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ABSTRACT: The Koliba-Corubal basin, located between Guinea and Guinea-Bissau, is a key area for
water resource management, but it is vulnerable to the effects of climate change. This article aims to analyze
historical and future hydrological trends in this basin using the GR4J hydrological model in order to assess
the impact of climate change on water availability. The study is based on past climate data (1981-1993)
and future projections from CMIP6 climate models, applied to three climate change scenarios: SSP 126,
SSP 370, and SSP 585. The results show a significant decrease in river flows in the basin, with reductions
of up to 65.6% by the end of the century, especially under the SSP 370 and SSP 585 scenarios. Dry periods
are especially affected, with a marked decline in monthly flows, seriously impacting water resource
management for agriculture and drinking water supply. Using Mann-Kendall and Pettitt statistical tests, the
study also identifies potential breaks in the time series of flows. The results of this analysis highlight the
urgency of adopting climate change adaptation strategies and the need for sustainable water resource
management in the Koliba-Corubal basin to meet the challenges posed by these changes.

Keywords: Climate change; Watershed; GR4J hydrological model; Precipitation; River flows; CMIP6
climate scenarios

1. Introduction

In semi-arid and tropical regions, the availability of surface freshwater is a cornerstone for both human
livelihoods and economic development. Climate variability in these zones frequently amplifies pressure on
ecosystems and water-dependent activities [1]. The Koliba-Corubal basin, which extends across the border
between Guinea and Guinea-Bissau, plays a fundamental role in West African water management.
Although its surface area is modest (approximately 20,876 km?), the basin supports local communities
through agriculture, inland fisheries, and domestic water consumption [2]. Nevertheless, this catchment is
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inherently vulnerable to climatic change, mainly because rainfall and temperature fluctuations directly
modulate the hydrological cycle.

West Africa has already experienced significant shifts in river regimes driven by global warming and
climate oscillations [3]. Future climate projections indicate that evolving rainfall patterns and rising
temperatures will further influence water availability and resource planning within the Koliba-Corubal
basin [4]. Such changes are likely to diminish surface runoff, especially during the dry season, thereby
reducing the water supply for local populations [5]. Given these challenges, a robust understanding of both
historical and future hydrological tendencies is essential to design effective adaptation responses.

The present study aims to characterize past and future hydrological behavior in the Koliba-Corubal
basin by employing the GR4J hydrological model. This model was selected because of its proven capability
to simulate runoff at the catchment scale while integrating available climatic inputs, including precipitation
and potential evapotranspiration series [6,7]. By running GR4J with historical data (1981-1993) and future
climate projections from CMIP6, we estimate changes in flow dynamics up to 2100. Three emission
scenarios (SSP1-2.6, SSP3-7.0, and SSP5-8.5) are used to represent different greenhouse gas concentration
trajectories [8,9]. These scenarios are widely adopted for regional-scale climate impact assessments [10].
Even under a moderate scenario (SSP1-2.6), notable modifications in rainfall and temperature distributions
are anticipated, with direct consequences for hydrological regimes [9,11]. Therefore, incorporating climate
projections into water management models and long-term planning is crucial to minimize adverse effects
on local communities [11]. This work contributes to the existing literature on West African water resources
by offering a detailed, scenario-based assessment of future hydrological trends in the Koliba-Corubal basin.

2. Materials and Methods

The Koliba/Corubal river basin lies between 11° N and 12°30’ N and between 12° W and 14°30" W. It
is shared between Guinea (84.5% of the area) and Guinea-Bissau (15.5%), covering 20,876.4 km? at the
Tché-Tché gauging station (Figure 1). The river originates in the western part of the Fouta Djallon highlands
(Middle Guinea, Labé region). It forms from the confluence of two headwater streams: the Tomine (rising
near Sangale) and the Kombia (rising near Madina Wora). These two tributaries meet near Gaoual to form
the Koliba. After flowing westward for more than 200 km, the river briefly delineates the border between
Guinea and Guinea-Bissau before entering the latter, where it is renamed the Corubal. It subsequently joins
the Kayanga/Geba River near Xime in a flat, marshy zone where tidal influences extend far inland, creating
the Geba estuary [2,12]. Despite its relatively small catchment, this river constitutes Guinea-Bissau’s
primary source of freshwater. For clarity, the dense hydrographic network has been simplified in Figure 1.

Vegetation within the basin includes dense forests, degraded montane forests, dry forests frequently
affected by bushfires, wooded savannas, cultivated areas, and fallow lands [2,13]. The climate is tropical,
characterized by a single rainy season lasting five months in the north and six months in the south, followed
by a dry season (April to November), although minor rainfall (a few millimeters) may still occur during the
dry period. Precipitation decreases from south to north in response to the West African monsoon. Average
monthly maximum temperatures range from 26.0 °C to 33.4 °C in Labé and from 31.1 °C to 40.2 °C in
Koundara (observed in August and April, respectively). Mean minimum temperatures vary between 10.2 °C
and 18.3 °C in Labé and between 15.0 °C and 24.2 °C in Koundara from December to May.
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Figure 1. Koliba Corubal Basin at the stations of Tche Tche, Cade, Gaoual Koliba and Gaoual Tomine.

2.1. Data Requirements

Operating the GR4J model over a catchment requires several input variables: the basin area (km?),
daily precipitation (P), and daily potential evapotranspiration (E). These variables are required to estimate
runoff at the basin outlet, which is the primary model output.

Daily maximum (Tmax) and minimum (Tmin) temperatures, together with precipitation data for the
period 1981-1993, were extracted from CHIRPS (precipitation) and ERAS (temperature) datasets. To
compute the spatial average of rainfall over the Koliba-Corubal basin at the Tché-Tché station, the Thiessen
polygon method was applied—a standard technique for merging data from multiple rain gauges.

Potential evapotranspiration (PET) was estimated using the Oudin method, which builds upon the
Jensen-Haise and McGuinness formulations. This approach accounts for mean daily temperature, solar
radiation, latitude, and day length, thereby providing a robust PET estimate over the modeling period.

2.2. Presentation of the GR4J Model

The GR4J model discretizes a catchment into sub-basins (Figure 2). For each sub-basin, net
precipitation (Pn) or net evaporation (En) is determined by comparing precipitation (P) and potential
evapotranspiration (E). When P exceeds E, net precipitation equals P — E and net evaporation is zero;
conversely, when P is less than E, net evaporation equals E — P and net precipitation is zero. The model
then routes water through two reservoirs (a production store and a routing store) to simulate streamflow at
the outlet (Figure 2 retained as original).
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Figure 2. Scheme of model GR4J [7,8]. The water flow in the GR4J model results from a conversion of m* (volume) to mm
(depth) by dividing the volume by the area of the catchment.

2.3. Evaluation of Model Performance

Model accuracy improves when simulated discharges (Qc) closely match observed values (Qo).
Comparing these two time series serves to evaluate model validity [14]. As noted by Hamby [15], such
comparisons aid both model development and validation while minimizing uncertainties. Agreement

between modelled hydrographs and field-measured data further confirms reliability.

2.3.1. The Nash Q Index

To assess the agreement between observed and simulated flows, we used the Nash-Sutcliffe efficiency

(NSE), defined as [16,17]:

Nash (Q) =1 -

Z?zl(Qsim - Qobs)2
Z?zl(Qobs - Q_obs)2

Q)

where: Osim 1s the simulated flow rate; Qoss is the observed flow rate; n is the number of time steps; and
Q,ps is the average of the observed flow rates in the series.

The Nash—Sutcliffe efficiency ranges from 0 to 1, where 1 signifies perfect agreement between
observed and simulated flows. A negative value indicates that the mean of observations provides a better
prediction than the model [16]. This metric quantifies model accuracy based on residuals.

2.3.2. The Square Root of the Nash Index

This is the square root of the flows. This criterion is more sensitive to average flows. Its equation is 2 [16,17]:
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2.3.3. The Natural Logarithm of the Nash Index
The natural logarithm of flows is more sensitive to low-flow periods. Its equation is 3 [16,17]:
n
. (InQ,ps — InQgi)?
Nash (InQ) = 1 — 2 iz (nQobs sim) 3)

Z :L=1(anobs - an_obs)z

The combined use of the Nash, R?, NSE, and PBIAS criteria allows the performance of the model to
be evaluated. According to the Nash criterion, if Nash > 0.9, the model is excellent; between 0.80 and 0.90,
it is very satisfactory; between 0.60 and 0.80, it is satisfactory; and if Nash < 0.60, it is poor. Reeda et al.
[18] consider performance to be “satisfactory” if R* > 0.60, NSE > 0.50 and PBIAS < +0.15, particularly
for river or watershed-scale models.

2.3.4. Assessment of Uncertainties Associated with Simulated Flow Values

Hydrological model outputs inevitably carry uncertainty, a fact that must be clearly communicated.
While conventional metrics, such as the Nash-Sutcliffe efficiency, measure absolute differences between
observed and simulated flows, this approach treats all deviations equally. However, an error tolerable
during floods may be unacceptable during low-flow periods. Accordingly, a ratio-based indicator
(observed/simulated) offers a more diagnostically relevant alternative.

The model’s effectiveness is assessed by comparing simulated and observed flows using the Nash-
Sutcliffe efficiency. A value close to 1 indicates good agreement, while a criterion below 60% indicates
poor agreement. As the Nash-Sutcliffe efficiency is dimensionless, it allows models from different basins
to be compared, regardless of their flow amplitudes. The performance of the model is first evaluated during
calibration (1988-1993) and then validated for the period 1982—1987 in order to test its robustness under
various conditions.

2.4. Model Calibration/Validation Method

Assessing the reliability of a hydrological model such as GR4J typically involves comparing simulated
discharges against observed streamflow records. The most widely adopted metric for this purpose is the
Nash-Sutcliffe efficiency (NSE), a dimensionless statistical indicator that measures how well simulated and
observed flow curves agree. Because it has no units, the NSE enables direct performance comparisons
across catchments with contrasting hydrological regimes—for instance, between a flashy, highly variable
river and a stable, baseflow-dominated system.

A Nash value approaching 1 (100%) indicates an excellent match between simulations and
observations, indicating that the model accurately reproduces the basin’s hydrological behavior. Conversely,
an NSE below 0.6 (60%) suggests a poor fit, which may stem from incorrect parameter estimates, biases in
input data (e.g., precipitation or evapotranspiration), or key hydrological processes not represented by the
model structure.

In the present study, model evaluation follows a three-step procedure. First, a warm-up period of 365
days (the year 1981) initializes the model’s storage reservoirs. Second, calibration is performed over the
1988-1993 period, during which model parameters are adjusted to best replicate observed flows. Third,
validation is carried out over an independent period (1982—1987). This final step is critical because it tests
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the model’s ability to predict flows under climatic and hydrological conditions that differ from those
encountered during calibration. A model that performs well on both periods is considered robust.

By combining calibration and validation assessments through the Nash criterion, researchers obtain a
powerful diagnostic tool. This approach ensures the model can be used confidently for future simulations
or operational forecasting, provided the underlying assumptions remain valid.

2.5. Data and Methods Used for Future Hydrological Trends

Once the GR4J model was successfully calibrated and validated, we assessed the influence of projected
changes in precipitation and temperature on future water availability. Bias-corrected outputs from CMIP6
models were used as input to GR4J. Correction was performed using the modified quantile mapping method:
for temperature, the difference (additive) method; for precipitation, the multiplicative (delta) method. After
bias correction, the multi-model ensemble mean showed a correlation coefficient >0.95 for temperature
and >0.60 for precipitation relative to observed data in the basin. Using the ensemble mean helped to reduce
inter-model divergence.

Although the bias-corrected multi-model ensemble achieved a monthly precipitation correlation of 0.60,
this value is consistent with previous hydrological impact studies conducted in West Africa, which reported
correlations between 0.55 and 0.65 [19]. This level of correlation may therefore be acceptable for runoff
simulation and consideration.

To ensure reliable projections, simulated CMIP6 results were compared with historical observations in
the Koliba-Corubal basin. Four GCMs that accurately reproduce past precipitation according to Saley &
Salack [19] and Zarrin & Dadashi-Roudbari [20] were selected: GFDL-ESM4, MPI-ESM1-2-HR,
UKESM1-0-LL, and IPSL-CM6A-LR (Table 1). Daily maximum/minimum temperatures and monthly
accumulated precipitation were downloaded in CSV format.

Table 1. Some characteristics of the four climate models selected.

GCM Name Institute/Country Variant ID Horizontal Resolution  Country
IPSL-CM4A-MR Pierre Simon Laplace Institute rlilplfl 2.50° x 1.26° France
MPI-ESM1-2-HR Max Planck Institute for Meteorology rlilplfl 0.94° x 0.94° Germany

GFDL-ESM4 Geophysical Fluid Dynamics Laboratory rlilplfl 1.25° x 1.00° USA

National Institute of Meteorological

UKESMI-0-LL 2 Sciences/Korea Meteorological Administration

rlilplfl 1.875° x 1.25° New Zealand

We assumed that the precipitation-runoff relationship derived from historical data would remain
stationary (no major land-use changes). GR4J was then used to generate daily flow series for the past
(historical) and future (2015-2100), divided into three 30-year periods: near future (2021-2050), mid-
century (2051-2080), and far future (2071-2100). Trend analysis was performed using Mann-Kendall and
Pettitt tests. Relative seasonal (or interannual) change rates were calculated as the difference between each
future period and the historical baseline (1985-2014).

3. Results

3.1. Variability of Observed and Simulated Flows During Wet and Dry Sub-Periods in Calibration and
Validation with the GR4J Model Using Different Nash Criteria

The evaluation of the GR4J model’s performance was carried out by comparing observed and simulated
daily discharges at the Tché-Tché station over two distinct periods: calibration (1988—1993) and validation
(1982—-1987). Figures 3 and 4 illustrate the temporal evolution of precipitation inputs and the corresponding
hydrographs. The analysis of rainfall patterns (Figure 3) reveals interannual and seasonal fluctuations that
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strongly influence runoff generation. Understanding the distribution and intensity of precipitation is essential
for correctly interpreting the model’s ability to replicate the basin’s hydrological response.

Figure 4 presents a side-by-side comparison of measured versus modelled flows. Visual inspection
shows that the GR4J model captures the overall shape of the hydrograph, though some peak events are
underestimated, particularly during high-rainfall years. This visual assessment helps identify systematic
biases in the simulated outputs.

Figure 5 displays the flow duration curves (FDC) for both calibration and validation periods. The FDC
for the calibration phase shows a closer match between observed and simulated flows than the validation
phase, indicating that the parameter set optimized during calibration performs reasonably well, but with a
slight loss of accuracy when applied to an independent period.
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Figure 3. Daily hydrograph of observed and simulated flows for the calibration period (1988—1993) at the Tche Tche gauging station.
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Figure 4. Daily hydrograph of observed and simulated flows for the validation period (1982—1987) at the Tche Tche gauging station.
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Figure 5. Flow duration curves comparing observed and simulated flows during the calibration (1988-1993) and validation
(1982-1987) periods at the Tche Tche gauging station.

Figure 6 presents scatter plots of observed versus simulated flows, along with the corresponding
correlation coefficients and performance metrics summarized in Table 2. During calibration, the correlation
coefficient (R) reached 0.779, while the mean Nash-Sutcliffe efficiency (NSE) was 70.0%. For the
validation period, R dropped to 0.667 and the mean NSE to 65.3%. These values indicate that the model
performs satisfactorily in both phases, albeit with better performance during calibration.
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Figure 6. Scatter plots of observed flow versus simulated flow for the calibration period (1988—1993) and validation period
(1982-1987) at the Tche Tche gauging station.
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A quantile-quantile (QQ) plot (Figure 7) was used to compare the two probability distributions of
observed and simulated flows. The deviation of points from the 1:1 reference line indicates a systematic
bias in the sample.

Quantile-Quantile Plot of Residuals (Calibration period: 1988-1993)

Ordered Residuals

-3 -2 -1 0 1 2 3
Theoretical Quantiles

Quantile-Quantile Plot of Residuals (Validation period: 1982-1987)

Ordered Residuals

-3 -2 -1 0 1 2 3
Theoretical Quantiles

Figure 7. Quantile-quantile plot of observed flow residuals versus simulated flow for the calibration (1988—1993) and validation
(1982-1987) periods at the Tche Tche gauging station.

Table 2 summarizes the performance metrics of the GR4J model during calibration (1988—-1993) and
validation (1982-1987) at the Tché-Tché station. Three variants of the Nash-Sutcliffe criterion were

considered: Nash (Q), Nash (\/6), and Nash (In Q).

Table 2. Model performance criteria during the calibration period (1988—1993) and validation period (1982—1987) at the Tche
Tche gauging station.

Calibration Period (1988-1993) Efficiency Criteria

Nash (Q) 0.70
Nash (,/Q) 0.77
Nash (In Q) 0.63
Balance 1.03
Validation Period (1982-1987) Efficiency Criteria
Nash (Q) 0.69
Nash (,/Q) 0.73
Nash (In Q) 0.54
Balance 1.18
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During calibration, the values obtained for Nash (Q), Nash (\/6), and Nash (In Q) were 0.70, 0.77, and
0.63, respectively. For the validation period, the corresponding values were 0.69, 0.73, and 0.54. These
scores reflect a reasonably satisfactory agreement between observed and modelled discharges across both
time windows.

The Nash (Q) and Nash (\/6) criteria yielded results close to acceptable thresholds, confirming the
model’s ability to represent both high-flow and low-flow conditions effectively. Notably, the Nash (In Q)
criterion—which is particularly sensitive to low-flow dynamics—showed values of 0.63 during calibration
and 0.54 during validation, indicating adequate performance during dry periods.

The Nash (\/6) criterion, which provides a balanced evaluation between average flows and flood peaks,
demonstrated robust results (0.77 for calibration, 0.73 for validation). This confirms the model’s strong
capability to simulate hydrological behavior under both normal and extreme regimes. Overall, the
performance criteria obtained for both periods validate the model’s acceptable skill and confirm a good
correspondence between observed and simulated flow series.

The uncertainty assessment, based on the ratio, gave values of 1.03 during calibration (1988—-1993)
and 1.18 during validation (1982—-1987). Both indicate that the GR4J model slightly underestimates
observed flows at the Tché-Tché station. Correlation and efficiency coefficients remained comparable
across the two periods.

Model performance varied depending on the objective function applied. The Nash function applied to
the logarithm of flows, NSE (In Q), produced the largest volume bias in both phases. Conversely, the
standard Nash function based on discharge (NSE on Q) yielded the most accurate estimates of daily flows,
peak timing, and volumetric ratios. This finding aligns with earlier calibration studies of African catchments,
in which NSE (Q) consistently outperformed other formulations.

Despite a general tendency toward underestimation, the model delivered better absolute results during
validation than during calibration when NSE (Q) was used. However, certain high-flow events were not
well reproduced, notably in 1993 (calibration) and 1985 (validation), as shown in Table 3 and Figure 4.

Table 3. Average flows observed and simulated (mm) by the GR4J model during the calibration (1982—1987) and validation
(1988-1993) periods at the Tche Tche gauging station.

Period Calibration (1988-1993) Validation (1982-1987)
1

Observed Flow Simulated Flow Difference Observed Flow Simulated Flow Rate  Difference
Average flow rate 1.45 1.28 0.16 0.99 1.22 —0.24

The observed volume discrepancies largely reflect differences in hydrological conditions between the
two periods. The mean observed annual flow was 1.45 mm during calibration, but fell to 0.99 mm during
validation. The simulated averages were 1.28 mm (calibration) and 1.22 mm (validation), corresponding to
a deviation of —0.16 mm and +0.24 mm, respectively. Thus, the model underestimated during the wetter
calibration period and overestimated during the drier validation period, highlighting its sensitivity to
interannual climate variability.

Table 4 shows that the correlation between observed and simulated flows reaches 0.779 during
calibration and 0.667 during validation, indicating satisfactory model performance in both periods despite
a slight decline in the independent phase. Mean model efficiencies are 70.0% (calibration) and 65.3%
(validation), confirming that the GR4J model reliably reproduces daily discharge dynamics. Bias analysis
reveals small but discernible deviations: an underestimation of 0.16 mm during calibration, and an
overestimation of —0.24 mm during validation. These opposing biases suggest that the model responds to
differences in climatic forcing between the two periods, particularly higher rainfall amounts recorded
during validation. Overall, the GR4J model demonstrates acceptable robustness for simulating flows in the
Koliba-Corubal basin. However, the systematic shift in bias from negative to positive indicates that some
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parameters could be refined to improve transferability under varying moisture conditions. Future calibration
strategies might benefit from multi-objective approaches that explicitly balance performance across wet
and dry sub-periods.

Table 4. Correlation between observed and simulated flows, average performance, and calibration and validation uncertainties
during the calibration period (1982—1987) and validation period (1988—1993) at the Tche Tche gauging station.

Parameters Calibration Validation
Correlation coefficient 0.779 0.667
Average performance (%) 70.0 65.3
Average deviation in mm 0.16 —0.24

3.2. Future Hydrological Trends in the Koliba-Corubal Basin
3.2.1. Annual-Scale Evolution

To project climate change impacts and hydrological response in the Koliba-Corubal basin, CMIP6
scenarios (SSP126, SSP370, SSP585) were coupled with the GR4J model. Mann-Kendall and Pettitt tests
were applied to future flow series (2021-2100) to detect trends and potential breakpoints. Results are
summarized in Table 5 and Figure 8.

Table 5. Mann Kendall, and Pettitt test values for average annual water flow over the future period (2021-2100) in the Koliba
Corubal basin at a risk of error of 0.05.

Mann Kendall Test Pettitt Test
" Year of Average Average After Percentage
Flows  Kendall’s Tau p-Value Sen Slope Rupture Before Break Break Change
SSP 126 0.17 0.0238 0.00 2085 1.3 1.6 214
SSP 370 —0.68 0.0000 —0.01 2057 1.2 0.7 —42.1
SSP 585 —0.59 0.0000 —0.01 2057 1.2 0.7 —42.4
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Figure 8. Evolution of annual flows over the historical period and the future period according to scenarios in the Koliba Corubal basin.

The Mann-Kendall test reveals that the flow trends for the three scenarios are contrasting. Under the
SSP 126 scenario, there is a slight increase of 0.17 (positive Kendall’s Tau), indicating an upward trend in
flows, with a significant p-value of 0.0238. In contrast, under the SSP 370 and SSP 585 scenarios, the
negative Kendall’s Tau values (—0.68 and —0.59, respectively) indicate downward trends, with very low p-
values (0.00), confirming a significant trend of decreasing flows in the future.

The Pettitt test confirms these results, indicating a break in 2085 for SSP 126, where the average flow
rate increases from 1.3 to 1.6, a variation of 21.4%. However, under SSP 370 and SSP 585, the break occurs
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earlier (in 2057), and the averages before and after the break decrease, with a drastic drop of 42.1% under
SSP 370 and 42.4% under SSP 585.

Overall, the tests indicate a persistent downward trend in basin flows, particularly under SSP 370 and
SSP 585. This confirms the vulnerability of water resources to climate change, with the most pessimistic
scenarios predicting a collapse in flows by 2100.

Figure 8 presents flow forecasts for the Koliba-Corubal basin over different future periods (near,
medium, and distant) based on the three climate scenarios SSP 126, SSP 370, and SSP 585, compared to
the reference period 1985-2014.

Over the period 2021-2050, flow under the SSP 126 scenario decreases slightly by —25.16%, while
under SSP 370 and SSP 585, the reductions are —32.2% and —31.3%, respectively (Table 6). Compared to
the SSP 126 scenario, SSP 370 shows a more pronounced decline, suggesting that high greenhouse gas
emissions (SSP 370) would lead to a greater reduction in water resources. For the period 2051-2080, the
trend continues with an even greater reduction in the SSP 370 and SSP 585 scenarios. The decreases are
—53.2% and —55.2%, respectively, while SSP 126 shows a moderate reduction of —26.8%. Finally, for the
period 2071-2100, the SSP 585 scenario reveals an even more pronounced decrease in flows, with a drop
of —65.6%, while SSP 126 remains relatively more stable with a reduction of —20%.

Thus, the SSP 370 and SSP 585 scenarios predict a significant reduction in flows in the future, which
could seriously affect water resources in the Koliba-Corubal basin.

Table 6. Future changes in flow rates (in %) on an annual basis over the three future periods according to the SSP126, SSP370
and SSP585 scenarios in the Koliba Corubal basin.

Flow 1985-20142021-2050 ° 200N 051 z0g0 YAHRAUOM 5071 p100 VAURAOM 50312100 YRMIAMO
in % in % in % in %
SSP126 18 13 2516 13 268 1.4 200 14 —22.98
SSP370 18 1.2 322 0.83 532 0.61 —65.6 0.89 —49.4
SSP585 1.8 1.2 313 0.8 —55.2 0.7 —61.7 0.91 ~48.5

According to the model outputs, the Koliba-Corubal basin’s flow regime could undergo substantial
changes over the next several decades (Figure 9), with lower runoff volumes becoming more likely under
selected climate pathways. Additionally, the basin’s hydrological feedback, as simulated by the GR4J
model, shows that ongoing warming will amplify evapotranspiration rates, particularly by the end of the
century, while precipitation simultaneously decreases.

2.00 2.00
SSP 126 SSP 370
1.50 1.50
G e
g 1.00 £ 1.00
C C3
S 2
S [
0.50 0.50 I
0.00 0.00
History 2021-2050 2051-2080 2071-2100 History 2021-2050 2051-2080 2071-2100

Periods Periods
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Figure 9. Comparison between the observed historical average flow and the simulated flow in climate change scenarios in the
Koliba Corubal basin.

Projected hydrological trajectories for the Koliba-Corubal basin point toward altered flow regimes in
the decades ahead. Under several emission pathways, simulations consistently indicate a transition to
reduced discharge levels. The application of conceptual runoff models reveals an intensification of
evaporative losses as temperatures rise, particularly pronounced during the late 21st century. This enhanced
atmospheric water demand occurs concurrently with declining rainfall amounts. The combined effect of
these two drivers—lower precipitation input and higher evapotranspiration rates—reinforces the likelihood
of diminished water availability. Such feedback mechanisms within the basin’s hydrological system suggest
that drier conditions will become more frequent and severe, especially under high-emission scenarios.
These findings underscore the need to anticipate shifts in seasonal flow distribution and to prepare for
prolonged low-flow periods that may challenge water supply reliability for human and agricultural use.

3.2.2. Monthly Trends

Table 7 and Figure 10 show the simulated average monthly flows in the Koliba-Corubal basin using
climate model projections applied to the GR4J hydrological model, comparing the reference periods (1985—
2014) and future projections (2021-2100) under three emission scenarios: SSP 126, SSP 370, and SSP 585.

Table 7. Simulated flow values on a monthly basis for the reference period (1985-2014) and the future period (2021-2100) in
the Koliba Corubal basin (mm).

Parameters J F M A M J J A S N N D
History 0.9 0.7 0.5 0.4 0.3 0.6 1.5 3.7 53 3.9 2.1 1.3
SSP 126 0.7 0.5 0.4 0.3 0.2 0.3 0.7 2.5 4.5 33 1.8 1.1
SSP 370 0.6 0.4 0.3 0.2 0.2 0.2 0.4 1.2 2.9 23 1.3 0.8
SSP 585 0.6 0.4 0.3 0.2 0.2 0.2 0.4 1.2 2.8 2.5 1.3 0.8

Comparing historical flows with future scenarios, we observe a decrease in flows in most months,
particularly under the SSP 370 and SSP 585 scenarios. In January, February, and March, flows under future
scenarios are lower than in the historical period, with a more marked reduction in the SSP 370 and SSP 585
scenarios. For example, the January flow rate drops from 0.9 mm in the historical period to 0.6 mm under
the SSP 370 and SSP 585 scenarios. This trend continues until June, when flow rates remain relatively low
in all three future scenarios, with a notable decrease in July and August.

Monthly flows under the SSP 126 scenario show a slight reduction compared to historical values, but
the decline is less pronounced. In contrast, the SSP 370 and SSP 585 scenarios predict more significant
decreases in flows, with particularly low values in April, May, and June, when flows drop to 0.2 mm in the
SSP 370 and SSP 585 scenarios.
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Figure 10. Change in simulated average monthly flows over the reference period (1985-2014) and the future period (2021-2100)
in the Koliba Corubal basin.

For the Koliba-Corubal basin, the SSP3-7.0 and SSP5-8.5 scenarios both indicate sharply lower monthly
discharges, especially during the dry season, posing serious challenges for regional water management.

Figure 11 shows the evolution of average monthly flows in the Koliba-Corubal basin under climate
scenarios SSP 126, SSP 370, and SSP 585 for the three future horizons. Analysis of flows over the three
future periods in the Koliba-Corubal basin under the SSP1-26, SSP3-70, and SSP5-85 scenarios reveals
significant variations compared to the reference period. In the SSP 126 scenario, average monthly flows
decrease gradually over time, particularly between 2021 and 2080. For example, flows from January 2021
to 2050 start at 0.734 mm and gradually decline under all three scenarios. In 2051-2080, this trend
intensifies with average flows of 0.7271 mm for SSP 126, compared to 0.5202 mm for SSP 370 and 0.5133
mm for SSP 585.
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Figure 11. Variation in future flow simulated by the GR4J model for the period 2021-2100 in the Koliba Corubal basin,
according to climate change scenarios for the future period.

Under the SSP 370 scenario, the decrease is less pronounced compared to SSP5-85. This indicates that
future temperature and humidity will have significant impacts, particularly in reducing flows over the entire
period. In contrast, the SSP 585 scenario predicts a greater decline, indicating more dramatic effects of
climate change, with lower figures than those of the other scenarios. In 2071-2100, for example, monthly
flows under SSP 585 fall to even lower levels, reaching values such as 1.9006 mm in September 2071—
2100. This general trend of decreasing flows illustrates the increased vulnerability of the Koliba-Corubal
basin to future climate change.

3.3. Summary Statistics, Autocorrelation, and Cross-Correlation for All Scenarios

To characterize the input and output data used in the GR4J model, we computed a set of descriptive
statistics for all time series. Table 8§ summarizes the main properties of historical precipitation and simulated

discharge (1985-2014) as well as future projections (2015-2100) under SSP126, SSP370, and SSP585.

Table 8. Complete summary statistics for all hydroclimatic time series (historical and future scenarios).

. i Length % % . . Auto_CoAuto_CoCross_Cor
Series Period L. Mean Variance Std Dev Skewness Kurtosis
(Years) Zero Missing rr(1) rr(2) r(P,Q)
Precipitation
L 1985-2014 30 0% 0% 1668.5 14.789 121.6 —-0.21 2.45 0.31 0.12 -
(historical)
Simulated discharge
L. 1985-2014 30 0% 0% 1.76  0.108  0.328 —-0.25 2.78 0.45 0.22 0.78
(historical)
Precipitation SSP126 2015-2100 86 0% 0% 17124 22.156 148.8 0.15 2.61 0.28 0.10 -
Discharge SSP126 2015-2100 86 0% 0% 1.32 0.092  0.303 0.08 2.65 0.48 0.21 0.74
Precipitation SSP3702015-2100 86 0% 0% 1568.9 19.834 1409 0.22 2.54 0.26 0.09
Discharge SSP370 2015-2100 86 0% 0% 0.83 0.088  0.297 0.42 2.89 0.52 0.24 0.69
Precipitation SSP5852015-2100 86 0% 0% 15494 21,203 145.6 0.18 2.58 0.29 0.11 -
Discharge SSP585 2015-2100 86 0% 0% 0.79 0.091  0.302 0.35 2.71 0.49 0.22 0.71

Mean: annual average (mm for precipitation, mm/year for discharge); Variance: measure of dispersion; Std Dev: standard
deviation; Skewness: negative values indicate a left-tailed distribution (more high values), positive values indicate a right-tailed
distribution (more low values); Kurtosis: value of 3 corresponds to a normal distribution; Auto_corr(1): autocorrelation at lag 1
(one year); Auto_corr(2): autocorrelation at lag 2 (two years); Cross_corr(P,Q): cross-correlation between precipitation and
discharge at lag 0 (simultaneous relationship).

The statistical summary reveals distinct differences between historical and future hydrological regimes
across the three SSP scenarios.
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Historical period (1985-2014): Precipitation shows a near-normal distribution with slight negative
skewness (—0.21) and kurtosis of 2.45, indicating a mild tail toward higher rainfall years. Simulated
discharge exhibits a mean of 1.76 mm/year, negative skewness (—0.25), and moderate autocorrelation at
lag-1 (0.45), suggesting some interannual persistence. The cross-correlation between precipitation and
discharge reaches 0.78, confirming a strong linear rainfall-runoff relationship.

Future scenarios (2015-2100): Under SSP126, precipitation increases slightly (mean 1712.4 mm)
while discharge declines to 1.32 mm/year. Skewness becomes slightly positive (0.08-0.15), indicating a
shift toward more frequent low-flow years with occasional wet extremes. Autocorrelation at lag-1 rises to
0.48-0.52 under SSP370 and SSP585, implying greater hydrological persistence and longer dry spells. This
is critical because the basin already experiences marked dry seasons.

Cross-correlations remain high (0.69-0.74), demonstrating that the GR4J model preserves a coherent
precipitation-runoff relationship under climate change. However, the decline in mean discharge from 1.76
(historical) to 0.79—1.32 mm/year represents a 25-55% reduction, with the strongest drying under SSP585.

Kurtosis values remain near 3 across all series, suggesting that extreme events are not
disproportionately more frequent than the mean. However, positive skewness in future discharge (up to
0.42 under SSP370) indicates an asymmetric distribution with a longer tail toward low flows.

In summary, the statistics confirm that the Koliba-Corubal basin is transitioning toward drier, more
persistent low-flow conditions, particularly under high-emission scenarios, while maintaining strong
coupling between rainfall and runoff.

4. Discussion of Results

Grasping how climate change affects water cycles is critical for managing water resources in sensitive
zones like the Koliba-Corubal catchment. Using the GR4J model with historical weather data (1981-1993)
and CMIP6 future projections (SSP1-2.6, SSP3-7.0, SSP5-8.5), this research simulates runoff responses.
The results point to declining rainfall and sharply rising temperatures by 2100 [21,22], reinforcing the need
for anticipatory water management strategies in this vulnerable region.

The results of the modeling show that the Koliba-Corubal basin will be affected by an increase in the
number of dry years, with a reduction in water resources, particularly during dry periods, when the
frequency and intensity of droughts are expected to increase. Climate models predict a decrease in rainfall,
exacerbated by increased evapotranspiration caused by rising temperature [5,23-25]. This trend toward
aridification is part of a broader context of climate change, where areas such as West Africa, and more
particularly the Koliba-Corubal basin, are increasingly vulnerable to extreme weather events, particularly
prolonged droughts [26,27].

Projections indicate that annual runoff in the basin will also be reduced, a trend confirmed by
simulations carried out with the GR4J model, which used the same CMIP6 climate scenarios to assess
future impacts on water resources. This reduction in runoff will directly affect water availability for
agriculture and the drinking water supply [11]. In particular, reduced soil moisture and increased frequency
of drought periods will put increased pressure on water resources, making their management even more
complex in the future [10,28].

The results of this study, which combine climate scenarios and hydrological modelling data, are
consistent with those of other research on West African watersheds. For example, studies conducted in the
Gambia River basin have also shown a significant reduction in flows due to decreased rainfall and increased
evapotranspiration [25,26]. Furthermore, changes in rainfall patterns in this region will have major
consequences for water resource management, particularly during the dry season, when intensified droughts
could affect agricultural production, fisheries, and local biodiversity [29,30].

Modelling using the GR4J model shows that the three scenarios studied (SSP 126, SSP 370, and SSP
585) indicate a gradual reduction in average monthly flows, with a more marked decline under the SSP 585
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scenario, indicating particularly severe effects of climate change [28]. Although the GR4J model is
relatively simple and useful for global simulations, it is clear that more detailed, distributed models better
suited to the watershed scale would be needed to obtain more accurate projections and take into account
local specificities [10].

Finally, although climate model projections based on future warming scenarios show converging
results, these simulations also involve uncertainties, mainly due to the quality and resolution of the climate
data used. Coarse-resolution climate models (~200 km) do not always capture the local characteristics of
smaller watersheds, which limits the accuracy of projections, particularly for smaller geographical scales
[31]. These uncertainties must be taken into account when interpreting the results, as they may influence
adaptation and water resource management strategies for the coming years.

This study highlights the increased vulnerability of the Koliba-Corubal basin to the effects of climate
change, particularly reduced rainfall and increased temperatures, which will exacerbate droughts and limit
available water resources. These results underscore the need to strengthen adaptation strategies to ensure
sustainable water management in this basin by integrating climate change impacts into water resource
management policies [22,32].

However, it is worth noting that the assumption that rising temperature systematically leads to
decreasing precipitation is not universally valid, as other processes, such as changes in specific humidity
rather than relative humidity, play a critical role in precipitation and runoff generation; indeed, while
relative humidity has remained relatively stable globally despite warming, specific humidity has increased
[33], and therefore a comprehensive analysis of trends in temperature, precipitation, specific humidity, and
relative humidity is recommended before drawing firm conclusions about future climatic conditions in the
study area.

Although our analysis is based on 13 years of historical climate data (1981-1993), due to the absence
of measured runoff for the other years (the series being incomplete), we recognize that longer observation
series (generally >30 years) are usually necessary to adequately capture the long-term statistical
characteristics of temperature, precipitation, and streamflow processes, particularly in the presence of long-
term persistence (LTP) behavior—characterized by a Hurst exponent H > 0.8—which induces intrinsic
uncertainty across multiple timescales and can lead to prolonged clustering of wet and dry years, as
documented in hydrological time series [34-36] and as suggested by the variability observed in our data
(Figure 6).

As illustrated in Figures 3 and 4, the GR4J model captures the overall seasonal variability of streamflow
in the Koliba-Corubal basin; however, consistent with the findings of Bloschl et al. [37] for European
catchments and Lins & Slack [38] for USGS records, our results show that climate-driven hydrological
variability can lead to both increases and decreases in flow regimes depending on the period considered,
which underscores the importance of non-stationarity in water resource assessment, a principle strongly
advocated within the IAHS community [39].

In light of recent literature highlighting the limitations of the classical Mann—Kendall and Sen slope
methods, particularly their sensitivity to serial correlation and long-term persistence (Hurst phenomenon),
we acknowledge that these approaches may overestimate trend significance, and we therefore plan to apply
the Hamed [40] variance correction method in future work to account for scaling effects, as recommended
by Serinaldi et al. [41].

Although the GR4J model achieved satisfactory Nash-Sutcliffe efficiencies for overall daily flows
(calibration: 0.70; validation: 0.69), its performance in reproducing low-flow periods was notably weaker.
The Nash(ln Q) value of 0.54 during validation falls below the commonly accepted threshold of 0.60,
indicating that the model struggles to simulate very low discharges accurately. This limitation is particularly
relevant because our main conclusions concern projected reductions in dry-season flows. Consequently,
while the direction of change (declining flows) is consistent across all SSP scenarios, the absolute
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magnitude of dry-season flow reduction should be interpreted with caution. The poor low-flow performance
likely stems from the GR4J model’s simplified representation of groundwater storage and baseflow
recession, as well as potential precipitation biases in the CHIRPS dataset during extended dry periods.
Future work should consider using a distributed model (e.g., SWAT or HBV) or applying a specific low-
flow bias correction to improve confidence in dry-season projections.

5. Conclusions

This research assessed how climate change may affect hydrological conditions in the Koliba-Corubal
catchment (Guinea-Guinea-Bissau) by applying the GR4J rainfall-runoff model together with CMIP6
projections under three emission pathways (SSP1-2.6, SSP3-7.0, SSP5-8.5). The simulations indicate
growing susceptibility of the basin to climatic pressures, especially declining precipitation and increasing
temperatures. By 2100, river discharges are projected to drop substantially—most notably during dry
months—accompanied by more frequent drought events, thereby threatening both domestic and
agricultural water supplies.

Higher temperatures combined with lower precipitation could increase regional aridity, thereby
reducing runoff. surface water and soil moisture, although this is not always the case. These results directly
compromise agricultural productivity and the availability of drinking water. Our findings are consistent
with previous research conducted in West Africa, which also reports reductions in water resources induced
by climate change.

Although the GR4J model offered a valuable basin-wide assessment, its conceptual simplicity imposes
limitations. Finer-scale, distributed hydrological models would likely yield more precise, locally relevant
projections.

In conclusion, this study underscores the urgent need to embed climate scenarios into water
management frameworks and to implement adaptation measures that bolster community resilience to
forthcoming hydrological stresses. Sustainable management of water resources is essential to safeguard
food security and reliable freshwater supply—not only in the Koliba-Corubal basin but also across other
vulnerable zones in West Africa.
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