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Senegal is facing a growing challenge of severe climate and hydrological extremes as global 
warming accelerates. Developing countries, and Senegal in particular, are severely affected 
by these extreme climatic events due to their low adaptive capacity. Using the Coupled Model 
Intercomparison Project Phase 6 (CMIP6) dataset, the study sought to ascertain how the Aga-
Foua-Djilas basin’s extreme temperature, precipitation, and runoff indices might react in the 
future to global warming below the levels predicted by the Shared Socioeconomic Pathways 
(SSP), SSP 126, SSP 370, and SSP 585 scenarios. Daily temperature, precipitation and runoff 
data from the Inter-Sectoral Impact Intercomparison Project (ISIMIP) are used in the study. 
Extreme temperature and precipitation indices as well as Indicators of hydrologic alteration 
(IHA) are calculated.  The results show that future climate warming scenarios may cause 
a substantial decline in precipitation intensity and days of extremely heavy precipitation, which 
could account for the fall in total annual precipitation. As temperatures rise and precipitation 
decreases, the extreme flow indices will trend downward. The rainfall deficit will cause a decline 
in the medians of the minimum and annual flows over 1, 3, 7, 30, and 90 days for the upcoming 
period. Consequently, changes in climatic extremes are expected to increase the probability of 
severe extreme events. Therefore, climate change will influence future trends in the alteration of 
hydroclimatic variables in the watershed, making their study essential.

climate change,
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1 INTRODUCTION
 

Global warming has been linked to increases in 
temperature and precipitation intensity throughout 
Africa in recent decades (Tan et al., 2021; Thoeun, 
2015). Due to their significant effects on many 
hydrological systems, these changes raise the danger 
of regional water events including droughts and 
floods (François et al., 2019; Kundzewicz et al., 2014). 
Severe droughts have the potential to drastically 
lower freshwater supply and agricultural yields, 
resulting in socioeconomic losses(Balti et al., 2020). 
Consequently, quantifying the impact of climate 
change on extreme precipitation and resulting extreme 
flows is important for developing better adaptation, 
more effective mitigation and greater resilience to 
water-related hazards.

Globally, hydrological cycles are being profoundly 
altered by climate change, contributing to more 
frequent floods and droughts, as well as changes 
in river flow patterns (Hirabayashi et al., 2013; 
Intergovernmental Panel on Climate Change (IPCC), 
2023). This situation has a significant impact on 
water resources, river ecosystems, and human 
activities (Döll et al., 2018; Vörösmarty et al., 2010).

It is crucial for understanding the climate of the 
past, projecting future climate change, making policy 

decisions, and signing international agreements (Yang 
& Jiang, 2017)]. Numerous studies on temperature 
and precipitation extremes have been conducted in 
various regions using the CMIP model as a basis. 
Some studies show that global warming is causing 
an increase in the frequency of extreme precipitation 
events around the world. (Papalexiou & Montanari, 
2019). In Africa, extreme flows are sensitive to extreme 
climatic events. Numerous studies have assessed the 
impact of climate change on extreme flows in various 
river basins on the African continent (Rameshwaran 
et al., 2021). The changes reported vary from place 
to place.

Based on a new approach integrating CWatM, 
ISIMIP, CMIP6 and IHA indicators, this study aims to 
assess the impact of climate change on extreme flows 
in tropical regions. Projections of future temperature, 
precipitation and extreme flow indices in the Aga-
Foua-Djilas are made for the period 2021-2100. In 
addition, variations in temperature, precipitation and 
extreme flow indices for the near future (2021-2040), 
the medium future 1 (2041-2060), the medium future 
2 (2061-2080) and the far future (2081-2100) of the 
21st century are analyzed in relation to the reference 
period (1985-2014).
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A

2 MATERIALS AND METHODS 

Study area 
The Aga-Foua-Djilas watershed is located in the 

northern and north-western part of the Sine-Saloum 
delta (Fig. 1). In Senegal, the Sine-Saloum basin is 
one of the country‘s largest drainage basins. A system 
of rias drains it, with Sine and Saloum being the two 
principal ones. Many small low-lying areas crisscross 
the basin, and each winter, despite the ongoing 
drought, they drain significant amounts of run-off 
water. It covers the latitude range of 14°15‘N to 14°25‘N 
and the longitude range of 16°37‘W to 16°53‘W. Its 
perimeter is 115.7 km, and its total area is 317.5 km².

The Aga-Foua-Djilas watershed lies in the coastal 
North Sudanian domain (Sagna, 2005). During the 
period 1991-2020, the basin recorded average annual 
temperatures of between 27 and 28°C and total 
rainfall ranging from 550 to 700 mm/year (Dione, 
2024).  

In terms of geographical features, the highest 
points are situated in the northern and northwestern 
regions, with elevations ranging from 23 to 42 meters, 
encompassing 11.94% of the area. These elevations 
indicate the plateaus, which represent the highest 
sections of the topographic sequence. The middle 
elevations (12 to 23 m) make up 56.76% of the 
watershed‘s total surface area, which is over half. 
They create the linking inclines and serve as the areas 
of change between higher and lower elevations. They 
are situated at the heart of the basin. The bottommost 
regions of the topographical sequence have elevations 
between -8 to 12 meters and make up 31.30% of the 
watershed. They align with the lower areas along the 
water drainage system. They are larger in size in the 
southeastern section of the watershed, especially 
near the point where water flows out.

Data 
Daily data on temperature, precipitation, and runoff 

are accessible through the Inter-Sectoral Impact Model 
Intercomparison Project (ISIMIP) (https://www.isimip.
org), which serves as a comprehensive framework for 
evaluating climate change impacts across multiple 
scales and sectors (Lange, 2019). ISIMIP aims to 
improve the accuracy and scope of climate change 
research by integrating various global impact models, 
including global hydrological models. The ISIMIP3b 
protocol, designed to provide bias-corrected climate 
projections (Lange, 2019) from five climate models 
contributing to the IPCC Sixth Assessment Report, 
offers simulations at a spatial resolution of 0.5° × 0.5°. 
This protocol was specifically developed to support the 
IPCC Special Report on the 1.5°C global warming target 
(Frieler et al., 2017).  Following the ISIMIP3b simulation 
protocol (www.isimip.org/protocol/#isimip3b), all 
general circulation model simulations were conducted 
at a spatial resolution of 0.5° × 0.5°. Among the five 
global climate models available on the ISIMIP platform, 
only MRI-ESM2-0 and its CWatM outputs (Burek et al., 
2020) were utilized to characterize runoff in the study 
basin. Meanwhile, precipitation simulations were 
based on four climate models: GFDL-ESM4, CESM2-
WACCM, CNRM-CM6-1-HR f2, and MRI-ESM2-0.

Methods
The data were first assessed for the Aga-Foua-

Djilas basin and corrected using the modified 
quantiles method, which produced better results 
compared to other methods. The climate stations in 
Mbour (for temperature) and Fatick (for rainfall) were 
used for validation. These are the two climate stations 
closest to the watershed (Fig. 2.) The bias correction 
results show a correlation coefficient of over 0.70 
for temperature (compared to 0.63 for the raw data) 
and 0.80 for precipitation (compared to 0.76 for the 

Fig.1: Aga-Foua-Djilas watershed presentation (Dione &et Faye, 2025)
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raw data) between the multi-model ensemble results 
and the observed data. Fig. 3 presents a comparison 
between observed, simulated, and bias-corrected data.

In this study, four extreme temperature indices 
and six extreme precipitation indices were selected, 
considering the fundamental meteorological 
characteristics of the Aga-Foua-Djilas basin. These 
indices have been widely recognized by the Expert 
Team on Climate Change Detection and Indicators 
(ETCCDMI) (Karl et al., 1999; Zhang et al., 2011) 
and have been extensively utilized in climate-related 
research (Akinsanola et al., 2021; Dong & Dong, 
2021; Sun et al., 2021). The extreme climatic indices 
were computed using the ClimPACT2 tool (https://
github.com/ARCCSS-extremes/climpact2/), which 
was released on August 1, 2023.

Fig. 2: Location of the Mbour and Fatick climate stations

Methods for characterizing the daily variability of 
future temperatures in the basin

Future projections from the SSP126, SSP370, 
and SSP585 scenarios were used to compute a set 
of extreme temperature indices (Table 1). These 
indices include TN90p (annual percentage of days 
with a  minimum temperature above the 90th 
percentile), TNx (annual maximum of daily minimum 
temperatures), TX90p (annual percentage of days with 
a maximum temperature above the 90th percentile), 
and TXx (annual maximum of daily maximum 
temperatures).

The Shared Socioeconomic Pathways (SSP) 
scenario families illustrate different levels of 
adaptation and mitigation challenges for societies 
(O’Neill et al., 2014). SSP1 emphasizes international 

Fig. 3: Comparison of observed, simulated and corrected precipitation and temperature data
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cooperation and sustainable development, aligning 
with the „Proaction“ pathway. SSP2 follows 
a  trajectory of continuity with existing trends, 
resembling the „Inertia“ pathway. SSP3 reflects 
a context of geopolitical competition, characterized by 
slow economic growth and industrial policies, similar 
to the „Retrenchment“ pathway. SSP5 is associated 
with rapid development in emerging economies, 
driven by high energy consumption, corresponding to 
the „Growth at all costs“ pathway.

To facilitate analysis, the future projection period 
was divided into four 20-year intervals, starting in 
2021: 2021–2040 (horizon 2030 or early 21st century), 
2041-2060 (horizon 2050 or mid-21st century), 2061-
2080 (horizon 2070), and 2081-2100 (horizon 2090 
or late 21st century). This approach takes advantage 
of the model‘s long projection range, simplifying trend 
analysis. Precipitation data from 1985 to 2014 served 
as the reference period to assess the distribution of 
the four precipitation indices in the Aga-Foua-Djilas 
basin. The choice of this period (1985-2014) as the 
reference for these projections based on CMIP6 is 
linked to the fact that it corresponds to the last 30-
year period fully covered by historical climate model 
simulations (Eyring et al., 2016). Being centered on 
the year 2000, it makes it possible to represent a 
recent climate without including future or extremely 
hot post-2015 years. This choice also facilitates 
comparison between observations and modelling 
within a methodologically consistent framework 
(Teah  & Centre canadien des services climatiques, 
2023).

Methods for characterizing the daily variability of 
future rainfall in the basin

Using projections from the SSP126 and SSP585 
scenarios, a set of extreme precipitation indices 
commonly employed in climate studies (Bodian, 
2014; Dos Santos et al., 2011; Xu et al., 2015) were 
calculated (Table 2). These indices include total 
annual precipitation on days exceeding the 99th 
percentile (r99p), maximum consecutive annual 
precipitation over three days (rx3days) and five days 
(rx5days), the Daily Rainfall Intensity Index (SDII), 
the maximum number of consecutive days with 
precipitation ≥ 1 mm (CWD), and the annual count of 
days with precipitation ≥ 10 mm (r10mm).

As with temperature, extreme precipitation for 
the 2021-2100 period is subdivided into four 20-
year intervals: 2021–2040 (horizon 2030 or early 
21st century), 2041-2060 (horizon 2050 or mid-21st 

century), 2061–2080 (horizon 2070), and 2081-2100 
(horizon 2090 or late 21st century). The distribution 
of these six precipitation indices in the Aga-Foua-
Djilas basin is analyzed for each future period in 
comparison to the reference period (1985-2014).

Methods for characterizing the variability of future 
runoff using Indicators of hydrologic alteration 
(IHA) indices

The IHA method, developed by The Nature 
Conservancy (Richter et al., 1996) employed to evaluate 
the key hydrological characteristics influenced 
downstream of dams (Magilligan & Nislow, 2005) 
and the alteration of river hydrological regimes. This 
approach utilizes mean daily flow data to calculate 
33 ecologically significant hydrological parameters, 
which are categorized into five groups (François et 
al., 2019; Kundzewicz et al., 2014). These categories 
include: (i) monthly average flow, (ii) annual extreme 
flow, (iii) timing of annual extreme flow, (iv) frequency 
and duration of high and low pulses, and (v) flow 
change rate and frequency (Richter et al., 1998). For 
this study, only the indices from Group 2 (Annual 
extreme flow) are presented (Table 3).

The method requires approximately twenty years 
of flow data, both before and after changes to the 
hydrological regime of the watercourse. The RVA 
method, which relies on the IHA, is a widely used 
approach for assessing hydrological changes in river 
ecosystems (Huang et al., 2019; Richter et al., 1996). 
In this study, the number of rises and falls of the 
parameter used in the RVA method was replaced 
with the number of hydrological changes. The IHA 
values for each indicator in each hydrological year 
were calculated using the mathematical approach 
described in previous research (Barbalić & Kuspilić, 
2014) and the results were then used to evaluate 
hydrological alterations using the histogram 
comparison technique.

Mann Kendall test
Trends in extreme temperature, precipitation and 

flow series are determined by the Man Kendall test, 
and the Kendall Tau used to determine the magnitude 
of the trend.

Offer comprehensive details to enable independent 
replication of the work. Summarize methods that are 
already published, providing references. If directly 
quoting from a previously published method, use 
quotation marks and cite the source. Describe any 
modifications made to existing methods.

Tab. 1. Definitions of selected extreme temperature indices

Index Index name Definition

TN90p Warm nights Annual percentage of days where TN > 90th percentile

TNx Max of Tmin Maximum annual value for daily minimum temperatures

TX90p Hot days Annual percentage of days where TX > 90th percentile

TXx Max de Tmax Maximum annual daily temperatures

Tab. 2. Definitions of selected extreme precipitation indices

Index Index name Definition

R99p Days of extreme rain Total annual precipitation in days > 99th percentile

Rx3days Maximum rainfall over 3 days Maximum consecutive annual precipitation over 3 days

Rx5days Maximum rainfall over 5 days Maximum consecutive annual precipitation over 5 days

SDII Daily rainfall intensity index Ratio of total annual rainfall to the number of wet days (≥ 1 mm)

CWD Consecutive rainy days Maximum number of consecutive days with rainfall ≥ 1 mm

r10mm Number of days with very 
heavy rainfall

Annual number of days with rainfall ≥ 10 mm
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3 RESULTS 

Daily climate analysis using indices 
Daily variability of future temperatures in the basin 

Table 4 and Fig. 4, 5, and 6 present the results of 
the four extreme temperature indices for the different 
future periods, compared with the base period, along 
with the observed trends of change in the Aga-Foua-
Djilas basin.

The highest daily maximum (TXx) and minimum 
(TNx) temperatures are projected to rise from 2021 
to 2100. Compared to the reference period, with 
an average maximum temperature of 36.3°C, the 
daily maximum temperature (TXx) is projected to 
increase by approximately 5.08°C under SSP 126, 
6.07°C under SSP 370, and 6.36°C under SSP 585 
over the future period. For the mean minimum 
temperature, which is 27.2°C during the reference 
period, a decrease of -0.16°C is expected under SSP 
126, while increases of 0.43°C under SSP 370 and 
0.84°C under SSP 585 are anticipated. The changes 
become more pronounced towards the end of the 
century, with TXx values reaching up to 8.52°C and 
TNx values up to 2.38°C under SSP 585. However, 
for the periods 2021-2040 and 2041-2060, the trends 

Tab. 4. Absolute and percentage changes in the four extreme temperature indices selected for the future period compared 
with the reference period at the outlet of the Aga-Foua-Djilas basin

SSP 126 TN90p (%) TNx (°C) TX90p (%) TXx (°C)
2021-2040 -34.8 -0.46 -31.8 4.84
2041-2060 -5.14 -0.24 -18.1 5.05
2061-2080 20.1 -0.01 11.1 5.40
2081-2100 22.5 0.07 38.1 5.04
SSP 370 TN90p (%) TNx (°C) TX90p (%) TXx (°C)
2021-2040 -87.5 -0.65 -88.0 4.76
2041-2060 -50.8 0.16 -61.9 5.47
2061-2080 20.5 0.82 30.0 6.83
2081-2100 134 1.39 138 7.20
SSP 585 TN90p (%) TNx (°C) TX90p (%) TXx (°C)
2021-2040 -91.9 -0.46 -91.9 4.53
2041-2060 78.1 0.21 -69.5 5.72
2061-2080 -19.0 1.23 -20.5 6.69
2081-2100 211 2.38 201 8.52

for TXx and TNx are generally lower compared to the 
reference period, as evidenced by the negative values 
observed during these periods.

In the Aga-Foua-Djilas basin, there have also been 
significant changes in the frequency of warm nights 
(TN90p) and warm days (TX90p). Compared with the 
reference period, average warm days (TX90p) have 
increased by 4.4% under SSP 370 and 4.77% under 
SSP 585 over the future period, and warm nights 
(TN90p) by 0.67% under SSP 126, 3.9% under SSP 
370 and 5.48% under SSP 585 over the future period. 
The changes are greater towards the end of the 
century, with TX90p values of up to 201% and TN90p 
values of up to 211% under SSP 585. On the other 
hand, over the periods 2021-2040 and 2041-2060, 
the trends in TX90p and TN90p are often downwards 
compared with the reference period, as can be seen 
from the negative values noted for them.

The analysis of the Mann-Kendall test results for 
the four extreme temperature indices selected for the 
future period at the outlet of the Aga-Foua-Djilas basin 
(Table 5) reveals statistically significant upward trends 
at a 0.05 level of significance. However, the magnitude 
of change is highest under SSP 585, followed by SSP 
370 and SSP 126, indicating a more pronounced 

Tab. 5. Average annual variations in the four extreme temperature indices selected for the future period. based on the Mann 
Kendall test at the outlet of the Aga-Foua-Djilas basin. with a 0.05 risk of error

Kendall Tau TN90p (%) TNx (°C) TX90p (%) TXx (°C)
SSP 126 0.407 0.367 0.478 0.170
SSP 370 0.776 0.694 0.790 0.562
SSP 585 0.823 0.790 0.804 0.725

Tab. 3. Summary of the IHA parameters and their hydrological significance: amplitude and duration of extreme annual 
conditions (Richter et al.. 1998)

Categories IHA parameter groups

Group 2: Annual extreme flow

Annual lows. average over 1 day
Annual minimums. 3-day average
Annual minimums. 7-day average
Annual lows. 30-day average
Annual minimums. 90-day average
Annual; maximums. average over 1 day
Annual maximum. 3-day average
Annual maximum. 7-day average
Annual maximum. 30-day average
Annual maximum. 90-day average
Number of days with no flow
Base flow index: minimum flow over 7 days / average flow for the year
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warming trend in the most intensive emission scenario.
For Warm Nights (TN90p), Kendall‘s Tau is 0.407% 

per year under SSP 126, 0.776% per year under SSP 
370 and 0.823% per year under SSP 585 and for 
Warm Days (TX90p), Kendall‘s Tau is 0.478% per year 
under SSP 126, 0.790% per year under SSP 370 and 
0.804% per year under SSP 585. For the maximum 
annual value of daily minimum temperatures (TNx), 
Kendall‘s Tau is 0.367°C per year under SSP 126, 
0.694°C per year under SSP 370 and 0.790°C per year 
under SSP 585, and for the maximum annual value 
of daily maximum temperatures (TXx), Kendall‘s Tau 
is 0.170°C per year under SSP 126, 0.562°C per year 
under SSP 370 and 0.725°C per year under SSP 585.

Fig. 7 illustrates the spatial distribution of 
extreme temperature indices over the entire future 
period (2021-2100). The spatial distribution differs 
according to the extremes. TN90p and TX90p (%), 
will have practically the same spatial evolution. They 
will increase from east-northeast to west-southwest 
under all scenarios. TXx (°C) will rise from east to 
west, while TXx (°C) will fall along the same gradient 
under all scenarios. Frequencies will be more severe 
under SSP 585.

The fi ndings of this study indicate an increase 

in the frequency and intensity of extreme warm 
temperatures, while extreme cold temperatures have 
shown a declining trend in the basin.

Daily variability of future rainfall in the basin
The variations in the six precipitation indices for 

the Aga-Foua-Djilas basin are summarized in Table 6 
and Table 7. Future projections of these indices at 
the beginning, middle, and end of the 21st century, 
compared to the historical period (1985-2014), are 
illustrated in Fig. 8, 9, and 10 at the basin outlet. 
These Figures show that the wet index (CWD) will 
decrease considerably as a result of global warming 
over the future period (2015-2100), with decreases 
of around -22.1%, -28.7% and -30.9% respectively 
under SSP 126, SSP 370 and SSP 585. It remains 
the only index to show a uniform downward trend 
over all periods (near, medium and far future) and 
under all scenarios. As for the index of the number 
of days of very heavy precipitation (r10mm), although 
it will increase by around 21.5% under SSP 126, it 
will remain slightly down under SSP 370 (with -2.1%) 
and SSP 585 (with -2.38%). The trend in the four 
remaining indices, which is much more variable, is 
almost certain to continue into the middle of the 21st 

Fig. 4: Trend in standardized indices of the four extreme temperature parameters selected for the future 
period according to the SSP 126 scenario at the outlet of the Aga-Foua-Djilas basin

Fig. 5: Trend in standardized indices of the four extreme temperature parameters selected for the future period according to 
the SSP 370 scenario at the outlet of the Aga-Foua-Djilas basin
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Fig. 6: Trend in standardized indices of the four extreme temperature parameters selected for the future period under the 
SSP 585 scenario at the outlet of the Aga-Foua-Djilas basin.

Fig. 7: Spatial distribution of selected temperature extremes in the Aga-Foua-Djilas watershed, over the period 2021-2100.

century. Rx3day shows the strongest growth over the 
period 2041-2060, with percentages of around 71.2%, 
62.4% and 42.1% under SSP 126, SSP 370 and SSP 
585 respectively. On the other hand, towards the end 
of the century (2081-2100), Rx3day will sometimes 
increase under SSP 126 (20.4%) and SSP 370 (5.12%), 
and sometimes decrease under SSP 585 (-17.4%). 
The trends observed for the other indices (R99p, 
Rx5day, and SDII) are generally consistent with 

those of Rx3day, although the magnitude of changes 
may be relatively smaller. Additionally, variations in 
indices related to rainfall intensity (R10mm, Rx3day, 
Rx5day, and R99p) confi rm an increase in both the 
intensity and frequency of heavy rainfall events in the 
Aga-Foua-Djilas basin around mid-century, followed 
by a decline towards the end of the 21st century. In 
addition, the SDII indicates a signifi cant reduction in 
the average precipitation intensity per rainy day by 
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the end of the century, with decreases of up to 36.6% 
under SSP 370 and 46.3% under SSP 585. It should 
be noted, however, that the direction of change of 
certain indices (R95p, Rx3day, and SDII) under SSP 
370 and SSP 585 differs from that under SSP 126. 
This shows that the overall intensity of precipitation 
in the Aga-Foua-Djilas basin under SSP 370 and 
SSP 585 is lower than that under SSP 126, but the 
number of precipitation days is likely to decrease.

Overall, climate projections indicate that the Aga-
Foua-Djilas basin will experience increased humidity 
around the mid-21st century, followed by a marked 
drying trend towards the end of the century. Several 
extreme precipitation indices (R10mm, R99p, Rx3day, 
Rx5day, and SDII), which reflect precipitation 
intensity, indicate a significant decline in both the 
intensity and frequency of heavy rainfall events under 
SSP 585 by 2100. As a result, total precipitation in 
the basin is expected to decrease considerably in 
a warming climate. This trend is likely to heighten the 
risk of drought and increase the region’s vulnerability 
to extreme weather events.

Under the SSP 126 scenario, the CWD at the end 
of the 21st century will increase by 0.059 days per 
year on average over the period 2015-2100, while over 
the same period it will decrease by -0.226 days per 
year under SSP 370 and -0.317 days per year under 
SSP 585. Unlike the CWD, the Man Kendall test 
indicates. A downward trend for all the other extreme 
precipitation indices under SSP 126 (-0.180 mm 
per year for R99p, -0.152 mm per year for Rx3days, 
-0.109 mm per year for Rx5days, -0.132 mm per year 
for SDII and -0.133 days per year for r10mm). Under 
SSP 370 and SSP 585, all trends are downwards. 
Under SSP 370, a decrease of around -0.132 mm 
per year, -0.261 mm per year, -0.311 mm per year, 
-0.308 mm/day per year, -0.226 days per year and 
-0.302 days per year respectively for R99p, Rx3days, 
Rx5days, SDII, CWD and r10mm. Under SSP 585, a 
decrease of around -0.220 mm per year, -0.351 mm 
per year, -0.355 mm per year, -0.404 mm /day per 
year, -0.317 days per year and -0.457 days per year 
respectively for R99p, Rx3days, Rx5days, SDII, CWD, 
r10mm. The rate of precipitation declines in the Aga-
Foua-Djilas basin over the 21st century under SSP 
585 is significantly higher than the other two SSP 
scenarios. 

The Aga-Foua-Djilas basin is a region of significant 
agricultural production, where interannual variations 
in extreme precipitation indices throughout the 21st 
century directly influence downstream runoff and 
overall annual discharge. Therefore, projecting future 

interannual changes in these indices is crucial for 
anticipating hydrological variability in the basin. 
This projection provides a clearer understanding of 
how extreme precipitation patterns may evolve under 
different SSP scenarios, offering valuable insights for 
water resource management and agricultural planning.

Fig. 11 illustrates the spatial distribution of 
precipitation indices across the different SSP 
scenarios, highlighting potential variations in rainfall 
patterns within the Aga-Foua-Djilas basin. All indices 
will follow the same spatial pattern, depending on the 
scenario. They will increase from northwest to south 
and southeast. Their frequencies will drop under SSP 
370, and this drop will become more pronounced 
under SSP 585. The north, west and center of the 
basin will be more exposed. 

Figures 7 and 11 show little spatial variability in 
temperature and precipitation indicators. This shows 
that there is a degree of climatic homogeneity across 
the watershed (Dione, 2024).  

Daily variability of future runoff in the basin based 
on IHA indices

Tables 8 and 9 as well as Fig. 12 display the 
findings of the IHA tool‘s computation of the yearly 
minima and maximum flows‘ magnitude and 
duration for various time periods, such as one day, 
three days, seven days, thirty days, and ninety days, 
in addition to the number of days of base flow and 
zero flow. Understanding these indicators provides 
valuable insights for policymakers, water managers, 
hydrologists, and researchers on the impacts of 
human activities - such as land use changes and 
anthropogenic climate change - on rivers and 
groundwater resources. To characterize and measure 
changes in these extreme aspects linked to climate 
change, comparative analysis can be used.

Group 2 index hydrological impairment is seen 
as a high impairment. Only minimal annual extreme 
flows indicate low to moderate change; the other IHA 
indices for minimum annual extreme flows imply 
significant and severe alterations. Fig. 12 presents the 
time series for the Aga-Foua-Djilas basin, illustrating 
the median values along with the boundaries of 
the mean category (i.e., first and third quartiles), 
calculated based on the pre-impact reference period. 
It also highlights the maximum and minimum median 
values over 1-day, 3-day, 7-day, 30-day, and 90-day 
periods, comparing the pre-impact (reference period) 
and post-impact (future period) conditions.

Under the SSP 126 scenario, minimum and 
maximum flows at 1, 3, 7, 30 and 90 days will 

Tab. 6. Percentage change in the six extreme precipitation indices selected for the future period compared with the reference 
period at the outlet of the Aga-Foua-Djilas basin

SSP 126 R99p Rx3day Rx5day SDII CWD r10mm
2021-2040 30.2 55.0 44.4 48.4 -24.3 28.9
2041-2060 25.8 71.2 59.8 59.3 -18.9 46.1
2061-2080 29.9 46.6 41.8 34.7 -22.3 9.27
2081-2100 -57.2 20.4 18.5 26.6 -22.8 1.83
SSP 370 R99p Rx3day Rx5day SDII CWD r10mm
2021-2040 106.3 82.1 76.9 51.9 -8.6 32.4
2041-2060 34.5 62.4 52.4 41.6 -33.1 6.9
2061-2080 -19.3 16.3 13.4 15.7 -30.6 -11.1
2081-2100 -37.1 5.12 -8.62 3.24 -42.3 -36.6
SSP 585 R99p Rx3day Rx5day SDII CWD r10mm
2021-2040 74.6 90.8 87.1 63.7 -12.5 56.7
2041-2060 43.9 42.1 35.8 34.7 -20.8 14.0
2061-2080 -66.8 5.99 -3.93 2.61 -47.2 -33.8
2081-2100 -49.2 -17.4 -24.7 -6.4 -42.8 -46.3
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increase signifi cantly by 85.3% to 200% and 143% to 
219% respectively over the period 2021-2060, while 
they will decrease signifi cantly by -77.1% to -93% and 
-2.2% to -15.9% respectively over the period 2061-
2100. Under the SSP 370 scenario, minimum and 
maximum fl ows at 1, 3, 7, 30 and 90 days will increase 
signifi cantly from 249% to 311% and from 38.2% 
to 377%, respectively, over the period 2021-2060, 
while they will decrease signifi cantly from -88.2% to 
-100% and from -14.5% to -76.2%, respectively, over 
the period 2061-2100. Under the SSP 585 scenario, 
minimum and maximum fl ows at 1, 3, 7, 30 and 90 
days will increase signifi cantly from 64.3% to 516% 
and from 163% to 411%, respectively, over the period 
2021-2060, whereas they will decrease signifi cantly 
from -100% and from -92.0% to -93.8%, respectively, 
over the period 2061-2100. There is a signifi cant 
difference in the case of extremely high fl ows at 
maxima of 1, 3 and 7 days There is a maximum for 
the case of extremely high fl ows at maxima of 1, 3 
and 7 days, fl ows, showing that the extent of fl oods 
could increase in the near future and droughts could 
increase in the distant future. 

Similar to the base fl ow index, a signifi cant 
decrease is expected in the far future period, with 
reductions of up to -82.5% under SSP 126 and -100% 
under SSP 370 and SSP 585. This suggests that the 
future availability of water for freshwater supply 
is likely to decline sharply compared to current 

levels. Consequently, water supply stress could be 
exacerbated if water consumption increases due to 
factors such as future population growth and the 
expansion of irrigated agriculture. 

Zero-fl ow days, which are currently limited to 132 
days in the reference period, are expected to increase 
signifi cantly during the post-impact period (2021-
2100). This increase, which could lead to considerable 
mortality of aquatic organisms and threaten the 
ecological quality and continuity of the ecosystem, is 
projected to reach 152 days under SSP 126, 212 days 
under SSP 370, and 206 days under SSP 585.

This makes perfect sense because, especially 
toward the end of the century, the reference era saw 
more precipitation than the subsequent period. The 
increase in zero-fl ow days, which can be attributed to 
both climate change and growing drought, is extremely 
disastrous for aquatic ecosystems. The fi ndings show 
that climate change has an impact on the maximum 
and minimum fl ows on a daily, weekly, monthly, and 
quarterly basis in both positive and negative ways.

Signifi cant differences were observed in the 
maximum and minimum annual fl ows between the 
reference and post-impact periods. The medians 
of the 1-, 3-, 7-, 30-, and 90-day annual minimum 
fl ows have increased due to climate change, while the 
medians of the maximum annual fl ows over the same 
timeframes have decreased sharply, largely due to the 
rainfall defi cit. Under SSP 585, while the dispersion 

Fig. 8: Trends in standardized indices for the six extreme rainfall parameters selected for the future period under the SSP 
126 scenario at the outlet of the Aga-Foua-Djilas basin
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coeffi cients for minimum annual fl ows are zero, those 
for maximum annual fl ows during the future period 
range from 3.84 to 4.18, which are generally higher 
than the values observed in the reference period 
(ranging from 0.87 to 2.00). The base fl ow index is 
projected to be lower in the future period (zero) due 
to the impacts of climate change.

Under the SSP 126 scenario, the Mann Kendall test 
for minimum and maximum fl ows over 1, 3, 7, 30, and 
90 days shows a statistically signifi cant downward 
trend at the 0.05 risk level, with Kendall‘s tau ranging 
from -0.18 to -0.24. In the SSP 370 scenario, the 
minimum and maximum fl ows at these time intervals 

Fig. 9: Trends in standardized indices for the six extreme precipitation parameters selected for the future period under 
the SSP 370 scenario at the outlet of the Aga-Foua-Djilas basin

indicate a signifi cant decrease at the 0.05 risk level, 
with Kendall‘s tau ranging from -0.38 to -0.42. The 
SSP 585 scenario demonstrates the most pronounced 
downward trend, with Kendall‘s tau ranging from 
-0.42 to -0.56 for minimum and maximum fl ows at 
1, 3, 7, 30, and 90 days. A statistically signifi cant 
downward trend was also observed for base fl ow, with 
Kendall‘s tau values of -0.22, -0.41, and -0.39 for SSP 
126, SSP 370, and SSP 585, respectively. In contrast, 
the number of zero-fl ow days showed a statistically 
signifi cant upward trend, with Kendall‘s tau values of 
0.21, 0.47, and 0.55 for SSP 126, SSP 370, and SSP 
585, respectively (Table 8).

Tab. 8. Average annual variations in the twelve extreme runoff indices selected for the future period based on the Mann 
Kendall test at the outlet of the Aga-Foua-Djilas basin with a 0.05 risk of error

Kendall Tau 1-day 
min

3-day 
min

7-day 
min

30-day 
min

90-day 
min

1-day 
max

3-day 
max

7-day 
max

30-day 
max

90-day 
max

Zero 
days

Base 
fl ow

SSP 126 -0.24 -0.24 -0.24 -0.23 -0.20 -0.18 -0.18 -0.18 -0.19 -0.19 0.21 -0.22
SSP 370 -0.42 -0.42 -0.42 -0.42 -0.45 -0.38 -0.38 -0.38 -0.38 -0.39 0.47 -0.41
SSP 585 -0.42 -0.42 -0.42 -0.42 -0.44 -0.56 -0.55 -0.55 -0.55 -0.56 0.55 -0.36

Tab. 7. Average annual variations in the six extreme precipitation indices selected for the future period. based on the Mann 
Kendall test at the outlet of the Aga-Foua-Djilas basin. with a 0.05 risk of error

Kendall Tau R99p Rx3day Rx5day SDII CWD r10mm
SSP 126 -0.180 -0.152 -0.109 -0.132 0.059 -0.133
SSP 370 -0.132 -0.261 -0.311 -0.308 -0.226 -0.302
SSP 585 -0.220 -0.351 -0.355 -0.404 -0.317 -0.457
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Tab. 9. Percentage change in the twelve extreme fl ow indices selected for the future period compared with the reference 
period at the outlet of the Aga-Foua-Djilas basin

SSP 126 1-day 
min

3-day 
min

7-day 
min

30-day 
min

90-day 
min

1-day 
max

3-day 
max

7-day 
max

30-day 
max

90-day 
max

Zero 
days

Base 
fl ow

2021-2040 113 109 105 94.6 85.3 193 192 188 157 143 -24.1 76.7

2041-2060 200 195 189 183 157 219 216 210 171 152 -26 69

2061-2080 -84.2 -84.5 -84.8 -81.2 -77.1 107 106 102 72.5 46.9 49.2 -75.0

2081-2100 -92.1 -92.2 -92.4 -93.0 -89.8 -2.2 -2.3 -2.9 -10.1 -15.9 61.6 -82.5

SSP 370 1-day 
min

3-day 
min

7-day 
min

30-day 
min

90-day 
min

1-day 
max

3-day 
max

7-day 
max

30-day 
max

90-day 
max

Zero 
days

Base 
fl ow

2021-2040 311 303 301 280 249 377 374 360 288 232 -44.7 159

2041-2060 -100 -100 -100 -100 -97.5 99.1 97.5 92.4 63.6 38.2 70.9 -100

2061-2080 -84.2 -84.5 -84.8 -85.9 -87.8 28.6 27.7 24.3 4.4 -14.5 78.7 -65.7

2081-2100 -100 -100 -100 -100 -100 -74.6 -74.5 -74.7 -75.2 76.2 138 -100

SSP 585 1-day 
min

3-day 
min

7-day 
min

30-day 
min

90-day 
min

1-day 
max

3-day 
max

7-day 
max

30-day 
max

90-day 
max

Zero 
days

Base 
fl ow

2021-2040 516 505 493 457 397 411 405 389 311 318 -52 181

2041-2060 89.5 88.8 88.0 78.9 64.3 385 377 350 241 163 -35 167

2061-2080 -100 -100 -100 -100 -100 -92.7 -92.8 -92.9 -93.3 -93.8 151 -100

2081-2100 -100 -100 -100 -100 -100 -92.1 -92.1 -92.0 -92.3 -92.9 160 -100

Fig. 10: Trends in standardized indices for the six extreme precipitation parameters selected for the future period under 
the SSP 585 scenario at the outlet of the Aga-Foua-Djilas basin
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Fig.12: Projected variations in hydrological extremes as indicated by IHA parameters of amplitude and duration between 1985-
2014 and 2021-2100 according to the SSP 126, SSP 370 and SSP 585 scenario at the outlet of the Aga-Foua-Djilas basin

Fig. 11: Spatial distribution of selected extreme precipitation indices in the Aga-Foua-Djilas watershed, over the period 
2021-2100
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4 DISCUSSION

Specific climate extremes are brought on by 
global warming, including a rise in the occurrence 
of extremely hot days and nights, as well as 
a reduction in the occurrence of cold days and nights 
(Intergovernmental Panel on Climate Change (IPCC)
IPCC, 2007). Senegal is distinguished by variations 
in temperature and rainfall from year to year. In most 
parts of the nation, crop productivity is impacted 
by rainfall unpredictability. Droughts are supported 
by trends of increasing dry days and declining 
winter rainfall, whereas flood hazards have been 
influenced by the opposite patterns (Gedefaw et al., 
2018). The results of this study indicate an increase 
in the frequency and intensity of extreme warm 
temperatures. This trend aligns with findings from 
other studies, where similar increases in extreme 
temperature indices have been observed in various 
regions, such as in Iran (Soltani et al., 2016). Similar 
results have been achieved in many other parts of the 
world (Intergovernmental Panel on Climate Change 
(IPCC), 2013).

Flash floods and prolonged droughts, which are 
direct responses of hydrological dynamics to climate 
change, have become more intense in many river 
basins (Gbohoui et al., 2021; Hirabayashi et al., 
2013). The availability of freshwater is declining, 
disrupting aquatic ecosystems and reducing the 
ecological resilience of watersheds (Addor et al., 
2014a; Gbohoui et al., 2021; Hirabayashi et al., 
2013). In this context, the non-stationarity of river 
regimes makes water resource management planning 
complex and uncertain (Addor et al., 2014a).

Based on rainfall projections in the Aga-Foua-
Djilas basin, the study‘s results demonstrated 
a declining trend and a wide range that would make 
long-term predictions of water availability extremely 
questionable. Despite its great agricultural potential, 
the Aga-Foua-Djilas basin‘s low average annual 
rainfall and the declining trend in extreme rainfall 
indices may cause problems with water utilization. 
The findings of this study‘s analysis of climatic trends 
based on SSP scenarios are consistent with earlier 
studies conducted in Senegal (Mbaye et al., 2019; 
Sadio et al., 2020; Diakhaté et al., 2022;  Dione et al., 
2023, 2025; Dione, 2024) and other parts of the world 
(Almazroui et al., 2021; Ortega et al., 2021; Phan & 
Nguyen, 2023). 

The extreme runoff indices exhibited a consistent 
change in line with rainfall patterns, which aligns 
with findings from studies on the region. For 
instance, projections in West Africa (e.g., Senegal) 
indicate a  decrease in median peak flows by 23% 
(Rameshwaran et al., 2021), and a similar trend has 
been noted for seasonal peak flows in the Upper Niger 
and Inner Niger Delta during the 2050s and 2080s 
(Thompson et al., 2017). Additionally, projections for 
the Senegal and Gambia river basins using six CMIP5 
models (RCP4.5 and RCP8.5) suggest a decrease in 
river flows by the 2050s (Bodian et al., 2018). However, 
projections for the Niger River, based on 19 CMIP5 
models (RCP2.6 and RCP8.5), show uncertainty about 
the future trend, although most models suggest an 
increase in flows (Aich et al., 2014).

For many scenarios, it was generally found 
that river flow diminishes in the future. The basin 
has a  statistically significant tendency of rising 
temperature overall, as well as a statistically significant 
trend of falling discharge and precipitation over the 
coming years, according to the trend test results. The 
future trajectory of the catchment‘s hydroclimatic 

variables will be impacted by climate change. It ought 
to have an impact on the future water supply for rain-
fed farming, irrigation, and other purposes.

The analysis‘ findings offer a chance to comprehend 
the rise of extreme occurrences and the capacity of 
the CMIP6 model‘s outputs to estimate anticipated 
modifications. Several limitations are mentioned, 
affecting the current results, even though this study 
is among the first of its sort to apply the most recent 
CMIP6 GCMs across a small basin like the Aga-Foua-
Djilas basin. These restrictions include the small 
number of models used at the time of study, the 
restricted statistical features applied, the restricted 
number of indices, and the absence of physical 
mechanism investigation to promote a  deeper 
comprehension of extreme event occurrences. To 
help the various stakeholders make more informed 
judgments, it is still necessary to clearly characterize 
potential extremes by describing intensity, frequency, 
and duration. The underlying physical properties 
influencing the occurrence of extreme consequences 
predicted for pertinent policies, as well as the 
application of bias-corrected models to reduce inter-
model biases, require more research.

We are conscious that there is some degree of 
uncertainty in every step of the climate risk assessment 
process, whether it be in the selection of hydrological 
measurements or climate and hydrological models. 
However, climate change estimates have been found 
to largely eliminate uncertainties arising from the 
selection or parameterization of hydrological models, 
as noted in previous reviews (Addor et al., 2014; 
Melsen et al., 2018).  As a result, in this study, we have 
not evaluated uncertainty resulting from the selection 
or parameterization of hydrological models. Water 
management choices are predicated on the potential 
evolution of system-dependent characteristics in the 
face of future climate change (Ekström et al., 2018), 
therefore it is highly advantageous to understand each 
one‘s level of uncertainty. (Vigiak et al., 2018) found 
that while metrics pertaining to the time, length, and 
rate of change are questionable, those reflecting the 
magnitude of mean and high flows in the simulated 
flow were typically reliable. Additional research might 
be based on the preliminary evaluation of these 
actions and their potential impact on the aquatic 
system.

5 CONCLUSION

This study aimed to identify changes and trends in 
hydroclimatic extremes in the Aga-Foua-Djilas basin 
by analysing extreme indices related to temperature, 
precipitation, and runoff for the reference period of 
1985-2014 and the future period of 2021-2100. 
Hydroclimatic change trends in climate extremes 
were assessed using trend detection methods based 
on observed data sets. The evaluation of temperature-
related extreme indices indicated a general increase in 
temperature trends across the basin during the study 
period. Daily maximum and minimum temperature 
values showed an upward trend, and an increase in 
the frequency of warm days and nights was observed 
at most stations. Extreme hot temperatures were 
found to be increasing compared to extreme cold 
temperatures.

In contrast, trends in extreme precipitation and 
runoff indices showed a downward trajectory. As 
a  result, extreme precipitation events are projected 
to become less frequent and intense toward the 
end of the century in the Aga-Foua-Djilas basin, 
leading to a rise in the likelihood of droughts. The 
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analysis suggests that future climate projections will 
significantly influence river flows, particularly extreme 
river flows. Specifically, due to rising temperatures 
and decreasing rainfall, extreme flow indices are 
expected to exhibit a downward trend, with declines 
in the medians of minimum and annual flows over 
1, 3, 7, 30, and 90 days in the future period due to 
rainfall deficits.

Thus, the changes in climatic extremes are likely 
to increase the risk of severe extreme events, and 
climate change will influence the future evolution of 
trends in hydroclimatic variables within the catchment 
area, highlighting the importance of studying them. 
Projected changes in average and peak river flows could 
have severe consequences for human life, including 
significant damage to property, infrastructure, and 
the environment, loss of agriculture and wildlife, and 
worsening health conditions, which could impede 
socio-economic development in the region. Therefore, 
there is an urgent need for effective climate change 
mitigation and adaptation strategies at both regional 
and national levels.

This work is designed to provide crucial data to 
stakeholders and policymakers to develop adaptation 
pathways and plan for future changes across 
the region. Without well-planned and managed 
interventions, the impacts of climate change on the 
frequency and magnitude of floods and droughts in 
Senegal, compounded by population growth, could 
have detrimental effects on lives, livelihoods, and 
the environment in the coming decades. Overall, 
assessing the impacts of extreme hydroclimatic events 
on agriculture, water resources, and populations 
will equip decision-makers and policymakers with 
the necessary information to take proactive steps 
to address these risks. Consequently, the results of 
this study could help improve the understanding 
of current conditions of extreme hydroclimatic 
variations in Senegal.
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