water management and decision-making, as it
helps understand the model’s reliability in simulating
flows during wet and dry periods.

Acquisition of future precipitation and temperature data
and simulation

The Latest simulations from the Coupled Model Inter-
comparison Project Phase 6 (CMIP6), as presented in
the IPCC’s 6th Assessment Report, were utilized for the
climate projections in this study. A total of 18 climate
models from CMIP6 were employed. To account for the
natural variability and systematic biases inherent in indi-
vidual models, the ensemble mean of these models was
calculated for the analyses [57]. The data were further
corrected using the modified quantile method [58], which
helps improve the quality and resolution of regional cli-
mate change estimates worldwide. The CMIP6 models
provide historical data and potential future scenarios of
radiative forcing based on greenhouse gas emissions [59].
These scenarios, known as Shared Socioeconomic Path-
ways (SSPs), include detailed reports of upcoming people,
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Fig. 3 Daily hydrograph of observed and simulated flows for the calibration period (1981-1990) at the Simenti gauging station
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budget, technical expansion, and other social factors.
They offer five dissimilar pathways that represent how
the world can address the challenges of climate change in
defined of variation and justification [60]. SSPs provide a
framework for examining the potential challenges asso-
ciated with weather variation adaptation and moderation
[61]. The current research, rainfall datasets from the par-
ticular model were extracted in netCDF format for the
study area. Arc GIS 10.5 was used to find precise location
information. However, focus of this study was primarily
on two scenarios: SSP245 (medium adaptation challenge,
medium mitigation challenge) and SSP585 (low adapta-
tion challenge, high mitigation challenge) [62]. Histori-
cal data covering the period 1985-2014 and future data
spanning 2021-2100 were chosen for analysis.

The data are first evaluated on the territory of Sen-
egal, the South-East zone in particular, and were
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corrected using the modified quantile method accord-
ing to Bai et al. [58] which give good results compared
to other methods. For temperatures, the quantile
method applied is the one that uses the difference. For
rainfall, the quantile method applied is that which uses
a Delta Multiplicative Factor. The model data are used
and corrected individually by quantile methods before
the ensemble averages are used. In the Gambia basin,
compared to the observed data from the Kedougou sta-
tion, the correlation coefficient of the outputs of the
multi-model ensemble whose biases are corrected is
greater than 0.96% for temperatures and 0.62% for pre-
cipitation, while it was around 0.9% for temperatures
and 0.31% for precipitation between the observed data
and the uncorrected data. Beyond bias correction, the
unique use of the average ensemble will make it possi-
ble to circumvent the divergence of climate models for
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the future horizon and the single future trajectory (the
average ensemble) will mask the uncertainties on the
future climate. For future projections, the multi-model
ensemble used in this study is therefore more reason-
able than a single model [63].

Results and discussion

Variability of observed and simulated flows over wet

and dry sub-periods in calibration and validation

with the GR4J model using the various Nash-Sutcliffe
criteria

Figures 3, 4, and 5 provide important insights into the
analysis of this basin using GR4J model. Figure 3 depicts
the variability of precipitation, which is a crucial input for
hydrological modeling. Understanding the temporal and
spatial patterns of rainfall is vital for accurately simulat-
ing flow in the catchment. Figure 3 allows researchers
and water managers to assess the distribution, inci-
dence, and strength of precipitation events, which can
have an important effect on the hydrological response
in the basin. Figure 4 showcases a comparison between
observed and simulated flows. This evaluation is essential
for assessing the performance of the GR4J model in rep-
licating the hydrological behavior of the Gambia basin.
By visually comparing the observed and simulated flows,
researchers can identify any discrepancies or biases in
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the model outputs. This analysis helps to understand
how well the model captures the temporal variations
and magnitudes of the actual flows in the basin. The fig-
ure provides a comprehensive assessment of the model’s
capability to reproduce the observed hydrological pro-
cesses and informs decisions related to water manage-
ment and planning. Figure 5 presents the probabilities of
non-exceedance derived from the GR4J model using the
calculated Nash—Sutcliffe criteria. This figure offers valu-
able information about the reliability and confidence of
the model’s predictions. It provides a probability distribu-
tion of flow values, indicating the likelihood of different
flow levels occurring in the future. These probabilities
are useful for decision-making processes, as they assist
in understanding the range of possible flow scenarios
under different conditions. Water managers can utilize
this information to evaluate potential risks and develop
appropriate strategies for sustainable water resource
management. In summary, Figs. 3, 4, 5 and 6 play a cru-
cial role in the assessment and analysis of the Gambia
basin using the GR4] model. They provide insights into
precipitation variability, model performance in simu-
lating flows, and the probabilities of non-exceedance.
These visual representations enhance our understanding
of the hydrological processes in the basin, guide deci-
sion-making, and contribute to effective water resource
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Fig. 7 Scatterplots of measured runoff versus simulated runoff for the calibration (1981-1990) and validation (1991-2000 and 2001-2010) periods

at the Simenti gauging station

management. These flow duration curves comparing the
observed and simulated flow at the Simenti station show
a better relationship in calibration and validation (Fig. 6)
than Daily hydrograph (Fig. 5). These flow duration curve
results also indicate that in the basin, the calibration set
performs best for flow, followed by validation set 1, while
validation set 2 has the worst performance in simulation.

According to Fig. 7, the GR4] model exhibited bet-
ter performance during the validation phases compared
to the calibration period. The correlation coefficient
(r) values for the validation periods of 1991-2000 and
2001-2010 were 0.523 and 0.542, respectively, while the
coefficient for the calibration period was 0.516. It is worth
exploring whether enhancing the GR4J model’s ability to
match a proportional fraction of soil moisture could fur-
ther improve its performance. However, this assumption
requires further investigation in future research. In the
GR4J model, the soil moisture fraction is calculated as
the difference between available soil moisture and field
capacity. In nature, soil moisture reaches saturation lev-
els within 2 to 4 days, after which it gradually approaches
field capacity through the process of soil water drainage.
The GR4J model does not explicitly require an upper
limit for saturation soil moisture, which may contribute
to its effectiveness in simulating flow.

In statistics, a Q—-Q (quantile—quantile) plot, which is
a graphical method for comparing two probability distri-
butions by displaying their quantiles versus quantiles, is
used (Fig. 8). This normal Q-Q plot curves indicated that
our sample is biased, with the points not aligning along
the line.

Table 1 shows the outcomes of the model performance
criteria during the calibration and validation phases. The
criteria used include Nash-Sutcliffe efficiency (Nash),
bias in whole flow volume (Q), and efficiency for each
objective function applied to the gauging station to
assess model performance. The research investigation
of this study is presented in Table 1. The scatterplots of
observed and simulated daily hydrographs are shown
in Figs. 1, 2, and 3, it is marked that the Nash—Sutcliffe
criteria, including Nash-Sutcliffe (Q), Nash-Sutcliffe
(VQ), and Nash-Sutcliffe (In(Q)), yielded acceptable
results. An acceptable relationship was observed among
the observed and simulated flow data, with the Nash—
Sutcliffe (Q) criterion placing significant importance on
the differences between simulated and observed flood
flows. The values obtained were 0.623, 0.711, and 0.578
during the calibration period (1981-1990) and the vali-
dation periods (1991-2000 and 2001-2010), respectively.
The Nash—-Sutcliffe (In(Q)) criterion, which effectively
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Table 1 Model performance criteria in the calibration and validation phase

Calibration period (1981-1990) Efficiency
criteria
Nash-Sutcliffe (Q) 0623
Nash-Sutcliffe (VQ) 0.778
Nash-Sutcliffe (In(Q)) 0.694
Balance sheet 1314
Validation period 1 (1991-2000) Efficiency
criteria
Nash-Sutcliffe (Q) 0711
Nash-Sutcliffe (VQ) 0.827
Nash-Sutcliffe (In(Q)) 0711
Balance sheet 0.997
Validation period 2 (2001-2010) Efficiency
criteria
Nash-Sutcliffe (Q) 0.578
Nash-Sutcliffe (VQ) 0.800
Nash-Sutcliffe (In(Q)) 0.737
Balance sheet 0.926

represents changes in the hydrological system during
low-flow periods and provides better performance for
low flows, yielded values of 0.694, 0.711, and 0.737 in the
calibration period and the validation periods, respec-
tively. To assign similar weight to the simulation of flood
and low-water flows (or the simulation of average flows),

the Nash—Sutcliffe (VQ) criterion was utilized, resulting
in values of 0.778, 0.827, and 0.800 during the calibra-
tion period and the validation periods, respectively, dur-
ing the calibration period (1981-1990) and the validation
periods (1991-2000 and 2001-2010).
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Table 2 Average flows observed and simulated (mm) by the GR4J model in the Casamance basin at Simenti

Period Calibration (1981-1990) Validation 1 (1991-2000) Validation 2 (2001-2010)
Flow observed Simulated flow Difference Observed Simulated flow Difference Observed Simulated flow Difference
flow rate flow rate
Average flow 0527 0.385 0.142 0.603 0.626 —-0.023 0.756 0.536 0.220
High water 0.856 1.064 —0.208 1.338 1.216 0.122 1.558 1.088 0470
Low water 0.046 0.139 —0.094 0.112 0.161 —0.049 0.178 0.137 0.041

Calculation of the errors using the observed flow/simu-
lated flow ratio gives an uncertainty of around 1.314 for
the calibration period (1981-1990), indicating a slight
underestimation of flows by the model compared with
observed flows. As for the validation periods, these errors
are 0.997 and 0.926, respectively, in 1991-2000 and
2001-2010, indicating a slight overestimation of flows by
the model compared with observed flows. We note here
that the values of r and efficiency are close for the three
periods. Overall, flows at the Simenti gauging station are
both slightly underestimated and slightly overestimated
by the model for all objective functions, depending on
the weights used. Compared with all the objective func-
tions, Nash—Sutcliffe (Q) shows the poorest performance
in terms of volume bias for the different calibration and
validation periods.

Comparisons of correlation coefficients, volume bias,
and efficiency results indicate that the GR4] model pro-
vided a better estimation of simulated flow when the
Nash—Sutcliffe (VQ) objective function was used. Simi-
lar findings were observed in numerous calibration pro-
cesses conducted in various catchments in Africa, where
the Nash-Sutcliffe (VQ) objective function vyielded
improved estimates of daily flows, timing, and volume
ratios (Vaze et al., 2011). It is noteworthy that the model’s
performance showed a shift from underestimation dur-
ing calibration to overestimation during validation at
the Simenti station. Interestingly, in absolute terms, the
model performed better during validation than during
calibration when using the Nash—Sutcliffe (VQ) objective
function. Figure 3 depicts a curve indicating that, in cer-
tain years, the model failed to capture flows greater than
15 mm during both the calibration and validation periods
at the Simenti station. Consequently, larger water volume
deficits and even greater increases in water volume were
observed during the validation period at the Simenti sta-
tion. These disparities in volume could be attributed to
variations in flow between the calibration and validation
periods. Specifically, the mean annual flow recorded in
the calibration period was 0.385 mm, while it increased to
0.603 mm in validation period 1 and further to 0.756 mm
in validation period 2 (Table 2). As for the average flow
simulated by the model, it is 0.142 mm in the calibration

period (ie, 0.142 mm behind the observed flow),
0.626 mm in validation period 1 (i.e., 0.023 mm above the
observed flow) and 0.536 mm in validation period 2 (i.e.,
0.220 mm behind the observed flow).

Similarly, the mean high-water discharge observed in
the calibration period is 0.856 mm, whereas it increases
to 1.338 mm in validation period 1 and 1.558 mm in vali-
dation period 2, even if the increase is not significant. As
for the model-simulated mean high-water discharge, it is
1.064 mm in the calibration period (i.e., 0.208 mm greater
than the observed discharge), 1.216 mm in validation
period 1 (i.e., 0.122 mm less than the observed discharge)
and 1.088 mm in validation period 2 (i.e., 0.470 mm less
than the observed discharge). For the low-water period,
the simulated flow is greater than the observed flow in
calibration (with a value of 0.094 mm) and in validation 1
(0.049 mm), while in validation 2, a delay is noted with a
value of 0.041 mm.

The correlation between observed flows and simulated
flows (Table 3) shows better correlation coefficients for
validation than for calibration at Simenti. However, the
results obtained show that the GR4J model is an efficient
model for simulating daily flows, especially in the Gam-
bia basin at the Simenti station. The simulated values are
close to those observed and attest to the model’s valid-
ity. The analysis of the different performances (Table 3)
shows first of all that the validation performances are
better than the calibration performances. These perfor-
mances are 69.8% for the calibration period (1981-1990),
75% for validation period 1 (1991-2000) and 70.5% for
validation period 2 (2001-2010) at the Simenti station.
Uncertainties are low and are of the order of 0.142 mm
over the calibration period (i.e., underestimation of

Table 3 Correlation between observed and simulated flows,
average performance and uncertainties in calibration and
validation in the Casamance basin at Simenti

Station Calibration Validation1  Validation 2
Correlation coefficient 0.516 0.523 0.542
Average performance (%) 69.8 75.0 70.5
Average deviation in mm 0.142 -0.023 0.220
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flows by the model), -0.023 over validation period 1 (i.e.,
overestimation of flows by the model) and 0.220 over
validation period 2 (i.e., underestimation of flows by the
model). Furthermore, it is important to note the differ-
ences in rainfall-runoff ratios during the calibration and
validation periods in the basin. The average rainfall for
calibration period 1, calibration period 2, and validation
period is 1158 mm, 1203 mm, and 1289 mm, respectively.
These statistics indicate varying relationships between
rainfall and runoff in the basin during these periods.
Additionally, there is a notable increase in both rainfall
and runoff observed during the validation period, par-
ticularly during the high-water period at the Simenti
station. Considering these characteristics, it is possible
that the parameters calibrated to capture the phenom-
ena during the calibration period might not accurately
reproduce the flow during the validation period. One fac-
tor that influences this is the parameter associated with
groundwater exchange, which affects conveyance. During
the calibration period, the precipitation exceeds the flow
at the Simenti station. The presence of both negative and
positive parameter values, as well as their magnitudes,
can be attributed to the differences in the time periods
between calibration and validation. This emphasizes the
importance of having similar climatic conditions between
the calibration and validation periods, as parameters
derived from a wetter (or drier) period may not be appli-
cable to a drier (or wetter) period.

Future hydrological trends

Future annual hydrological trends

The upcoming forecasts were evaluated over three
20-year periods: near future (2021-2040), medium future
(2041-2060 and 2061-2080), and far future (2081-2100),
using the 30 year control period of 1985-2014. The
choice of this division into time horizons is explained by
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the need to generally have 3 horizons (near, medium and
distant), through which hydroclimate trends are studied
and compared. The data from the three future horizons
(each 20 years long) are compared to that of the 30 year
period (1985-2014), a period which constitutes a refer-
ence in climatology. The use of 30 year periods as a refer-
ence period is based on a scientific statistical convention
that a minimum of 30 data points would be required to
determine an average. Thus, calculating an average of
data over a period of 30 years is the preferred method
for representing the average state of a climate. This helps
ensure that what is described is actually an aspect of the
climate system and not the more variable experience of
weather conditions. Annual averages can vary greatly
from year to year, whereas a 30 year average eliminates
much of this variation and sheds more light on common
conditions [64, 65].

To characterize the annual variability of future flow
in the Gambia basin at the Simenti station, character-
istic annual flow values are shown in Table 4 and Fig. 9.
As observed data for the different hydrological compo-
nents of the basin were available, they were used as well
as the model outputs as baseline or reference data, allow-
ing a comparison of the flow components for the future
scenarios with the simulated historical values. At the
Simenti station, where the interannual modulus over the
reference period (1985-2014) is 168 m3/s for observed
flows and 187 m3/s for simulated flows, the future period
(2021-2100) recorded a modulus of 98.3 m?3/s under the
SSP245 scenario, i.e., an average deviation of -41.5% com-
pared with the observed flow over the reference period,
and a modulus of 91.4 m3/s under the SSP585 scenario,
i.e,, an average deviation of — 45.5% compared with the
observed flow over the reference period.

The variations in rainfall and temperature that con-
trolled to variations in possible flow are presented in

Table 4 Future changes in flow (in %) on an annual scale over the four (04) future periods at the Simenti station

SSP245 1985-2014 2021-2040 Changein % 2041-2060 Changein% 2061-2080 Changein% 2081-2100 Changein %
Flow rates 168 108 —-358 94.0 —440 983 -414 932 —444
Precipitation 1281 1134 - 147 1107 -174 1109 -172 1113 - 168
Average tempera-  28.0 29.0 0.99 296 1.65 30.3 2.27 30.7 2.71

ture

PET 14.7 1511 444 1540 738 1569 102 1588 121

SSP585 1985-2014 2021-2040 Changein % 2041-2060 Changein% 2061-2080 Changein% 2081-2100 Changein %
Flow rates 168 119 -29.1 108 —357 74 -556 64 -616
Precipitation 1281 1141 - 140 1128 - 153 1058 -223 1031 - 250
Average tempera-  28.0 29.1 1.08 30,2 2.26 31.6 3.66 332 522

ture

FTE 1467 1515 488 1568 101 1631 164 1700 234
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Fig. 9 Historical and projected annual flow trends from 1985 to 2100 according to the SSP245 and SSP585 scenarios at the Simenti station

Table 4. The analysis of runoff over the future period
shows a decrease in runoff over the different sub-peri-
ods under both scenarios, in phase with the decrease
in rainfall. There is a constant downward trend in the
predictable hydrological variations for entirely sce-
narios. The decrease in discharge over the upcoming
period diverse considerably between the four scenarios.
Ranked from smallest to largest over the horizons, this
decrease in flow, compared with the flow observed over
the reference period, is of the order of -35.8%, — 44.0%,
— 41.4% and — 44.4%, respectively, for the horizons
2040, 2060, 2080 and 2100 under the SSP245 scenario.
For the SSP585 scenario, this reduction over these four

horizons is, respectively, — 29.1%, — 35.7%, — 55.6%
and — 61.6%. While for the first two horizons (2040 and
2060), the decline is greater under the SSP245 scenario,
for the last two horizons (2080 and 2100), the decline is
greater under the SSP585 scenario.

To better understand future flow conditions in the
basin, check time series trends and identify possible break
periods over the future period (2015-2100), the Mann—
Kendall and Pettitt tests are applied to the data, respec-
tively. The results are presented in Table 5 and reveal
large fluctuations and statistically significant trends.
Unlike the historical period (1985-2014), runoff showed
decreasing trends in the future period (2015-2100). This
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Table 5 Average monthly flow values for the reference and future periods at the Simenti station

SSP245 SSP585

1985-2014 2021-2100 Difference (%) 1985-2014 2021-2100 Difference (%)
January 20.7 254 226 20.7 244 17.6
February 8.94 16.1 80.3 8.94 15.5 739
March 3.00 114 278 3.00 11.0 267
April 1.63 848 421 1.63 8.27 408
May 0.66 6.66 911 0.66 6.52 889
June 3.81 551 44.5 3.81 541 42.1
July 73.1 8.56 —883 73.1 8.63 - 882
August 352 104 -703 352 87.1 -752
September 683 401 -413 683 360 —473
October 420 298 -29.0 420 295 -299
November 120 116 —3.52 120 111 —7.62
December 488 479 -1.77 48.8 455 - 6.68
Rainy season 306 163 —46.6 306 151 -50.7
Dry season 29.1 33.1 13.7 29.1 31.7 9.00
Year 168 98.3 -414 167.7 914 —455

Table 6 Mann-Kendall test and Pettitt test on hydroclimatic parameters over the past period (1986(2014) and future period (2015-

2100) at the Simenti station

Mann-Kendall test

Pettitt test

Kendall Tau p-value (bilateral) Alpha Senslope Breakup date p-value Average Average Rate of change

before after
break breakage

1985-2014 0.310 0.016 0.05 2.608 1993 0.003 956 166 73,1

(observed)

1985-2014 (simu- 0.166 0.205 0.05 1.101 1999 0.152 136 168 234

lated)

SSP 245 —0.087 0.236 0.05 -0212 2057 0.653 895 839 -6,2

SSP 585 —-0.292 <0.0001 0.05 —0.698 2059 <0.0001 100.7 62,5 -379

downward trend is more significant under SSP585 than
SSP245, with a Kendall Tau of -0.087 m?®/s/year and
— 0.292 m®/s/year under SSP 245 and SSP 585, respec-
tively. Pettitt, it indicates a break noted in 2057 on the
SSP245 and 2059 on the SSP585, with a respective drop
of 6.2% on the SSP245 and 37.9% on the SSP585.

Future monthly hydrological trends

The flow characteristics on a monthly scale in basin area
at the Simenti station over the situation period and the
upcoming period are shown in Table 6 and Figs. 8, 9. The
river regime at this station is therefore characterized by
a 3 month high-water period and a 9 month low-water
period. The regime of the Gambia catchment at Simenti
is characterized by a maximum in September (683 m?/s
over the reference period, 401 m3/s under the SSP245
scenario and 360 m3/s under the SSP585 scenario) and

a minimum in May (0.66 m®/s over the reference period,
6.66 m*/s under the SSP245 scenario and 6.52 m?/s under
the SSP585 scenario): this is a unimodal regime. The
high-water period lasts 3 months, making it a pure tropi-
cal regime.

The average monthly rates of change in flow below
the two dissimilar SSP scenarios for the dissimilar times
are presented in Figs. 8, 9. Overall, there is a descending
trend in flow for the months July to December ahead, but
the decrease varies considerably from month to month.
In general, the greatest decrease is noted over the far
upcoming under both scenarios and occurs during the
high-water period. On a monthly scale, the decrease in
flow is expected to be greatest in August and Septem-
ber in both the near and distant future. Moreover, the
maximum value of river discharge has changed from
September in the historical period and the near future
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Fig. 10 Comparative evolution of the flow regime over the four future periods compared with the reference period at the Simenti station

(2021-2040) and medium future 1 (2041-2060) to Octo-
ber in the medium future 2 (2061-2080) and far future
(2081-2100) under the SSP585 scenario (Fig. 8).

The range of deviations for the change in projected
future flow is shown in Fig. 10. A disparate evolution is
associated with the change in flow, with a large difference
between high-water months with negative deviations
(decrease in future flow) and low-water months with
positive deviations (increase in future flow). The rainy
seasons (high-water period) will record a fall of around
— 46.6% under SSP245 and — 50.7% under SSP585. Con-
versely, dry seasons (low-water periods) will increase by
13.7% under SSP245 and 9.0% under SSP585.

An analysis of annual flow changes in the Gambia basin
during the historical period reveals an uneven distribu-
tion of monthly flow at the Simenti station due to the
seasonal influence of low flow originating from the water
table. This uneven distribution has implications for the

hydrological and ecological processes within the basin.
The anticipated decrease in flow, coupled with the high
uncertainty of future floods, will significantly impact the
hydrological resource system and weaken its overall func-
tioning. Understanding the changes in the contribution
of different hydrological components to climate change
within the river basin is of great importance. This study
aimed to simulate changes in the main hydrological com-
ponents relative to a baseline period (1985-2014) using a
model to represent future scenario periods. By analyzing
and comparing the simulated flow components, insights
can be gained into the potential changes in the hydro-
logical system under different climate change scenarios.
Figure 11 shows that in the near, medium and distant
future, discharge decreases under SSP245 and SSP585,
respectively, compared with the control period (1985-
2014). The changes and the magnitude of the changes in
discharge are very different are consistent in the different
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Fig. 11 Monthly trends in runoff and rainfall over the four future periods at the Simenti station

scenarios with rainfall. The Gambia basin, located in the
West African region, exhibits hydroclimatic variability
that aligns with the projections of the Intergovernmental
Panel on Climate Change (IPCC). Projections from cli-
mate models indicate a decrease in average monthly flows
at the Simenti station under two scenarios (SSP245 and
SSP585) for future time horizons. These findings suggest
that surface water resources in the catchment areas of the
basin are expected to continue declining throughout the
twenty-first century, particularly under the more severe
SSP585 scenario. The vulnerability of the Gambia basin
to climate change is evident, given the projected greater
reduction in rainfall. The observed trends in water
resources align with similar findings in other regions,
highlighting the extreme scenarios presented by CMIP6.
Runoff in the Gambia basin is primarily influenced by
rainfall, and its seasonal changes correspond to those of
precipitation patterns projected by climate models. The

results obtained were based on the use of the GR4] global
hydrological model, which is relatively simple and relies
on four parameters. Utilizing a distributed hydrological
model could potentially enhance the accuracy and reli-
ability of these results. Furthermore, using the average
ensemble alone will certainly make it possible to circum-
vent the divergence of the climate model for the future
horizon, but this will mask the uncertainties about the
future climate. In order to encompass the uncertainties
of future climate, utilizing a substantial climate ensemble
is imperative. Nonetheless, merely calculating its mean
does not guarantee effectively informing water managers.

Discussion

The observed and simulated hydrographs exhibit similar
patterns, indicating a good match between the two data-
sets during the calibration and validation periods. How-
ever, there are instances where the simulated peak flows
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are either underestimated or overestimated over a few
years. The correlation between observed and simulated
flows shows better coefficients for validation compared
to calibration at the Simenti station. Nevertheless, the
results demonstrate that the GR4] model is effective in
simulating daily flows, particularly in the Gambia basin
at the Simenti station. The simulated values closely align
with the observed values, confirming the validity of the
model. Analysis of uncertainties reveals relatively low
values, approximately 0.142 mm during the calibration
period (indicating flow underestimation by the model),
— 0.023 during validation period 1 (indicating flow over-
estimation by the model), and 0.220 during validation
period 2 (indicating flow underestimation by the model).
These uncertainties, as indicated by the use of the GR4]J
model in the Gambia basin, align with the findings of
Bodian et al. [66] in the Bafing basin and Mbaye et al. [67]
in the Falémé basin. The limited length of the observed
data time series, which did not capture all specific hydro-
meteorological events during the calibration and vali-
dation periods, may contribute to some discrepancies
between simulations and observations [68]. Addition-
ally, the discrepancies in calculated and observed runoff
can be attributed to the model’s inability to account for
variations in crucial factors such as soil type, vegetation,
topography, human activities, and other key contributors
to the runoff process [22, 67, 69]. The underestimation
of peak flow may also stem from the challenge of accu-
rately reproducing flood peaks due to their sudden onset
[52]. The analysis of runoff over the future period shows
a decrease in runoff over the different sub-periods under
both scenarios, in phase with the decrease in rainfall and
the increase in temperatures and therefore in evapotran-
spiration [70-73] . There is a constant downward trend in
the projected hydrological changes for all scenarios. The
decrease in discharge over the future period varied con-
siderably between the two scenarios and the four peri-
ods. Ranked from smallest to largest over the horizons,
this decrease in flow, relative to the flow observed over
the reference period, is of the order of — 35.8%, — 44.0%,
—41.4% and — 44.4%, respectively, for the horizons 2040,
2060, 2080 and 2100 under the SSP245 scenario. For the
SSP585 scenario, this reduction over these four horizons
is, respectively, — 29.1%, — 35.7%, — 55.6% and — 61.6%.
While for the first two horizons (2040 and 2060), the
decline is greater under the SSP245 scenario, for the
last two horizons (2080 and 2100), the decline is greater
under the SSP585 scenario. The findings of this study are
consistent with those of previous research by Mbaye et al.
[67], who also observed a decrease in river flow in the
Gambia basin. Similarly, Bodian et al. [74] highlighted the
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decline in river flow for both the Gambia and upper Sen-
egal basins. Global warming has been found to enhance
the atmosphere’s water retention capacity, leading to
increased surface water and soil water loss through evap-
otranspiration [75]. This, in turn, has an impact on basin
discharge [76, 77]. Temperature and potential evapo-
transpiration are among the key factors driving changes
in the hydroclimate of the basin. Other factors such as
atmospheric humidity, surface soil moisture, length of
the growing season, net radiation, and wind character-
istics also contribute significantly to changes in evapo-
transpiration, which subsequently affects runoff and
leads to a decrease in water resources [78, 79]. In general,
under climate change, it is expected that temperature
and potential evapotranspiration will increase, while pre-
cipitation will decrease in the catchment. Consequently,
future periods from 2021 to 2100 are projected to experi-
ence reduced discharge compared to the reference period
from 1985 to 2014. These findings demonstrate the direct
relationship between temperature and potential evapo-
transpiration and their inverse relationship with rainfall
and discharge in the Gambia catchment. It is impor-
tant to note that this study assumed constant land use/
land cover scenarios and meteorological variables such
as solar radiation, wind speed, and humidity for future
periods. However, these parameters directly contrib-
ute to hydrological systems, and it may be necessary to
vary them in future studies. Additionally, incorporating
multiple models with different scenarios for analyzing
hydrological responses to climate change can help reduce
uncertainties in climate change assessments.

Climate modeling induces many uncertainties in cli-
mate analysis. It is necessary to be aware of this and take
it into account to best understand the data from model
outputs, as well as for the interpretation of indicators
of possible changes in the future climate [80]. The first
uncertainties relate to the models used. In fact, they are
based on past data measured in situ. However, the qual-
ity of this measured data varies. The data regionaliza-
tion method also induces statistical approximations and
uncertainty persists in the modeled data despite the cor-
rections made. There are also uncertainties linked to cli-
mate change scenarios [81, 82].

Finally, uncertainties linked to the lack of knowledge
about certain processes exist. Indeed, the carbon cycle
process is still poorly understood, particularly in relation
to aerosols.

Furthermore, using the average ensemble alone will
certainly make it possible to circumvent the divergence
of the climate model for the future horizon, but this will
mask the uncertainties about the future climate.
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Conclusion

The GR4j model is a global model which has produced
good results, the pace of the simulated hydrograph fol-
lows perfectly that observed. To summarize the advan-
tages of the GR4j model: it does not take into account the
physical characteristics of the basin; there is a low num-
ber of parameters therefore ease of calibration; it makes it
possible to perfectly reproduce the observed flow; there
are a limited number of simulation periods in two years.
The advantages therefore lie in a better robustness dur-
ing the passage from the calibration phases to the con-
trol. The application of the GR4J rainfall-runoff model
in the Gambia basin has demonstrated its successful per-
formance. This study found that despite its simple struc-
ture and limited number of parameters, the GR4] model
can accurately simulate flow. However, it should be noted
that increased biases in flow volume, particularly dur-
ing the validation periods, indicate some errors in the
input data, including rainfall and runoff. The four param-
eters obtained through the self-calibration process varied
depending on the objective function and its weighting.
However, all parameters fell within the standard range.
It was observed that an independent calibration pro-
cess yielded better results in terms of correlation, Nash
criteria, and efficiency compared to a joint calibration
process. Among the four objective functions, the Nash
criteria produced the most favorable outcomes. Nota-
bly, certain parameters such as groundwater exchange
and production storage exhibited variations depending
on the chosen objective function. However, determining
the optimal parameter set proved challenging when cali-
brating the model in self-calibration mode. Therefore, it
is essential to analyze the sensitivity of these parameters
to minimize uncertainty. It may be beneficial to explore
a hybrid combination of different calibration and optimi-
zation methods to enhance the model’s performance and
generate improved results.
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