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ABSTRACT: Climate change is exacerbating extreme weather events in West Africa, threatening water
resources and livelihoods. The Koliba-Corubal transboundary basin (Guinea-Guinea-Bissau), located
primarily outside the Sahel region, constitutes a major freshwater resource for the area. This study analyzes
the future daily variability of extreme rainfall and temperatures in this basin using CMIP6 projections. Four
climate models (GFDL-ESM4, MPI-ESM1-2-HR, UKESM1-0-LL, IPSL-CM6A-LR) under the SSP1-2.6
and SSP5-8.5 scenarios were used. Six extreme precipitation indices (R99p, Rx3day, Rx5day, SDII, CWD,
R20mm) and four extreme temperature indices (TN90p, TNx, TX90p, TXx) were calculated for three time
horizons (2021-2050, 2051-2080, 2071-2100) and compared to the reference period 1985-2014. Extreme
precipitation decreases considerably in both scenarios (under SSP1-2.6, —45.4% for R99p and —42.0% for
Rx3day compared to the reference period 1985-2014), with a marked downward trend at the beginning of
the period followed by an increase around 2100 under SSP5-8.5 (R99p: —37.4%; Rx3day: —20.2%).
Concurrently, extreme temperatures are increasing significantly, particularly under SSP5-8.5, where
TNO9Op is projected to increase by 169.7% by 2071-2100. Mann-Kendall tests confirm significant trends
for most indices under the highest emissions scenario. The spatial distribution shows marked heterogeneity,
with higher values in the central mountain areas. These results underscore the urgent need to adapt water
resource management strategies and agricultural policies in this transboundary basin in the face of the
projected intensification of climate extremes by the end of the century.

Keywords: Climate change; Koliba-Corubal watershed; CMIP6 projections; Extreme indices; Precipitation;
Temperatures

1. Introduction

Climate change is one of the major environmental challenges of the 21st century, with particularly
pronounced consequences for tropical and subtropical regions. Observations gathered on a global scale
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confirm an unprecedented acceleration of climate disruption, and its consequences are multiplying
worldwide. In West Africa, a region particularly vulnerable to climate hazards, populations are facing a
resurgence of extreme events, including recurring droughts and devastating floods, exacerbated by rapid
urbanization in floodplains. This increased vulnerability results from a combination of factors, including a
strong dependence on rain-fed agricultural activities, limited adaptive capacities, and natural exposure to
climate variations [1].

The scientific community now agrees on the predominant role of human activities in the observed
warming of the oceans and land [2]. This warming has led to significant and rapid changes in the atmosphere
and biosphere, most notably the spatiotemporal disruption of climatic parameters [3]. Climate projections
from global models indicate that West Africa will experience a significant increase in temperatures,
accompanied by high rainfall variability [4]. More specifically, the CMIP6 (Coupled Model
Intercomparison Project Phase 6) models project continued temperature warming across the region, with
marked zonal contrasts and significant disparities between models regarding future rainfall patterns [5].

The study of extreme weather events is particularly important because they, rather than average
changes, have the greatest impact on societies and ecosystems [6]. Extreme climate indices, defined using
daily temperature and precipitation data, allow us to quantify these rare events and assess their potential
evolution in a changing climate. In West Africa, several recent studies have highlighted a trend toward
intensification of extreme rainfall events, although the signals vary across sub-regions and scenarios [7,8].
At the same time, heatwaves and tropical nights are showing a marked increase in their frequency and
intensity [9,10].

Water resources, particularly vulnerable to climate change, are a major challenge for West African
countries [11]. Transboundary watersheds, such as the Koliba-Corubal River basin, are of particular
concern because they represent vital sources of freshwater for riverine populations. Previous studies have
shown that future runoff variations will generally follow rainfall patterns, with projected decreases for some
basins, such as those of Senegal and The Gambia, and increases for others, such as the Sassandra [11,12].
In this context, a detailed understanding of future daily variability in rainfall and temperatures is essential
for anticipating hydrological risks and adapting management strategies.

The advent of new generations of climate models, within the framework of CMIP Phase 6, offers
unprecedented opportunities to refine regional climate projections [13]. Unlike previous versions, CMIP6
models incorporate shared socio-economic pathways (SSPs) that combine greenhouse gas emission
trajectories with socio-economic development assumptions [14]. Among these scenarios, SSP1 represents
a low-carbon future with minimal mitigation and adaptation challenges, while SSP5 corresponds to rapid
technological development coupled with intensive fossil fuel use, resulting in high emissions and significant
global warming [4]. The use of multiple models and scenarios allows for a better understanding of the
uncertainties associated with future projections [15,16].

Several recent studies have evaluated the performance of CMIP6 models in simulating the West
African climate. Faye and Akinsanola [7] showed that these models reproduce extreme rainfall indices for
the region reasonably well, although biases persist, particularly in the representation of the West African
monsoon. Similarly, Saley and Salack [17] analyzed the future evolution of intense rainfall events in the
Sahel and West Africa, highlighting increases in their frequency and intensity driven by climate change.
However, projections diverge across sub-regions: eastern West Africa could experience an increase in
rainfall, while the western part, including the Koliba-Corubal basin, could face a decrease [5,8].

The Koliba-Corubal River basin, shared between Guinea and Guinea-Bissau, provides a particularly
relevant case study for analyzing these future climate changes. As described by Sambou et al. [18], this
basin exhibits remarkable climatic and ecological diversity, with a rainfall gradient decreasing from south
to north and temperatures with significant seasonal variations. Despite its modest size, this river represents
the main freshwater resource for Guinea-Bissau, thus justifying the importance of anticipating future
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changes in its hydrological regime [19]. Previous work conducted in similar contexts, such as that of
Gnangouin et al. [3] on the N’zi basin in Cote d’Ivoire or Dione et al. [4] on the Aga-Foua-Djilas basin in
Senegal, has demonstrated the usefulness of climate index approaches for characterizing future changes in
seasonal regimes.

Analysis of extreme precipitation indices, such as total annual rainfall above the 99th percentile (R99p),
maximum consecutive rainfall over 3 and 5 days (Rx3day, Rx5day), the daily rainfall intensity index (SDII),
and the maximum number of consecutive wet days (CWD), allows for a detailed characterization of future
rainfall patterns [20,21]. Concurrently, extreme temperature indices, such as the percentage of warm nights
(TN90p), the maximum value of minimum temperatures (TNx), the percentage of hot days (TX90p), and
the maximum value of maximum temperatures (TXXx), provide information on the evolution of thermal
extremes [22,23]. These indices, recommended by the Expert Team on Climate Change Detection and
Indices (ETCCDI), provide a standardized framework for comparing results across regions and models.

Several recent studies have highlighted the importance of integrating these indices into climate change
adaptation strategies. Neglo [24] emphasize the need to translate climate projections into actionable
information for public development policies in West Africa. Similarly, Hansen et al. [25] propose climate
risk management tools tailored to the needs of the agricultural and pastoral sectors in Senegal. In the area
of water resources, Sadio [26] characterized the hydrological variability of the Casamance and Kayanga-
Géva basins, highlighting contrasting signals depending on the sub-basins and the time horizons considered.

However, despite the abundance of regional studies, few have specifically focused on the future daily
variability of rainfall and temperature in non-Sahelian watersheds of West Africa, and even fewer in the
transboundary Koliba-Corubal context. Yet, as Fotso-Nguemo et al. [27] point out, a detailed
characterization of climatic extremes at the local scale is essential for assessing potential impacts on
populations and ecosystems. Studies conducted in similar contexts, such as those by Dogiso et al. [28] in
Ethiopia and Abubakar et al. [29] in Niger, demonstrate the relevance of multi-model approaches for
assessing the future impacts of climate change on socio-ecological systems.

This study aims to address this gap by analyzing future daily precipitation and temperature variability
in the Koliba-Corubal watershed using an extreme index approach. Based on projections from four CMIP6
climate models (GFDL-ESM4, MPI-ESM1-2-HR, UKESM1-0-LL, and IPSL-CM6A-LR) under the SSP1-
2.6 and SSP5-8.5 scenarios, this research examines the evolution of six extreme precipitation indices and
four extreme temperature indices for three time horizons (2021-2050, 2051-2080, and 2071-2100) relative
to the 19852014 reference period. The analysis combines statistical approaches, including Mann-Kendall
trend tests and break detection using the Pettitt test, with spatial mapping of projected changes. The results
will help identify the areas and periods most vulnerable to climate extremes, thus providing key elements
for developing adaptation strategies tailored to local realities.

2. Study Area

The Koliba-Corubal River basin extends between 11° and 12°30’ north latitude and 12° and 14°30’
west longitude. This transboundary territory is shared between the Republic of Guinea, which occupies
84.5% of'its area, and Guinea-Bissau, which holds 15.5%. At the Tché-Tché hydrometric station, the basin
covers a total area of 20,876.4 km? (Figure 1).

The river originates west of the Fouta Djallon massif, in Middle Guinea, more specifically in the Labé
region. It is formed by the confluence of two major watercourses: the Tomine, whose source is located in
Sangale, and the Komba, which originates in Madina Wora. These two rivers meet near the town of Gaoual
to form the Koliba. After a winding course of approximately 200 km westward, the river forms the border
between Guinea and Guinea-Bissau for a few kilometers before entering Guinea-Bissau territory, where it
takes the name Corubal. It then joins the Kayanga-Geba estuary near the town of Xime, in a flat, marshy
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area subject to the influence of tides that penetrate deep inland [18,19]. Although its drainage basin is
modest in size, this river constitutes the main source of freshwater for Guinea-Bissau.

Environmentally, the basin exhibits a diversity of vegetation formations, including dense forests,
degraded montane forests, dry forests frequently affected by bushfires, wooded savannas, forested areas,
as well as cultivated land and fallow fields [18,30]. The climate is tropical, characterized by a single rainy
season lasting from five months in the north to six months in the south, and a pronounced dry season from
November to April. Rainfall follows a decreasing gradient from south to north, linked to the dynamics of
the West African monsoon. Average monthly maximum temperatures range from 26.0 to 33.4 °C in Labé,
and from 31.1 to 40.2 °C in Koundara, observed in August and April, respectively. Average minimum
temperatures vary from 10.2 to 18.3 °C in Lab¢ and from 15.0 to 24.2 °C in Koundara between December
and May [18].
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Figure 1. Location of the Koliba-Corubal watershed showing the Tché-Tché, Cade, Gaoual Koliba, and Gaoual Tomine stations.

3. Materials and Methods
3.1. Future Precipitation and Temperature Data

The study of future climate is crucial for governments, particularly for the development of public
policies. Understanding future climate change enables anticipation of its negative effects and associated
risks, facilitating the implementation of adaptation strategies and informed decision-making. This
knowledge is especially important for developing countries, where agricultural activities are heavily
dependent on rainfall. Agricultural development planning therefore, requires a precise analysis of short-,
medium-, and long-term rainfall trends. Furthermore, water resource management, which is largely
dependent on rainfall, also requires a rigorous assessment of climate forecasts.
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As part of the assessment of the impact of climate change on future rainfall and temperatures in the
Koliba-Corubal basin, two climate change scenarios were used to model different socio-economic futures.
These scenarios include SSP1-2.6, which combines low mitigation and adaptation challenges with low
greenhouse gas emissions, and SSP5-8.5, characterized by low population growth and rapid technological
development, accompanied by intensive use of fossil fuels, leading to high emissions and significant global
warming [4].

The climate projections used are derived from the latest CMIP6 simulations, presented in the IPCC’s
Sixth Assessment Report. Four climate models, frequently used for Africa, were selected to represent both
global and regional climate. These models have demonstrated a good capacity to simulate climate change
in Africa, and the scenarios were downloaded from the ISIMIP platform (https://www.isimip.org, accessed
on 20 November 2025), notably for the ISIMIP3b simulation cycle. Historical data from 1985-2014 served
as a baseline for validating future simulations.

To ensure the reliability of the projections, the CMIP6 simulation results were compared with
observational data from the Koliba-Corubal basin. Four models (GFDL-ESM4, MPI-ESM1-2-HR,
UKESMI-0-LL, and IPSL-CM6A-LR), which accurately reproduced past rainfall [20,21], were used to
estimate future rainfall and temperatures in the region (Table 1). The mean values of these models were
calculated to reduce natural variability and systematic biases, thus ensuring greater accuracy. Daily data,
including mean maximum and minimum temperatures and cumulative daily rainfall, were downloaded
from the platform in CSV format.

The data were corrected using the modified quantile method, which yields good results compared to
other methods. For temperatures, the quantile method applied is the difference method. For precipitation,
the quantile method applied is the multiplicative method Delta. The model data are used and individually
corrected using quantile methods before the ensemble means are used. In the basins, compared to observed
data, the correlation coefficient of the bias-corrected multi-model ensemble outputs should be “>0.95” for
temperature and “>0.60 for precipitation. Beyond bias correction, the single use of the average ensemble
allowed for circumventing the divergence of climate models for future horizons.

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

GCM Name Institute/Country Variant-ID Horizontal Resolution Country
IPSL-CM6A-LR Pierre Simon Laplace Institute, France rlilplfl 2.50° x 1.26° France
MPI-ESM1-2-HR Max Planck Institute for Meteorology, Germany rlilplfl 0.94° x 0.94° Germany

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

National Institute of Meteorological Sciences/Korea

UKESMI-0-LL Meteorological Administration, UK/Korea

rlilplf2 1.875° x 1.25° UK/Korea

3.2. Breakdown and Indices of Precipitation and Extreme Temperatures Calculated Over the Future Period

Using precipitation and temperature data from the historical period (1985-2014) and the future period
(2015-2100), the data was divided into sub-periods, for which several statistics were calculated. The two
SSP scenarios were evaluated for the periods 2021-2050, 2051-2080, and 2071-2100. This division into
time horizons was chosen because three horizons (near, medium, and far) are generally required to study
and compare hydroclimatic trends. These projections were processed using ArcGIS 10.8 software to map
the results and analyze climate evolution over the 2021-2100 period. These simulations thus allow for a
better understanding of future climate trends and the adaptation of public policies and strategies in the
Koliba-Corubal basin.

Using data from the SSP1-2.6 and SSP5-8.5 scenarios, a set of extreme precipitation indices used in
numerous studies [26,31-33] was calculated. These include:
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R99p: Total annual precipitation in days > the 99th percentile (mm)

Rx3day: Maximum annual consecutive 3-day precipitation (mm)

Rx5day: Maximum annual consecutive 5-day precipitation (mm)

SDII: Daily Rainfall Intensity Index (mm/wet day)

CWD: Maximum number of consecutive days with precipitation > 1 mm (days)
R20mm: Annual number of days with precipitation > 20 mm (days)

Based on future data from the SSP1-2.6 and SSP5-8.5 scenarios, a set of extreme temperature indices
was calculated. These include:
TN90p: Annual percentage of days where TN > 90th percentile (%)
TNx: Annual maximum value of daily minimum temperatures (°C)
TX90p: Annual percentage of days where TX > 90th percentile (%)
TXx: Annual maximum value of daily maximum temperatures (°C)

The processing of precipitation and temperature data for the future period was carried out using
computational tools that combined statistical and cartographic (spatial) methods. The analysis of the
distribution of precipitation and temperature indices in the Koliba-Corubal basin is conducted over different
future periods relative to the base period (1985-2014).

Statistical analyses were performed using Excel, XLSTAT, and R-Studio, while mapping was carried
out using ArcGIS 10.5. The statistics calculated for climatic elements in the basins included, among others,
the mean, standard deviation, coefficient of variation, maximum and minimum values of the series, and the
difference between these extremes. Inferential analyses included statistical tests (Mann-Kendall) to assess
trends in the data series, as well as Pettitt’s test to identify breakpoints in these time series.

Spatial interpolation of precipitation indices and extreme temperatures over the future period was
carried out using the inverse distance-weighted (IDW) surface method. This method is widely applied in
spatial interpolation applications of precipitation data and has given satisfactory results [34].

For precipitation, the relative seasonal (or interannual) rates of change were calculated by taking the
difference between the future periods (2021-2050, 2051-2080, 2071-2100) and that of the 1985-2014
baseline for precipitation, expressed as a percentage.

For temperatures, absolute seasonal (or interannual) changes were calculated by taking the difference
between future periods (2021-2050, 2051-2080, 2071-2100) and that of the 1985-2014 baseline for
temperature, expressed in degrees Celsius or percentage where appropriate.

4. Results

4.1. Daily Variability of Future Rainfall in the Basins

Analysis of extreme precipitation indices for the Koliba-Corubal basin shows a general downward
trend in these indices in the future compared to the reference period (1985-2014), under the SSP1-2.6 and
SSP5-8.5 scenarios (Figures 2-5). Tables 2 and 3 present significant variations in these precipitation indices,
including R99p, Rx3day, Rx5day, SDII, CWD, and R20mm.

Table 2. Average annual values of the six extreme precipitation indices selected for the reference period and the future period
in the Koliba-Corubal basin.

SSP1-2.6 R99p Rx3day Rx5day SDII CWD R20mm
19852014 8.1 150.9 178.5 10.79 35.6 17.0
2021-2100 44 88 122 9.4 131.24 14.7
2021-2050 4.5 89.0 121.7 9.3 129.1 14.0
2051-2080 4.7 86.3 120.7 9.3 131.3 13.9
2071-2100 4.6 87.0 122.4 9.6 131.7 15.8

SSP5-8.5 R99p Rx3day Rx5day SDII CWD R20mm
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19852014 8.1 150.9 178.5 10.79 35.6 17.0
2021-2100 5.1 120 120 8.6 116.94 12.3
2021-2050 3.8 118.8 118.8 9.1 127.4 13.1
2051-2080 5.1 116.3 116.3 8.4 110.6 11.7
2071-2100 6.5 126.4 126.4 8.3 108.6 12.4

Table 3. Percentage change in the six selected extreme precipitation indices for the future period compared to the reference
period in the Koliba-Corubal basin.

SSP1-2.6 R99p Rx3day Rx5day SDII CWD
2021-2100 —45.46 —42.0 —31.8 -12.4 268.6
2021-2050 —44.5 —41.0 -31.8 -13.7 262.7
2051-2080 —42.3 —42.8 -32.4 —14.0 268.8
2071-2100 —43.5 —42.3 -31.4 —10.6 269.9

SSP5-8.5 R99p Rx3day Rx5day SDII CWD
2021-2100 -37.4 —20.2 -32.6 —20.5 228.5
2021-2050 —53.2 —21.3 —334 —16.1 258.0
2051-2080 -37.1 -22.9 —34.8 —22.4 210.6
2071-2100 —20.3 —16.2 —29.2 —23.5 205.0

Under the SSP1-2.6 scenario, R99p values (extreme precipitation on 99% of days) decrease by 45.4%
between 2021-2100 and the reference period, while the SSP5-8.5, this decrease is 37.4%. Furthermore, the
Rx3day (maximum 3-day precipitation) and Rx5day (maximum 5-day precipitation) indices show a
decrease of 42.0% and 31.8%, respectively, under SSP1-2.6, and of 20.2% and 32.6% under SSP5-8.5 for
the period 2021-2100.

The SDII (rainfall intensity) index, CWD (consecutive wet days), and R20mm (number of days with
more than 20 mm of rainfall) also follow a downward trend under both scenarios, with a marked reduction
towards the end of the century, indicating a decrease in the intensity of extreme rainfall in the Koliba-
Corubal basin. It is worth noting that CWD shows a positive percentage change, which may indicate an
increase in the maximum number of consecutive wet days despite decreases in other indices.

The increase in the consecutive wet days (CWD) index, with a notable rise of +268.6% under the SSP1-
2.6 scenario and 228.5% under the SSP5-8.5 scenario, appears to contradict the overall downward trend in
extreme precipitation. This discrepancy can be attributed to changes in precipitation distribution rather than
total amounts. Specifically, while total extreme rainfall may decrease, the frequency and duration of
consecutive wet days could increase, indicating a shift in rainfall patterns. This suggests that although
extreme precipitation events become less intense, the region may experience prolonged wet periods,
increasing the risk of flooding and altering hydrological cycles.

Table 4 presents the results of the Mann-Kendall test applied to extreme precipitation indices in the
Koliba-Corubal basin for the SSP1-2.6 and SSP5-8.5 scenarios. By analyzing these indices, several trends
emerge, particularly depending on the projection scenarios.

For the R99p index (amount of extreme precipitation), under the SSP1-2.6 scenario, the results show
a very weak trend (Kendall’s tau =—0.010) and a high p-value (0.897), indicating that extreme precipitation
does not exhibit a significant trend over this period. However, under the SSP5-8.5 scenario, a more
pronounced positive trend is observed, with a Kendall’s tau of 0.244 and a p-value of 0.002, suggesting a
significant increase in extreme precipitation in the basin, which could have important impacts on extreme
weather events in the region.

Regarding the Rx3day and Rx5day indices (respectively, the maximum amount of precipitation over 3
and 5 days), the results under the SSP1-2.6 scenario show weak and insignificant trends (tau = 0.008 for
Rx3day and tau = 0.0126 for Rx5day), indicating that no significant change is expected for these indices.
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However, under the SSP5-8.5 scenario, the trends become more significant, particularly for Rx5day, which
has a Sen slope of 0.109, signaling a significant increase in 5-day precipitation in the future.

Table 4. Average annual changes in the six selected extreme precipitation indices for the future period, based on the Mann-
Kendall test in the Koliba-Corubal basin.

SSP1-2.6 R99p Rx3day RxSday SDII CWD R20mm
Kendall’s Tau —0.010 0.008 0.026 0.166 0.074 0.168
p-value 0.897 0.921 0.733 0.029 0.333 0.033
Sen slope —0.002 0.008 0.032 0.008 0.129 0.056
SSP5-8.5 R99p Rx3day Rx5day SDII CWD R20mm
Kendall’s Tau 0.244 0.109 0.109 —0.330 —0.186 —0.107
p-value 0.002 0.153 0.153 0.000 0.015 0.172
Sen slope 0.064 0.148 0.148 —0.016 —0.367 —0.042

Regarding the SDII (Rainfall Intensity Index), the SSP1-2.6 scenario reveals a slight positive trend (tau =
0.074), suggesting a moderate increase in rainfall intensity. This trend becomes negative under SSP5-8.5, where
the tau value (—0.166) and the Sen slope (—0.008) indicate a stronger downward trend in rainfall intensity.
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Figure 2. Evolution of the six extreme precipitation indices retained for the future period according to the SSP1-2.6 scenario in
the Koliba-Corubal basin.
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Finally, for the CWD (consecutive wet days) and R20mm (number of days with rainfall exceeding 20
mm) indices, the SSP1-2.6 scenario shows relatively low results, with a Sen slope of 0.129 for CWD.
However, the significant variation of +268.6% in CWD under SSP1-2.6 with a non-significant trend in the
Mann-Kendall test (p = 0.333) could be explained by strong interannual variability. However, under the
SSP5-8.5 scenario, these indices show more significant negative trends, particularly for CWD, whose Sen
slope is —0.367, highlighting a potential decrease in the number of consecutive wet days.
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Figure 3. Evolution of the six extreme precipitation indices retained for the future period according to the SSP5-8.5 scenario in
the Koliba-Corubal basin.

In general, it is observed that under the SSP5-8.5 scenario, extreme rainfall indices in the Koliba-
Corubal basin tend to show more mixed trends compared to the SSP1-2.6 scenario, with some indices (R99p,
Rx3day, Rx5day) increasing, while others (SDII, CWD, R20mm) decrease. This development suggests that
the region could experience an intensification of extreme rainfall events in future periods under the high
emissions scenario, which would have implications for climate risk management, including floods and
associated disasters.

The evolution of the indices indicates a general trend toward a decrease in the intensity of extreme
precipitation in the early stages of the 21st century, followed by an increase toward the end of the century
under SSP5-8.5. This suggests a shift in the frequency and intensity of extreme precipitation events in the
region. A decrease in the Rx3day and Rx5day indices at the beginning of the century could indicate fewer
extreme precipitation events in the region during that period. However, the trend toward an increase later in
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the century could be attributed to several factors, including global climate change, which is altering
precipitation patterns and making events that were rare in the past more frequent or more intense in the future.

The decrease in the rate of change of the indices over time could also mean that, although the variability
of climatic conditions has decreased, the magnitude of extreme events may still increase, even if this
appears to be happening at a slower pace.
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Figure 4. Spatial distribution of extreme daily rainfall indices R20mm in the Koliba-Corubal basin.
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The fact that torrential rains are already rare in the region, and that small changes can lead to high
relative rates of change, demonstrates that these events, although infrequent, can have a disproportionate
impact on the area. Management systems must therefore be prepared for scenarios where small variations

can lead to significant changes in risk management.
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Figure 5. Spatial distribution of extreme daily precipitation indices Rx5day in the Koliba-Corubal basin.
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Figures 4 and 5 indicate the spatial distribution of two of the extreme precipitation indices used in the
scenarios considered (R20mm and Rx5day). The spatial evolution is almost identical and follows the same
direction (northeast to southwest) for these two indices, throughout the area, and for both scenarios.

A general trend toward increased extreme precipitation indices is observed, particularly under SSP5-
8.5, which indicates higher rainfall at the end of the century. Mountainous areas in the center of the basin
appear to be the most affected by this increase, likely due to their elevated topography, which enhances
orographic rainfall, and their proximity to the monsoon dynamics, which intensify precipitation in these
regions during the rainy season. These changes are particularly pronounced in the 2071-2100 period,
suggesting an increased risk of extreme weather events. The maps show marked spatial variation, with
higher precipitation values in some areas, reflecting climate change projections. The phenomenon of
extreme precipitation appears more pronounced in the SSP5-8.5 scenarios, suggesting a significant climatic
impact across the different time periods studied.

4.2. Daily Variability of Future Temperatures in the Basins

Based on future data from the SSP1-2.6 and SSP5-8.5 scenarios, a set of extreme temperature indices
was calculated. These include TN90p (Annual percentage of days where TN > 90th percentile), TNx
(Annual maximum value of daily minimum temperatures), TX90p (Annual percentage of days where TX >
90th percentile), and TXx (Annual maximum value of daily maximum temperatures).

Due to the model’s long temporal projection range, which facilitates analysis, we divided the future
projection period into three 30-year intervals starting from 2021: 2021-2050 (horizon 2050), 2051-2080
(horizon 2080), and 2081-2100 (horizon 2100). Observational precipitation data from 1985 to 2014 were
used as the reference period to facilitate the analysis of the distribution of the four temperature indices in
the Koliba-Corubal basin across different future periods relative to the baseline period (Tables 5-7).

Table 5. Average annual values of the four extreme temperature indices selected over the reference period and the future period
in the Koliba-Corubal basin.

SSP1-2.6 TN90p (%) TNx (°C) TX90p (%) TXx (°C)
1985-2014 10.6 25.8 10.5 38.2
2021-2100 10.8 29.2 10.6 38.7
2021-2050 9.5 29.2 7.2 38.6
2051-2080 13.7 29.2 11.0 38.7
2071-2100 10.8 29.3 16.0 39.0

SSP5-8.5 TN90p (%) TNx (°C) TX90p (%) TXx (°C)
1985-2014 10.6 25.8 10.5 38.2
2021-2100 11.1 27.5 11.0 39.7
2021-2050 0.09 26.41 0.09 38.71
2051-2080 2.89 27.68 4.78 39.82
2071-2100 28.7 28.6 27.6 40.8

Table 6. Percentage change in the four selected extreme temperature indices for the future period compared to the reference
period in the Koliba-Corubal basin.

SSP1-2.6 TN9Op (%) TNx (°C) TX90p (%) TXx (°C)
2021-2100 1.21 3.38 0.85 0.49
2021-2050 -10.4 3.37 -32.0 0.35
2051-2080 29.00 3.40 4.9 0.49
2071-2100 1.3 3.49 51.7 0.75
SSP5-8.5 TN9Op (%) TNx (°C) TX90p (%) TXx (°C)
2021-2100 4.0 1.67 4.9 1.49

2021-2050 —99.2 0.58 —99.1 0.49
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2051-2080 —72.8 1.85 —54.5 1.60
2071-2100 169.7 2.76 161.9 2.57

The temperature increase in the Koliba-Corubal basin shows similar trends for both scenarios (SSP1-
2.6 and SSP5-8.5) over the period 2021-2100. The TN90p, TNx, TX90p, and TXx indices all show an
increase compared to the reference period (1985-2014). For example, under the SSP1-2.6 scenario, the
TN90p index rises from 10.6% (1985-2014) to 10.8% (2021-2100), an increase of 1.21%. The TNx index,
meanwhile, increases by 3.38 °C. Under the SSP5-8.5 scenario, the increase is also significant, but more
pronounced, with rises of 4.0% for TN90p and 1.67 °C for TNx.

The 2051-2080 sub-period in both scenarios also shows a significant increase, particularly for the
TN90p index, which experiences an impressive rise of 29.0% under SSP1-2.6, and 169.7% under SSP5-
8.5 by the end of the century (2071-2100). This demonstrates a heightened emphasis on extreme
temperatures in the coming decades, especially for the minimum and maximum temperature indices
(TN90p, TX90p) (Tables 5-7, Figures 6 and 7).
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Figure 6. Evolution of the four extreme temperature indices retained for the future period according to the SSP1-2.6 scenario in
the Koliba-Corubal basin.

In relation to the Mann-Kendall test (Table 7), we observe changes in extreme temperature indices in
the Koliba-Corubal basin under the SSP1-2.6 and SSP5-8.5 scenarios, showing a general upward trend.
Under the SSP1-2.6 scenario, the TN90p, TX90p, and TXx indices show significant increases, particularly
for TX90p, with a Kendall tau reaching 0.132 and a Sen slope of 0.040. This change remains relatively
small for the TN90p and TXx indices, but is still positive, suggesting a trend toward higher temperatures.

Under the SSP5-8.5 scenario, the trend intensifies, with higher values for the TN90p and TX90p indices,
notably a Kendall Tau of 0.839 for TN90p, and p-values equal to 0.0, indicating highly significant results.
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Figure 7. Evolution of the four extreme temperature indices retained for the future period according to the SSP5-8.5 scenario in

the Koliba-Corubal basin.

Table 7. Average annual changes in the four selected extreme temperature indices for the future period, based on the Mann-

Kendall test in the Koliba-Corubal basin.

SSP1-2.6 TN90p TNx TX90p TXx
Kendall’s Tau 0.072 -0.056 0.132 0.013
p-value 0.346 0.465 0.083 0.861
Sen slope 0.021 —0.001 0.040 0.000
SSP5-8.5 TN90p TNx TX90p TXx
Kendall’s Tau 0.806 0.717 0.839 0.691
p-value 0.000 0.000 0.000 0.000
Sen slope 0.453 0.043 0.426 0.042

Figures 8 and 9 show the spatiotemporal variability of two extreme temperature indices (TNx and TXXx)
over the entire future period (2021-2100). The spatial distribution varies simultaneously with the extremes
for each scenario used (SSP1-2.6 and SSP5-8.5) in the basin. The extreme temperature indices used are less

severe in the SSP1-2.6 scenario than in the SSP5-8.5 climate scenario.

A trend towards increasing minimum and maximum temperatures is observed in future projections,
particularly between 2051-2080 and 2071-2100 for both SSP scenarios. The areas most affected are located
in the central and eastern regions of the basin, with TNx values reaching 44.3 °C. Compared to the historical

period, these increases indicate significant global warming.
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Figure 8. Spatial distribution of extreme daily temperature indices (TNx) in the Koliba-Corubal basin.

However, for the TNx index, the spatial evolution remains almost identical across both basins and both
climate scenarios. As for the spatial variation of TX90p (%), it remains low in the SSP1-2.6 scenario and
slightly higher in the SSP5-8.5 scenario in both basins. The spatial evolution of TXx (°C) is almost identical
in both basins and across all climate scenarios considered.
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Future changes in rainfall are primarily influenced by temperature in addition to general atmospheric
humidification, and studies have shown that rainfall in Africa is highly sensitive to global warming and that
rising temperatures lead to changes in rainfall levels [35,36].
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Figure 9. Spatial distribution of extreme daily temperature indices TXx in the Koliba-Corubal basin.
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4.3. General Characteristics of Precipitation and Temperatures on an Annual Scale in the Basin

Table 8 provides statistical data on temperature and precipitation for three different scenarios (SSP126,
SSP370, and SSP585) in the Koliba-Corubal basin.

e Temperature Data: The minimum, average, and maximum temperatures all increase as the emissions
scenario becomes more extreme (from SSP126 to SSP585). Minimum temperatures range from 21.6 °C
to 25.8 °C, average temperatures range from 26.5 °C to 30.7 °C, and maximum temperatures range
from 32.5 °C to 36.8 °C. Notably, skewness and kurtosis values indicate a slight shift toward higher
temperatures, with the distribution becoming more concentrated in SSP370 and SSP585.

e Precipitation Data: Precipitation decreases from 1693 mm in SSP126 to 1529 mm in SSP370, with a
slight increase in SSP585 to 1535 mm. The standard deviation indicates variability, with SSP370
showing the highest spread in precipitation values.

These statistics underscore the impact of different greenhouse gas emission scenarios on both
temperature and precipitation patterns in the basin.

Table 8. Statistics on precipitation and temperatures were used according to different scenarios in the Koliba-Corubal basin.

Parameters Scenarios Count Mean Std Min 25% 50% 75% Max Skewness Kurtosis

SSP 126 87 224 02 21.6 223 224 22.6 23.0 —0.7 1.7
Minimum temperature SSP 370 87 23.6 1.0 21.6 22.8 23.7 244 254 0.0 -1.0
SSP 585 87 236 1.2 21.8 22.6 233 245 25.8 0.3 -1.2

SSP 126 87 274 02 265 273 274 275 28.0 —0.8 2.5

Average temperature SSP 370 87 283 1.0 26.6 27.6 283 29.1 30.2 0.1 -1.0
SSP 585 87 284 1.1 26.7 274 282 293 307 0.3 -1.2

SSP 126 87 334 0.3 325 332 334 335 340 —0.7 1.5

Miaximum temperature SSP 370 87 341 1.0 32.6 332 340 349 36.1 0.3 -1.1
SSP 585 87 343 1.1 32.6 334 341 353 36.8 0.3 —-1.1

SSP 126 87 1693 143 1414 1604 1686 1783 2032 0.3 —0.3

Precipitation SSP 370 87 1529 168 1039 1413 1529 1645 1970 —0.1 0.2
SSP 585 87 1535 169 1147 1419 1507 1628 1996 0.5 0.3

Analysis of future rainfall trends in the Koliba Corubal basin, according to the three scenarios SSP126,
SSP370, and SSP585, shows variation over time and space. Future changes in rainfall (%) over the near,
medium, and far horizons relative to the reference period (1985-2014) for SSP126, SSP370, and SSP585
are recorded in Tables 9 and 10.

The Table 9 shows the future changes in annual rainfall (in %) over three periods (2021-2050, 2051—
2080, and 2071-2100) under three scenarios (SSP126, SSP370, and SSP585) in the Koliba-Corubal basin.

e SSP126 shows a slight increase in rainfall by 2.16% in 2021-2050, 1.84% in 2051-2080, and a larger
increase of 4.57% by 2071-2100, with a cumulative 3.27% increase over the entire period (2021-2100).

e SSP370 and SSP585 indicate a decline in rainfall, especially in the later periods. SSP370 shows a 7.98%
decrease over 2021-2100, while SSP585 shows a 7.2% decrease, with substantial reductions in the
mid-century periods (2051-2080).

This reflects the varying impacts of different emission scenarios on rainfall in the basin.

Table 9. Future changes in annual rainfall (in %) over three future periods according to the SSP126, SSP370, and SSP585
scenarios in the Koliba Corubal basin.

Rmm 1985-2014 2021-2050 Variation 2051-2080 Variation 2071-2100 Variation 2021-2100 Variation
SSP 126 1643 1678 2.16 1673 1.84 1718 4.57 1697 3.27
SSP 370 1643 1628 —0.89 1497 —8.9 1399 —14.8 1512 —7.98
SSP 585 1643 1636 —0.40 1478 —10.03 1455 -11.4 1525 —7.2
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Table 10. Future annual temperature changes (in °C) over three future periods according to the SSP126, SSP370, and SSP585
scenarios in the Koliba Corubal basin.

™ 1985-2014 2021-2050 Variation 2051-2080 Variation 2071-2100 Variation 2021-2100 Variation

SSP 126 26.6 27.3 0.76 27.5 0.90 27.4 0.83 27.4 0.81
SSP 370 26.6 27.5 0.91 28.7 2.07 29.4 2.84 28.5 1.88
SSP 585 26.6 27.4 0.86 28.7 2.09 29.7 3.12 28.5 1.96
TN 1985-2014 2021-2050 Variation 2051-2080 Variation 2071-2100 Variation 2021-2100 Variation
SSP 126 21.7 22.4 0.74 22.5 0.85 22.5 0.78 22.5 0.77
SSP 370 21.7 22.8 1.08 24.0 2.27 24.7 3.00 23.7 2.06
SSP 585 21.7 22.6 0.91 23.9 2.17 24.9 3.26 23.7 2.04
TX 1985-2014 2021-2050 Variation 2051-2080 Variation 2071-2100 Variation 2021-2100 Variation
SSP 126 32.5 333 0.80 33.5 1.02 33.5 0.94 334 0.90
SSP 370 32.5 33.2 0.70 34.4 1.86 35.2 2.70 34.2 1.69
SSP 585 32.5 33.4 0.86 34.6 2.09 35.6 3.11 34.5 1.96

Table 10 presents the future annual temperature changes (in °C) over three future periods (2021-2050,
2051-2080, and 2071-2100) under three emission scenarios (SSP126, SSP370, and SSP585) in the Koliba-
Corubal basin.

e  Mean Temperature (TM): Under the SSP126 scenario, the mean temperature increases by 0.76 °C by 2021—
2050 and reaches a total of 0.81 °C by 2021-2100. For SSP370 and SSP585, the increases are more
pronounced, with SSP370 showing an increase of 1.88 °C by 2021-2100 and SSP585 a 1.96 °C increase.

e  Minimum Temperature (TN): Minimum temperatures also rise, with SSP126 showing a steady increase
of 0.77 °C by 2021-2100. SSP370 and SSP585 show more significant increases, with SSP370 rising
by 2.06 °C, and SSP585 by 2.04 °C by the end of the century.

e Maximum Temperature (TX): Maximum temperatures show similar trends, with SSP126 showing a
modest increase of 0.90 °C by 2021-2100. SSP370 and SSP585 show a stronger increase in maximum
temperatures, with SSP370 reaching 1.69 °C and SSP585 1.96 °C by the century’s end.

This data illustrates a consistent upward trend in temperatures, with the most significant increases
projected under higher emission scenarios.

Tables 8 and 10 clearly show a trend of increasing temperatures and variability in precipitation in the
Koliba-Corubal basin under different emission scenarios (SSP126, SSP370, SSP585). Minimum, average,
and maximum temperatures rise significantly, especially under the SSP370 and SSP585 scenarios, with
increases of up to 3.12 °C by 2100. In contrast, precipitation generally decreases, particularly under SSP370
and SSP585, with reductions of up to 14.8%. These results highlight the growing impact of climate change
on the basin, including increased risks of extreme events and challenges to water resources and ecosystems.

The limitations of climate trend analysis methods include several factors. Data quality and
completeness are crucial, as missing or erroneous data can introduce biases. Model uncertainty, particularly
in those projecting future extremes (such as CMIP6), leads to variations across models and projections. The
spatial and temporal resolution of models, often too coarse, can overlook important local variations.
Statistical methods like the Mann-Kendall test assume data stationarity, which may not hold true under
climate change scenarios. Finally, the choice of emission scenarios (e.g., SSP1-2.6 vs. SSP5-8.5) strongly
influences study outcomes, and uncertainty in future emissions introduces variations in projections of
climate extremes.

5. Discussion

The results obtained on the future variability of extreme rainfall and temperature indices in the Koliba-
Corubal basin reveal contrasting trends depending on the scenarios and time horizons considered. The
widespread decrease in extreme rainfall indices under the SSP1-2.6 and SSP5-8.5 scenarios, particularly
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marked for R99p (—45.4% under SSP1-2.6) and Rx3day (—42.0% under SSP1-2.6), is consistent with work
carried out in West Africa. Faye and Akinsanola [7] had already highlighted the ability of CMIP6 models
to reproduce extreme indices in the region, while noting significant biases in the representation of the West
African monsoon. Our results also corroborate the projections of Ilori and Adeyewa [8], which predict a
significant change in the regime of extreme rainfall in West Africa, with marked spatial contrasts between
sub-regions.

Analysis of temporal trends reveals a non-linear evolution of the indices, with a decrease at the
beginning of the period followed by a rise towards the end of the century, particularly visible under the
SSP5-8.5 scenario. This complex dynamic has been documented by Saley and Salack [17], who show that
intense rainfall events in the Sahel and West Africa could increase in frequency despite a decrease in annual
rainfall totals in some areas. This apparent contradiction is explained by an increased concentration of
rainfall over shorter periods, as suggested by the work of Saley et al. [20] on future projections of rainfall
extremes.

The Mann-Kendall test applied to future series reveals significant trends for several indices, particularly
under the SSP5-8.5 scenario, where R99p exhibits a Kendall tau of 0.244 (p = 0.002). These results are
consistent with the analyses of Vicente-Serrano et al. [ 16], who assessed the ability of CMIP models to capture
observed precipitation trends. However, as Niu et al. [15] point out, the uncertainty associated with the
projections remains substantial, justifying the multi-model approach adopted in this study.

Regarding extreme temperatures, the projected increases in the TN90p, TNx, TX90p, and TXx indices
confirm the regional trends documented by Iyakaremye et al. [9] of the intensification of extreme heat
events in Africa. Under the SSP5-8.5 scenario, the TN90p index registers a dramatic increase of 169.7%
by 2071-2100, reflecting a significant rise in hot nights. This development is consistent with the projections
of Dajuma et al. [23], which predict an expansion of the hottest climatic zones on the African continent
during the 21st century. Chinasho et al. [22] also documented similar trends in southern Ethiopia,
confirming the widespread warming of minimum and maximum temperatures in Africa.

We acknowledge that the climate projections used in our study show an intensification of precipitation
extremes, but these trends are not necessarily uniform across the globe. For example, the study by
Koutsoyiannis et al. [37] on Greece shows a lack of significant trends over more than 100 years for annual
precipitation and maximum rainfall. This highlights the complexity of local climate dynamics, which can
diverge from global projections. Thus, while our results indicate trends of intensifying extremes for the
Koliba-Corubal basin region, it is crucial to consider local specificities and the uncertainties associated with
climate models.

Divergent behaviors across the extreme climate indices, such as the decreasing trend in the Rx3day but
an increasing trend in CWD, are observed in the Koliba-Corubal basin. However, these trends are not
explained mechanistically in the current study. The complexity of regional climate dynamics, which
involves both atmospheric and land surface interactions, may contribute to such inconsistencies. Further
research is needed to understand better the underlying processes driving these contrasting trends and how
they interact to shape future climate impacts in the basin.

When comparing the results of this study with previous research on similar West African basins, such
as the Casamance and Kayanga basins [38], the Aga-Foua-Djilas basin [39], and the Gambia River basin
[40], several key similarities and differences emerge. Similar to our findings in the Koliba-Corubal basin,
these studies indicate significant temperature increases, particularly under high-emission scenarios, and
shifts in precipitation patterns, including the intensification of extremes. However, while our study shows
a decrease in extreme precipitation indices such as Rx3day, studies of the Casamance and Gambia basins
reveal more complex behaviors, with regional variations in drought and runoff patterns. These comparisons
underscore the need for further regional analysis to understand better the diverse impacts of climate change
across West Africa.
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The spatial mapping of the indices reveals marked heterogeneity, with higher values in the
mountainous areas of the basin’s center. This spatial distribution, which persists across different time
horizons, suggests a continued topographic influence on local climatic regimes. Sambou et al. [18] had
already noted the importance of altitudinal gradients in the hydro-pluviometric variability of the Koliba-
Corubal basin, a characteristic that our future projections appear to confirm.

The implications of these changes for water resources are considerable. Sadio [26] showed, in similar
West African watershed contexts, that altered extreme weather patterns result in disrupted flows and
increased vulnerability of hydrological systems. Rameshwaran et al. [12] project significant changes in
West African river flows, with potential consequences for water availability for populations and ecosystems.
In the Koliba-Corubal transboundary basin, where the river is the main freshwater resource for Guinea-
Bissau [19], these developments warrant particular attention.

In terms of public policy, our results align with the recommendations of Neglo [24] regarding the need
to integrate climate projections into development planning in West Africa. Hansen et al. [25] also
emphasize the importance of developing climate risk management tools adapted to local realities,
particularly in the agricultural and pastoral sectors, which remain highly dependent on rainfall patterns. The
work of Abubakar et al. [29] on the impact of climate change on millet yields in Niger provides a concrete
illustration of the food security challenges linked to the evolution of climate extremes.

Finally, the comparison between the two scenarios, SSP1-2.6 and SSP5-8.5 highlights the crucial role
of future socio-economic choices in determining the magnitude of projected changes. As Dogiso et al. [28]
emphasize in their analysis of climate extremes in Ethiopia, development trajectories and greenhouse gas
emission mitigation policies will have a major impact on the future exposure of populations to climate
hazards. This dimension underscores the importance of coordinated action at the local, national, and
international levels to limit warming and adapt territories to inevitable changes.

6. Conclusions

Analysis of future daily variability in precipitation and temperature in the Koliba-Corubal watershed,
based on CMIP6 projections under the SSP1-2.6 and SSP5-8.5 scenarios, reveals several key findings. The
results show a general decrease in extreme precipitation indices, with reductions ranging from —20% to
—45% depending on the index and scenario, reflecting a potential reduction in rainfall totals and the
intensity of rainfall events. Concurrently, extreme temperature indices show significant increases,
particularly marked under the highest emissivity scenario, where the percentage of warm nights (TN90p)
increases by nearly 170% by 2071-2100.

Spatial analysis reveals significant heterogeneity in the distribution of projected changes, with the
mountainous areas in the center of the basin appearing most vulnerable to the intensification of extreme
temperatures and altered rainfall patterns. Mann-Kendall trend tests confirm the significance of these
changes, particularly under the SSP5-8.5 scenario, highlighting the importance of future socio-economic
choices in determining the magnitude of climate change.

These results have important implications for water resource management in this transboundary basin,
where the Koliba-Corubal River is the main source of fresh water for the riparian populations. The projected
changes in extreme weather patterns could have a lasting impact on water availability, agricultural
productivity, and food security, calling for proactive adaptation of development strategies.

Faced with these challenges, integrating climate projections into public policies for land-use planning
and risk management is essential. Further investigations, using higher-resolution regional models and
incorporating local feedback, would refine these projections and support decision-makers in developing
adaptation strategies tailored to the specific realities of this West African basin.
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