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Abstract: Severe hydroclimatic events affect ecosystems and human livelihoods, creating
significant challenges for managing water resources. This study analyzed the rainfall
and river flow trends in the Bani River Basin (BRB) from 1991 to 2020. Using indices
such as the maximum rainfall over a one-day period (RX1DAY), maximum rainfall over
a five-day period (RX5DAY), rainfall exceeding the 95th percentile (R95P), simple daily
precipitation intensity (SDII), and peak discharge (Qmax), the modified Mann—Kendall test
and Pettitt’s test were applied to assess the trends and identify potential breakpoints. The
results revealed spatial variability, with southern regions showing reduced rainfall, while
northeastern areas exhibit increasing extreme rainfall and river flow. The RX5DAY declined
significantly after 2000, reflecting reductions in prolonged rainfall events, followed by the
RX1DAY, which declined significantly after 2012, indicating a reduction in short-duration
extremes. In contrast, the R99P, SDII, and Qmax exhibited positive trends, indicating
intensifying rainfall intensity and extremes in discharge. A notable breakpoint was detected
in 1993, marking a transition to increased extreme flows. The highest values of the rainfall
indices (R95P, R99P, RX1DAY, RX5DAY, SDII) were concentrated in the southern part
of the basin, while the north recorded lower values. These results highlight the basin’s
vulnerability to climate variability and provide insights into hydroclimatic changes, serving
as a basis for informed decision-making and future research.

Keywords: hydroclimatic variability; Bani River Basin; rainfall; river flow trends; extreme
rainfall indices

1. Introduction

West Africa faces growing challenges related to climate variability and human-induced
changes, which significantly impact its river systems. Among these challenges are alter-
ations in rainfall patterns and river flows, driven by factors such as dam construction,
land-use changes, and global climate change [1,2]. These dynamics are particularly critical
in regions where water resources play a central role in sustaining agriculture, fisheries, and
livelihoods for millions of people [3]. While research on West Africa’s river systems has
primarily focused on larger and better-documented basins such as the Senegal and Niger,
the Bani River Basin has received comparatively less attention, despite its critical role as a
tributary of the Niger River and its unique hydrological vulnerabilities [4]. Understanding
and quantifying these trends is crucial for ensuring sustainable water resource management
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and mitigating the effects of hydrological extremes [5]. The hydroclimatic variability in
West Africa has been extensively documented, with research highlighting significant tem-
poral and spatial changes in rainfall and river flow across the region. Studies have reported
an increase in extreme rainfall events and river discharge in the Senegal River Basin, with a
notable shift to wetter conditions [6]. Significant transitions in annual rainfall patterns have
also been identified, with periods of drought followed by partial recovery after 1994 [7].
These findings align with broader studies demonstrating the sensitivity of river basins like
the Bani to both natural climate cycles and anthropogenic influences [8,9]. However, the
Bani River Basin (BRB) faces specific challenges due to its semi-arid environment, reliance
on rain-fed agriculture, and significant human pressures from land-use changes and water
infrastructure development. Unlike larger basins, it lacks the extensive monitoring and
data resources necessary for understanding its hydrological behavior, making this study
particularly important [10]. Additionally, the interplay between rainfall variability and
dam construction has revealed significant alterations in hydrological regimes that are likely
mirrored in the Bani Basin [11]. Together, these studies underscore the complex drivers of
hydrological change across West Africa, including climatic and human-induced factors.

The BRB itself has been the subject of targeted research, emphasizing its unique hydro-
logical characteristics and vulnerabilities. Hydrological models have been used to assess
the basin’s response to rainfall variability, identifying substantial impacts on river flow
and water resource availability [8]. The intricate interactions between surface water and
groundwater in the basin have provided critical insights into its hydrological processes [9].
These findings are complemented by simulations of the hydrological dynamics under
varying climatic and land-use scenarios, which highlight the basin’s susceptibility to envi-
ronmental changes [12]. This study also contributes to addressing these knowledge gaps
by focusing specifically on the rainfall and river flow trends in the Bani Basin, leveraging
statistical methods that provide a detailed temporal analysis. Such an approach offers a
more nuanced understanding of its hydroclimatic variability compared to existing regional
studies [13]. Additionally, climate change projections for river flows across West Africa
emphasize the heightened vulnerabilities of semi-arid regions like the Bani River Basin [14].

The challenges faced by the BRB are not unique but are indicative of broader trends
across West African river basins. Recent works demonstrate the interconnection between
regional climate patterns, anthropogenic interventions, and hydrological responses [6,11].
For example, the construction of dams has been shown to significantly modify flow regimes
and sediment transport, which are key concerns in the BRB. Furthermore, long-term
studies on rainfall trends provide a foundation for understanding the basin’s hydrological
variability [3,8].

Despite these advances, the BRB remains less studied than major basins like the
Senegal and Niger. This work is novel in its comprehensive approach to assessing both
natural and anthropogenic factors driving hydrological change in the Bani River Basin.
Unlike previous studies, which have largely focused on regional-scale impacts, this research
integrates local-scale hydrological data and statistical techniques to uncover trends and
transitions specific to the BRB [15]. This study aims to fill this gap by conducting a
comprehensive assessment of the trends and significant changes in rainfall and river
flow within the BRB. By integrating historical observations and statistical techniques, this
research seeks to provide a deeper understanding of the basin’s hydroclimatic dynamics.
The outcomes will not only contribute to scientific knowledge but also inform sustainable
water resource management and adaptation strategies, addressing the challenges posed by
climate variability and human interventions in the region.
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2. Materials and Methods
2.1. Study Area

The Bani River, the largest tributary of the Upper Niger River, is primarily situated
in Mali, with portions extending into Cote d’Ivoire and Burkina Faso. Its catchment area
covers approximately 129,400 km?, as measured at the Mopti gauging station (Figure 1).
This basin was chosen for this study due to its high-quality hydrological and climatic data
compared to other regional basins, making it ideal for studies. Moreover, the absence of
major hydraulic infrastructure in the BRB ensures that the river’s natural flow regime is
largely preserved, facilitating the accurate assessment of hydrological processes [12,16].
The topography of the basin is characterized by a gradual slope, with elevations ranging
from 852 m in the south and central-eastern areas to 217 m at the northern outlet. The Bani
catchment falls in the Sudano-Sahelian climatic zone, and the river flows from south to
north along a pronounced precipitation gradient. The annual rainfall varies significantly
across the basin, from approximately 1250 mm in the southern regions to about 615 mm in
the northern areas [16].
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Figure 1. Location of the Bani River Basin.

2.2. Data

This study analyzes 30 years of data (1991-2020) for the Bani River Basin. Precipitation
data were sourced from the CHIRPS dataset (https:/ /iridl.ldeo.columbia.edu/SOURCES/
.UCSB/.CHIRPS/ .v2p0/.daily/.global/.0p05/ (accessed on 12 February 2023)), known
for its high resolution (0.05°) and validated reliability for West Africa [17]. CHIRPS ef-
fectively captures the rainfall variability across diverse climatic zones, making it suitable
for hydrological modeling. The observed rainfall from 2011 to 2019 was collected from
Agence Nationale de la Météorologie du Mali. Discharge data were obtained from the
Mopti station, the basin’s outlet, provided by the Direction Nationale de 1'Hydraulique
du Mali. This station’s records reflect the natural flow regime, as the basin remains free
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from significant hydraulic infrastructure. These datasets enable robust analysis of the
hydrological dynamics in the study area.

2.3. Methods

2.3.1. Assessment of Observed and CHIRPS Rainfall Data
Between 2011 and 2019, the quality of the CHIRPS data was assessed by comparing it

with rainfall measurements from four stations located along the BRB (Figure 1). Monthly

variations in the satellite estimates were examined alongside the station records. The

statistical indicator employed to evaluate the accuracy of CHIRPS was the Nash-Sutcliffe

efficiency (NSE).

Y.(Pry — Pry)’

¥ (Pry — Pry)°

Pry corresponds to the station-measured rainfall, Pry corresponds to the satellite-

NSE = 1 — (1)

derived rainfall, and Pr, is the mean rainfall from the satellite data. The NSE ranges
from negative infinity to 1; an NSE of 1 indicates perfect agreement between the satellite
estimates and station data, while an NSE of 0 suggests that using CHIRPS yields about the
same performance as simply taking the average observed value.

2.3.2. Overview of Selected Extreme Rainfall and River Flow Indices

The rainfall and river discharge extremes were examined from 1991 to 2021 using
specific indices to capture their variability and intensity. The rainfall indices included the
extremely wet days (R99P), very wet days (R95P), simple daily intensity (SDII), maximum
1-day rainfall (RX1DAY) and maximum 5-day rainfall (RX5DAY), as shown in Table 1. For
the river discharge, three indices were used to describe extreme flow conditions: peak flow
(Qmax), high-flow days (Q95P), and very-high-flow days (Q99P). These metrics, calculated
over the same period, are crucial for understanding hydrological dynamics during floods
and droughts [6,18]. Additionally, the standardized flow index (SFI) was computed to
assess the annual flow variations, identifying years of surplus or deficit. The standardized
flow index is defined mathematically as:

Qi-Q

I = 5 )

Table 1. Classification of drought and wet conditions using the standardized flow index.

Values Class
[;>2 Extremely wet
1.5 < ;<199 Very wet
1.0< ;<149 Moderately wet
—0.99 < ;<099 Close to normal
—-1.0< ;£ -149 Moderately dry
—-15< ;< -199 Very dry
L[< -2 Extremely dry

I; is the standardized flow index, Q; is the annual flow of a particular year, and Qis
the annual flow average over the period; ¢ is the standard deviation during the time.

The indices outlined in Table 2 offer critical insights into the extreme rainfall and
river flow patterns. These indicators are vital for evaluating flood risks, improving water
resource management, and understanding the hydrological dynamics of rivers in the
region. Such analyses are indispensable for detecting trends in extreme events, supporting
effective decision-making and planning to address climate variability and its effects on
water resources.
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Table 2. Indices for extreme rainfall and river flow.
Index Name of the Index Index Description Units
SDII Simple daily rainfall index Ratio of yearly total rainfall to the number of rainy days mm/day
RX1DAY Max 1-day rainfall Highest single-day rainfall total recorded within a year mm
RX5DAY Max 5-day rainfall Highest total rainfall over any 5 consecutive days in a year mm
Total yearly rainfall exceeding the 95th percentile
R95P Very wet days (1991-2020) mm
Total yearly rainfall exceeding the 99th percentile
R99P Extremely wet day (1991-2020) mm
Qmax Peak discharge Highest yearly river discharge (1991-2020) m3/s
. Total yearly streamflow from days exceeding the 95th 3
Q95P High-flow days percentile (1991-2020) m/s
Q9P Very-high-flow days Total yearly streamflow from days exceeding the 99th m3/s

percentile (1991-2020)

2.3.3. Trend and Change-Point Detection
Tests for Trend Analysis

This study utilized the modified Mann-Kendall (MMK) test to examine the spatial and
interannual trends in extreme rainfall and river flow across the BRB and its upper catchment
during the period 1991-2020. The MMK test, a widely recognized nonparametric approach,
was chosen for its suitability in analyzing the 30-year data series. It is particularly effective
for hydrological and climatic datasets due to its minimal reliance on assumptions about the
data distribution [6,19,20]. The use of MMK instead of the traditional Mann—-Kendall (MK)
test is justified by the presence of autocorrelation in the time series data, which violates
the independence assumption of the MK test. As highlighted in [21], autocorrelation can
significantly impact trend detection, with positive autocorrelation artificially inflating the
significance of trends and negative autocorrelation masking actual trends.

An enhancement of the traditional Mann-Kendall (MK) test, the MMK method ad-
dresses the issue of autocorrelation in time series data, which can distort trend detection.
Positive autocorrelation can exaggerate trend estimates, while negative autocorrelation
can mask actual trends [19]. By adjusting the variance of the MK statistic to account for
autocorrelation, the MMK test minimizes the likelihood of false trend detection [22]. The
preprocessing steps involved in applying the MMK test, such as removing seasonal pat-
terns, were necessary to isolate long-term trends from periodic fluctuations. However,
these adjustments can affect the statistical significance of indices sensitive to short-term
variability, such as the R95P [23].

The MMK test functions similarly to the classical MK test but incorporates adjustments
to the variance of the test statistic (S) to account for autocorrelation effects. This makes
it particularly effective for datasets with complexities such as tied values, seasonality, or
missing data. Although robust, the MMK test requires additional preprocessing steps,
including addressing tied values and seasonal patterns, which add complexity to its imple-
mentation [20,24]. It has been demonstrated that methods accounting for persistence in
time series, such as MMK, are crucial for ensuring reliable trend detection in data prone to
autocorrelation [25].

Var (s) = 11—8(n(n —1)(2n+ 5));;,, 3)

The parameter ns* is utilized to correct the effective number of observations, consider-
ing the autocorrelation in the data.

n 2 -
s ot m&:lm —s) @)

n
ns*

is a correction factor due to the autocorrelation present in the data.
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The trend analysis was conducted using the “modifiedmk” package within the R
programming environment, which is specifically designed to apply the modified Mann-—
Kendall (MMK) test while accounting for autocorrelation in time series data. This test
evaluates the null hypothesis (HO) of “no trend” against the alternative hypothesis (H1)
indicating the presence of a trend. A 5% significance level was employed to determine
the statistical significance of the identified trends, aligning with common practices in
hydrological and climatic research [26].

Change-Point Detection Tests

Pettitt’s test, a nonparametric method introduced in [27], is widely used to detect
abrupt changes in time series data, such as shifts in climate or hydrological records. This
test identifies statistically significant changes in the mean of a dataset by evaluating the null
hypothesis (HO) of uniformity against the alternative hypothesis (H1) that a change has
occurred. A change point is deemed statistically significant if the p-value is <0.05. Pettitt’s
test has been extensively applied in studies to analyze shifts in climatic and hydrological
conditions [27,28].

The standard normal homogeneity test (SNHT) is a robust statistical tool for detecting
discontinuities in time series, particularly at the beginning or end of a dataset. It is effective
even with missing values, making it reliable for climatic and hydrological studies. The test’s
strength lies in its ability to identify structural breaks in the data through its sensitivity and
straightforward implementation. The application of the SNHT relies on the utilization of
the following equation:

k 2,.Y
Zj:l P Xij %

Yy 02

The base series comprises values denoted as Y; for each year i, while the reference

Q=Y;— 1<i<nandi<j<k (5)

series, labeled j, contains observations represented as Xjj for each year i. The value pj
de-notes the correlation coefficient between the base series and the reference series j.
These tests, the MMK, Pettitt’s test, and the SNHT, as shown in Figure 2, are valuable
tools for trend detection and the identification of structural changes. However, their
effectiveness and relevance depend on the specific characteristics of the analyzed data.
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Figure 2. Flowchart illustrating the methodology applied.
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3. Results
3.1. Assessment of CHIRPS Data Quality

The NSE values presented in this study (Figure 3), ranging from 0.95 to 0.98, underscore
the strong agreement between the CHIRPS satellite-based rainfall estimates and the ground-

based station observations across the four locations (Figure 1). These high NSE values
validate CHIRPS as a reliable tool for accurately estimating rainfall in the BRB region.
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Figure 3. Monthly rainfall comparison between CHIRPS data and observed station measurements in
the BRB (2011-2019): (a) Segou, (b) San, (c) Bougouni and (d) Dioila.

The observed trends in Figure 3a—d demonstrate that CHIRPS effectively captures
the temporal and seasonal rainfall dynamics, particularly during the rainy season (June
to September). Minor discrepancies in some months, such as the peak rainfall periods in
Figure 3d, are minimal and fall within the acceptable limits for satellite-based estimations.
These findings align with prior research. For instance, ref. [29] highlighted that CHIRPS is a
dependable dataset for monitoring rainfall, particularly in regions with sparse observational
networks. Similarly, ref. [10] validated CHIRPS in West Africa, demonstrating strong
correlations with station data, making it highly suitable for agricultural planning.

3.2. Spatial Variation in Extreme Rainfall Indices over the BRB

Figure 4 illustrates the spatial variation of the extreme rainfall indices, the RX1DAY,
RX5DAY, R95P, R99P and SDII, for the period 1991-2020 during the rainy season (June to
September) across the study area. Higher values of these indices are concentrated in the
southern regions, with a maxima of approximately 10 mm/day for the SDII, 54 mm for
the RX1DAY, 96 mm for the RX5DAY, 20 mm for the R95P, and 36 mm for the R99P. These
patterns highlight a higher intensity and frequency of extreme rainfall in the southern part
of the basin, while the lower values in the northern regions reflect reduced exposure to
extreme rainfall events upstream. The coordinate system used for this spatial analysis
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Figure 4. Spatial distribution of extreme rainfall indices across the study area (1991-2020): (a) maxi-
mum one-day precipitation, (b) maximum five-day precipitation, (c) very wet day, (d) extremely wet
day, and (e) simple daily precipitation.

Such spatial disparities align with findings from across West Africa. For instance,
ref. [17] reported increasing trends in extreme rainfall and the multi-day maxima in Benin,
while ref. [30] highlighted a significant rise in the RX1DAY and cumulative rainfall in
Nigeria. Similarly, ref. [6] observed a marked amplification of extreme rainfall events,
particularly the RX5DAY and R95P, in the Senegal River Basin, consistent with broader
trends across southern West Africa.

3.3. Trend and Significance of Extreme Indices

The spatial analysis of the Sen’s slope trends in Figure 5 reveals notable variability
across the study area in the extreme rainfall indices. The RX1DAY index in panel (a)
highlights a positive and significant trend of the maximum one-day rainfall in the northern
and northeastern regions, indicated by black dots (p < 0.05). The RX5DAY index in panel (b)
shows a significant upward trend in the five-day maximum precipitation in the northeastern
and central regions, with a notable concentration of significant increases, while southern
areas exhibit decreasing trends of lesser magnitude. Conversely, decreasing trends are
observed in the southern part of the basin, with moderate significance. For the R99P index
in panel (d), an increasing trend and significant rise in extremely wet days are concentrated
in the northeastern areas. However, declining trends dominate the southwestern regions,
indicating a reduction in extreme rainfall occurrences. The R95P index in panel (c) shows
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a positive and significant trend of very wet days in the northeastern part of the basin,
while the southern regions exhibit moderate to negative trends. The SDII index in panel (e)
displays an upward trend in the daily rainfall intensity in the central and northeastern
zones, with significant increases near the basin’s center. In contrast, the southern areas
reveal moderate or no meaningful changes in the rainfall intensity. This variation suggests

uneven rainfall intensification across the basin.
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Figure 5. Sen’s slope and trends for the BRB from 1991 to 2020: (a) RX1DAY, (b) RX5DAY, (c) R95P,
(d) R99P, and (e) SDIL Black dots indicate statistically significant trends (p < 0.05), showing the spatial
patterns of changes in extreme rainfall indices across the basin.

3.4. Interannual Variation and Trends in Extreme Rainfall Indices

The interannual trends of the extreme rainfall indices in the BRB from 1991 to 2020
demonstrate considerable variability over time and across regions (Figure 6). The RXSDAY
index shows a significant decline (Sen’s slope = —0.15 mm/year, p < 0.01), particularly after
2000, indicating a reduction in prolonged heavy rainfall events that are typically associated
with flooding. This trend suggests potential implications for flood risk mitigation but also
raises concerns about shifts in the rainfall distribution over shorter durations. Similarly, the
RX1DAY index highlights a decline (Sen’s slope = —0.2 mm//year, p < 0.01), particularly after
2012, reinforcing the reduction in extreme rainfall intensities in some regions. Conversely,
the R99P index displays a significant upward trend (Sen’s slope = 0.07 mm/year, p < 0.001),
pointing to an increase in extreme rainfall events, especially in the northeastern parts of the
basin. These results align with broader regional observations, such as those in [31], which
reported increasing rainfall extremes across West Africa. The SDII index shows a weak
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positive trend (Sen’s slope = 0.008 mm/day/year), indicating only slight changes in the
rainfall intensification. Meanwhile, the R95P index, representing very wet days, shows no
significant trend (Table 3), suggesting that the frequency of moderately extreme rainfall
events has remained stable.
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Figure 6. Breakpoint results for extreme precipitation over the BRB: (a) RX1DAY, (b) RX5DAY, (c) R95P,
(d) R99P and (e) SDII.
Table 3. Modification of the Mann-Kendall test and Sen’s slope estimation from 1991 to 2020.
. Sen’s Slope .
Indices p-Value Zc Tau Var(s) Units
(mm/Year)
R95P 11 x 1072 0.67 0 0.08 500.15 mm/year
R99P 17 x 107° 1.18 0.07 0.15 300.42 mm/year
SDII 43 x 1073 0.98 0.008 0.13 739.44 mm/year
RX1DAY 1073 -1.14 —-0.2 —0.15 382.43 mm/year
RX5DAY 11x1073 -1.18 —0.15 —0.15 680.5 mm/year

The breakpoints in these indices further highlight structural changes in the rainfall
patterns (Figure 6). The RX1DAY index shows a marked decline after 2012, while the
R99P and SDII indices indicate shifts around 2005 and 2007, respectively (Table 4). These
breakpoints reflect changes in the rainfall dynamics that may be linked to broader regional
climatic shifts, as noted in [12].

Table 4. Shifts in the extreme precipitation indices in the BRB during the period 1991-2020.

Index p-Value Breakpoint
R95p 1 2007
R99p 0.4229 2005
SDII 0.487 2007

RX1DAY 0.66 2012
RX5DAY 0.68 2000

These findings illustrate the complex nature of hydroclimatic variability in the BRB.
Southern regions are experiencing reduced extreme rainfall events, while the northeastern
areas face increased risks of intense rainfall and flooding.
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3.5. Analysis of Extreme Flow Characteristics
3.5.1. Interannual Variation in Discharge

Figure 7 provides insight into the fluctuations in water availability across the BRB
from 1991 to 2020. The SFI effectively highlights periods of hydrological surplus and
deficit, which is critical for understanding the basin’s response to climatic and hydrological
changes. Between 1991 and 2000, the BRB experienced multiple years of below-average
discharge, as indicated by the prevalence of negative SFI values. This period reflects
prolonged hydrological deficits, which align with the region’s well-documented droughts
during the 1990s. The deficits observed are consistent with the findings in [12], which
reported significant reductions in river flows during this time due to declining rainfall.
From 2001 onwards, there is a noticeable shift, with the more frequent positive SFI values
reflecting above-average discharge. These findings align with broader trends in West Africa,
where a partial recovery of rainfall has been observed since the late 1990s, as documented
in [6]. The alternating periods of wet and dry years, especially the shifts between surplus
and deficit conditions post-2010, underscore the basin’s vulnerability to climatic variability.

Standardized Flow Index
o

—2

1991 1994 1997 2000 2003 2006 2009 2012 2015 2018
Figure 7. Standardized flow index over the BRB (1991-2020).

3.5.2. Trends and Interannual Variability of Extreme Flows

The trends and interannual variability of extreme flows in the BRB from 1991 to 2020
reveal significant changes in high-flow conditions, as shown in Table 5. The analysis of
indices such as the Q95P, Q99P and Qmax highlights upward trends across all three metrics,
suggesting an intensification of extreme flow events over the study period. The Q95P index
exhibits a significant positive trend (Sen’s slope = 19.75 m>/s/year, p < 0.001), indicating
an increase in moderately extreme flows. Similarly, the Q99P index shows a significant
rise (Sen’s slope = 21.04 m3/s/year, p < 0.001). This suggests a growing frequency of
extreme flood conditions, which may pose heightened risks of flooding in the basin. The
peak discharge, represented by the Qmax index, also demonstrates a significant upward
trend (Sen’s slope = 20.92 m3/s/year, p < 0.001). This trend points to an intensification of
the maximum river flows over time, consistent with the increasing variability of extreme
flow conditions observed in the basin. The rising trends in all the indices underscore a
pattern of hydrological intensification, characterized by increased flow extremes. When
compared with historical discharge records and neighboring basins, these recent increases
in the Q95P and Q99P are notably larger than past norms, highlighting a broader regional
intensification of high-flow conditions [22,32].
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Table 5. Sen’s slope and modified Mann-Kendall test on the extreme flow for the 1991 to 2020 period.

Indices p-Value Zc Sen’s Slope Tau Var(s) Units
Q95P 24 x 1077 2.12 19.75 0.28 494.27 m3/s/year
Q99P 68 x 10710 2.35 21.04 0.3 518 m3/s/year
Qmax 25 x 10710 2.35 20.92 0.3 490 m3/s/year

3.5.3. Breakpoint Detection on the Trends of Extreme Flows

The analysis of the breakpoints for the extreme flow indices in the BRB identifies
1993 as an important year for significant changes in the hydrological regime. Both Pettitt’s
test and the SNHT consistently detect this shift across all the indices, as shown in Table 6.
The Q95P and Q99P indices, which represent high-flow and very-high-flow days, exhibit
statistically significant breakpoints (p < 0.05) in 1993. This indicates a noticeable increase
in extreme flow events after this year, as reflected in Figure 8. Similarly, the Qmax index,
representing the peak discharge, also shows a breakpoint in 1993, signaling a transition
toward higher maximum flows. These results suggest that 1993 marks a turning point in
the basin’s flow patterns, potentially due to climatic variability or environmental changes.

Table 6. Breakpoints related to the extreme flow indices (1991-2020).

Indices Pettitt’s Test SNHT

p-Value Breakpoint p-Value Breakpoint

Q95p 0.013 1993 0.013 1993
Q99p 0.042 1993 0.0166 1993
Qmax 0.042 1993 0.139 1993
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Figure 8. Breakpoint results for the extreme flows over the BRB (1991-2020): (a) Qmax, (b) Q99P and
(c) Q95P.
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4. Discussion

This study provides a detailed analysis of the extreme rainfall trends in the BRB from
1991 to 2020, highlighting the significant spatial and temporal variability in the rainfall
indices. These findings align with broader regional and global patterns of hydroclimatic
variability driven by climate change. For instance, the decline in the RXSDAY and RX1DAY
indices, particularly after 2012, parallels trends observed in other semi-arid regions, such as
the Sahel, where reduced prolonged rainfall events have impacted agricultural productivity
and water availability [33]. Conversely, the increase in the R99P and SDII, indicating
intensified short-duration rainfall, mirrors findings from basins such as the Senegal River
Basin and the Ganges, where extreme rainfall events have become more frequent due to
shifting climatic regimes [34,35]. The breakpoints identified (e.g., 2000 for the RXSDAY
and 1993 for the extreme flows) further highlight structural changes in rainfall dynamics
that may be linked to global climate drivers, such as the El Nifio-Southern Oscillation
(ENSO) [36].

The 1993 breakpoint in the extreme flows (Q95P, Q99P, and Qmax) may reflect broader
climate regime shifts linked to large-scale ocean—atmosphere interactions, such as changes
in Atlantic sea surface temperatures or ENSO cycles, which have been shown to alter
precipitation patterns in West African river basins [33]. From a management perspective,
recognizing this hydrological turning point underscores the need for adaptive measures
such as floodplain zoning and infrastructural investments to mitigate heightened flood
risks and bolster water security in the BRB [37].

These shifts present challenges for water resource management in the BRB. The rise in
the R99P underscores the need for improved flood risk management in northeastern regions,
including the construction of retention basins and enhanced floodplain zoning. Meanwhile,
the declining RX5DAY trends in southern areas call for adaptive strategies to sustain rain-
fed agriculture, such as efficient irrigation systems and water conservation measures [38,39].
Methodologically, this study leveraged the modified Mann—Kendall test to ensure reliable
trend detection, accounting for autocorrelation. However, limitations in the satellite-derived
CHIRPS data highlight the need to integrate ground-based observations in future research
to capture localized extremes more accurately [40].

The results of this study provide a valuable framework for policymakers to develop
climate adaptation strategies, balancing flood mitigation with water resource sustainability.
Further cross-basin comparisons, particularly with the Senegal and Nile Basins, could
enhance regional adaptation efforts.

5. Conclusions

The BRB has experienced significant hydroclimatic variability from 1991 to 2020, char-
acterized by significant shifts in rainfall patterns and river discharge. Southern regions
experienced reduced prolonged rainfall events, while northeastern regions faced intensified
short-duration rainfall. These findings underscore the need for localized water resource
management strategies tailored to these distinct regional patterns. Methodologically, the
use of the modified Mann-Kendall test provided a robust trend analysis by addressing
the autocorrelation in the time series data. This approach ensures reliable identification
of shifts, such as the 1993 breakpoint for the river discharge and the 2000 breakpoint for
the RX5DAY, which reflect broader climatic drivers like the El Nifio-Southern Oscillation
(ENSO). Comparing these trends to other semi-arid basins, such as the Senegal and Niger,
highlights the BRB’s heightened vulnerability to hydroclimatic extremes. In terms of the
river discharge, indices such as the Q95P, Q99P and Qmax (peak discharge) all demon-
strated significant positive trends, indicating an intensification of extreme flow events over
the study period. These outcomes align with broader regional studies that project substan-



Hydrology 2025, 12, 5 14 of 16

tial decreases in potential water availability across major West African river basins due to
climate change [1,41,42]. Additionally, our research indicates that future water resource
developments in the BRB will be significantly impacted by climate change, pointing out
the need for adaptive management strategies.

The observed trends in the BRB highlight the necessity of adaptive water resource
management strategies that can effectively address both the reduction in heavy rainfall
events and the intensification of extreme flow events. Implementing such strategies is cru-
cial to mitigate the impacts of climate variability and ensure sustainable water availability
for agriculture, fisheries, and livelihoods in the region.
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