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Abstract: This study aims to assess trends and significant changes in rainfall and river flow over the Senegal
River basin and its upper basin during the period 1982-2021. Eight hydroclimate indices, namely maximum
river discharge (QMAX), standardized flow index, mean daily rainfall intensity index (SDII), maximum 5-day
consecutive rainfall (RXSDAY), annual rainfall exceeding the 95th percentile (R95p), annual rainfall exceeding
the 99th percentile (R99P), annual flows exceeding the 95th percentile (Q95p), and annual flows exceeding the
99th percentile (Q95p), were considered. The modified Mann-Kendall test (MMK) is used to analyze trends,
while standard normal homogeneity and Pettit’s tests are used to detect potential breakpoints in these trends.
The results indicated an irregular rainfall pattern, with high values of extreme rainfall indices (R95p, R99p,
SDIL, and RX5DAY) in the southern part, while the northern part exhibits lower values. Inter-annual analysis
revealed a significant rise in severe rainfall occurrences between 1982 and 2021, with a notable breakpoint
around the years 2006 and 2007. This breakpoint marks a transition to a much wetter period starting in 2008.
Regarding extreme flows, a significant increase was observed between 1982 and 2021. This study provides
insights into past hydrological extremes and can be used as a basis for future research in the field.

Keywords: trends; extremes rainfall; extremes flow; Senegal River Basin; upper basin

1. Introduction

Human-induced climate change is an immense challenge for humanity, with the possibility of
severe repercussions. Across the world, major disasters such as droughts, floods and frequent fires
are caused by very extreme climate conditions. These extreme events have especially affected
societies in developing nations. In West Africa, during the 2009 flooding episode , nearly 600,000
people were affected, while another 159 are reported to have lost their lives, mainly in Sierra Leone
[1]. To understand the extreme events (drought and flood), many scientists have conducted intensive
studies in Africa. In Tunisia, for example, [2] demonstrated that during 1981, Tunisia suffered a
generalized drought. In C6te d’Ivoire, [3] shows both the northern and southern regions underwent
a transition from a wet phase to dry conditions.

Furthermore, in Senegal, [4] showed high rainfall frequency with marked intensity in the south
of the country compared to the middle and north parts. According to [5], during the period between
1918 and 2000, intra-seasonal rainfall events in Senegal demonstrated significant decadal fluctuations
in both frequency and intensity. These variations were comparable to the mean seasonal rainfall
patterns observed in the Sahel region throughout the 20th century and were found to be correlated
with the Atlantic Multi-Decadal Variability (AMV). The recurrence of these extreme events observed
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in West Africa has consequences in many basins. Hence, several studies have already been conducted
in the basin of the Senegal River in order to analyze the evolution of rainfall and flow. [6] The results
of their study confirm a transition into a climatic era that is wetter than the 1970s and 1980s, starting
around 1994 [7]. The examination of annual flow rates consistently reveals a prominent disruption in
the basin during the early 1990s. Ref. [8] showed in 1969, a significant shift in annual rainfall, marking
the onset of a drought period. Subsequently, in 1994, another noticeable shift occurred, indicating a
partial but not statistically significant recovery of rainfall at the basin level compared to the period
between 1969 and 1994 [9]. Demonstrates a continuous decline in rainfall over the decades of the
1970s, 1980s, and 1990s when compared to the preceding period of 1955-1964. According to their
findings, drought generally maintains a moderate character and only rarely reaches extreme levels
in the upper watershed. Previous authors have concentrated more precisely on analyses of flow rates
and precipitation over the Senegal River Basin. They have examined climate changes as well as water
level fluctuations in this specific region. However, they have not provided precise information
regarding the severity of extreme events in recent periods, which is crucial for better planning and
the adoption of mitigation approaches. The goal of our study is to analyze the trends and breakpoints
of extreme rainfall and discharge over the Senegal River basin using extreme indices. The analysis
will cover the period from 1982 to 2021.

The organization of the article is as follows: the materials and methods are described in Section
2; the results and analyzed in Section 3 while the discussions are in the Section 4, and the conclusion
is presented in Section 5.

2. Materials and Methods
2.1. Study Area

The Senegal River drains a catchment area of about 340.000 km?, shared among four West
African countries: Senegal, Mali, Mauritania, and Guinea (Figure 1). It is formed by three main
tributaries (Faleme, Bafing, and Bakoye), which have their sources in the Fouta Djalon highlands in
Guinea. Bafing and Bakoye tributaries are in Mali, and the Faleme, which borders Senegal and Mali
and sometimes flows through Senegalese territory. The basin has three main regions: the upper basin,
the valley, and the delta. The Senegal River valley, including the delta, constitutes the terminal part
and goes from Bakel to Saint-Louis over an area of 12,639 km2 From a climatic point of view, the
rainy season occurs in four months in Bakel (June-September) and three months in Podor, Matam,
and Saint-Louis (July-September) in downstream. For all stations, the maximum rainfall is recorded
in August. From Bakel to Saint-Louis, the average annual rainfall decreased from 556 to 257 mm over
the period 1981-2015. The upper basin, from Fouta Djallon to Bakel, possesses a drainage basin area
of about 218,000 km?. These main tributaries supply more than 80% of its flow. It is characterized by
average annual rainfall between 1,400-2,000 mm (southern area of the basin) and 500-1,400 mm
(northern area) [9]. The main gauging hydrometric station, Bakel, allows us to determine the state of
water conditions where the river receives contributions from most of its tributaries.
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Figure 1. Map of the study area.

2.2. Data

Daily rainfall data from fifteen stations (Table 1) were used in this study; they were obtained
from the National Agencies of Meteorology of Senegal, Mali and Guinea from 2001 to 2010. Given
the limited period of available rainfall data, we extracted rainfall data from the Climate Hazards
Group Infrared Precipitation (CHIRPS) at 5Km spatial resolution

(https://data.chc.ucsb.edu/products/CHIRPS-2.0/).

Table 1. Rainfall stations data.

Rainfall Station Name Longitude Latitude Country located
Saint Louis -16.45 16.05 Senegal
Dagana -15.5 16.52 Senegal
Podor -14.97 16.65 Senegal
Matam -13.25 15.65 Senegal
Bakel -12.47 14.90 Senegal
Saraya -11.78 12.78 Senegal
Siguiri -9.17 11.43 Guinea
Labe -12.30 11.32 Guinea
Tougue -11.66 11.43 Guinea
Mamou -12.08 10.37 Guinea
Toukoto -9.90 13.45 Mali
Bafing-makana -10.25 12.55 Mali
Daka saidiou -10.61 11.95 Mali
Kita -9.47 13.07 Mali
Falea -11.82 12.26 Mali

Moreover, river discharge data used in the current work were obtained from the Direction of
Water Management and Planning of Senegal. Initially, four stations, spatially distributed over the
upper Senegal River basin, were selected (Table 2), but the main analyses were focused at the
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reference station (Bakel), due to the fact that up to 95% of the basin flow passes through it, according
to [10]. These daily flows cover the period 1982 - 2021 for the upper basin at the Bakel station.

Table 2. River discharge station used.

Discharge station Name Longitude Latitude
Bakel -12.45 14.9
Kidira -12.21 14.45
Oualia -10.38 13.6
Bafing-makana -10.28 12.55
2.3. Methods

2.3.1. Comparison between Station and CHIRPS Rainfall Data

The quality of the CHIRPS data is first evaluated over the period 2001 to 2010 by comparing it
with the rainfall data from 15 stations located along the Senegal River. Figure 2 shows the monthly
variation of the satellite product and the various stations. Statistical indicators (Table 4) such as the
Nash-Sutcliffe efficiency criterion [11]and the correlation coefficient (R) were used to evaluate the
quality of CHIRPS data.

<(pl”1—pl”2)2> .
lon (o))} 0

R= Z; (prli - p_nxprzi - p_rz) o
\/27:1 (prli - ]7_,1)2 - \/Z; (prZi - p_rz)z

Pr1 is the observed rainfall from the station, Pr2 represents satellite rainfall, and ( ) represents the
average. A NSE value of 1 indicates perfect agreement between the satellite and observations but if
the value is equal to 0, this suggests that the mean square error of the product is comparable to
utilizing the mean observed value alone as the predictor.
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Figure 2. Annual cycle of satellite and station rainfall during 2001-2010.

Figure 2 illustrates the seasonal variation of precipitation using satellite data and data from 15
stations located within the Senegal River basin. It demonstrates a strong correlation between these
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two datasets, with the highest precipitation observed in the month of August. This analysis is further
supported by the results presented in Table 3, where statistical indicators (Equation (1), Equation (2)
have values greater than 0.9, indicating a positive relationship between the satellite data and the

station measurements.

Table 3. Comparative statistical analysis between CHRIPS and station-based rainfall data.

Statistical Indicators

Stations NSE Correlation Coefficient
Saint-Louis 0.98 0.99
Dagana 0.93 0.97
Podor 0.96 0.99
Matam 0.98 0.99
Bakel 0.96 0.98
Saraya 0.99 0.99
Kita 0.96 0.99
Falea 0.97 0.98
Tokoto 0.97 0.95
Daka saidou 0.89 0.97
Bafing-Makana 0.95 0.99
Mamou 0.90 0.99
Tougue 0.85 0.96
Labe 0.96 0.99
Siguiri 0.89 0.96

2.3.2. Description of Selected Rainfall and River Discharge Extreme Indices

Extreme rainfall indices were computed over the period 1982 to 2021. The details of the selected
extreme indices (Extremely wet day (R99P), very wet day (R95P), simple daily intensity (SDII), and
maximum 5-day rainfall (RX5day)) are given in Table 4. Across the world, these indices have been
used to study rainfall characteristics [12-16]. Furthermore, for river discharge, we used four indices
to describe flow extremes: peak flow (Qmax), High flow days (Q95p), and very high flow days
(Q99P), which were calculated in the period 1982 to 2021. It is well documented that these indices
are relevant as they provide a suitable representation of the characteristics of floods and droughts
[17,18].

The standardized flow index (Equation (3)) is also calculated in order to determine the deficit
and surplus years in the flow. The following equation is used:

Ilei_é
l 0

Where I; is the standardized flow index, Q; is the annual flow of a particular year, and Q is

®)

the annual flow average over the period; § is the standard deviation during the time.

Table 4. Extreme precipitation and flow indices applied in this study.

Index Index Name Index Definitions Units
SDII Simple daily rainfall index The ratio of annual total rainfall to the number of mm/day
wet days
RX5day Max 5-day rainfall Annual maximum consecutive 5- day rainfall mm
R95p Very wet days Total annual rainfall accumulated above the mm

95th percentile of 1982-2021
R99 extremelv wet da Total annual rainfall accumulated above the mm
P y y 95th percentile of 1982-2021

Qmax Peak discharge Annual maximum discharge in 1982 - 2021 m3/s
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Annual total stream flow from days > 95th
percentile of 1982-2021

Annual total stream flow from days > 99th
percentile of 1982-2021

Q95p High flow days m3/s

Q99p Very high flow days m3/s

2.3.3. Trend and Change Point Detection

1.  Tests for Trend Analysis

In this study, we implemented the Modified Mann-Kendall (MMK) trend test to evaluate the
spatial and inter-annual extreme rainfall and flow trends from 1982 to 2021 over the whole Senegal

River and over the upper basin, respectively.
Modified Mann-Kendall Test

e  The selection of MMK could be justified by its consideration of the autocorrelation effect present
in the data. The principle is based on an adaptation of the statistic (S) used in the MK test. The
modified MK was proposed by [19] with the aim of considering autocorrelation in the series: the
statistics allow for adjusting the variance accordingly.

Var@):%(n(n_l)(zﬁs)) — @

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

n 2 m
—*=1+mzm(”—~?) ®)

% is a correction factor due to the autocorrelation present in the data

2. Change Point Detection Tests
e  Dettit’s Test

Pettit's test is a statistical tool used to detect abrupt changes in hydroclimate data series. It
allows for the detection of noteworthy and sudden shifts in climate data, indicating considerable
alterations in climatic conditions within a particular time period [20-25]. The non-parametric test

statistics U, for this test can be characterized as follows:
t n .
U= Zi:l Z j=t+1 Slgn(xf =% ) ©®)

1, (x. —xj)> 0

1

sign(x, —x,)=| 0, (xA—xj)z 0 )

1

-1, (x,. —xj)< 0

The K test statistic and its related confidence level () for the specified sample size (n) can be
elucidated as follows:

K = MaxU,| ®)

~K
p=exr{ ; 3) ©)
n —n

(p) Stands for the estimated significance probability concerning the change-point:

pP=l-p (10)
Standard Normal Homogeneity Test (SNHT)
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e  The test's sensitivity lies in its ability to detect breaks at both the start and end of the series.
Moreover, it demonstrates insensitivity to potential missing values, making it relatively straight-
forward yet highly effective compared to other tests. The SNHT test's application is based on the
utilization of the following equation:

==

k 2
0 Zj:l PjX
e e
>0 w

l1<i<nand1<j<k

The base series has values represented by Yi for each year i, while the reference series j has
observations denoted as Xij for each year i. The value gj represents the correlation coefficient between
the base series and the reference series j.

3. Results
3.1. Spatial Variation of Extreme Rainfall Indices over the Senegal River Basin

Figure 3 presents the spatial variation of extreme rainfall, calculated from SDII, RX5DAY, R95P,
and R99P climate indices, for the rainy months of June, July, August, and September from 1982 to
2021 in the Senegal River. This figure reveals an irregular variation in extreme rainfall. Great values
of the extreme indices observed in the south of the basin, while Lower values are observed in the
northern part of the basin. These variations indicate an increased exposure to extreme rainfall in the
upper basin compared to the river valley.
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Figure 3. spatial variation of rainy events over the Senegal River basin in. .

3.2. Trend and Significance of Extreme Indices

Spatial analysis of extreme indices in Figure 4 reveals irregular variability in space. Overall, a
rise in intense rainfall is observed across most of Senegal River. However, negative values indicating
a decrease have been observed in the northern part. The R95P index in Figure 4a highlights a positive
and significant trend in very rainy days in the south, which is represented by black dots (p<0.05). For
the R99P index, an increasing trend and high significance of extremely wet days are observed only
in the central delta (Figure 4b). Similar observations are made for the maximum 5-day rainfall total
(RX5DAY), but the significance is moderate (Figure 4c). The spatial variation of SDII represented
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(Figure 4d) shows an upward and meaningful trend in daily rainfall intensity in Bakel. However, this
generally increasing trend is not remarkable in the northern zone or portions of the south.

a. R95P b. RSP
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Figure 4. Sen’s slope and trends for SRB from 1982 to 2021 (black point were statistically had a
significant trend at P <0.05).

3.3. Inter-Annual Variation and Trends in Rainfall Extremes Indices

Our analysis over several years of extreme rainfall revealed a significant increase (see Table 5).
This rise in extreme precipitation shows significant statistical significance (p-value <0.05%) according
to the R95P, R99P, RX5DAY, and SDII indices. These indices respectively measure very wet days,
extremely rainy days, total precipitation over a 5-day period, and daily precipitation intensity.

Table 5. Modifier Mann-Kendall test and Sen's slope estimation.

Indices P-value Zc Sen’s slope Tau Var
R95P 47E-25 10.33 0.079 0.34 667.00
R99P 99E-9 5.73 0.098 0.23 997.35
SDII 11E-9 6.08 0.024 0.22 826.80

RX5DAY 22E-3 3.05 0.067 0.096 587.97

3.4. Breakpoint Detection on the Trends of Extremes Precipitations

The Table 6 summarizes the results of the breakpoint analysis calculated using the Pettit test for
extreme rainfall indices over 1982-2021. A Breakpoint is detected in 2007 for very wet days and for
the daily intensity of precipitation, while for extremely wet days and the maximum 5-day
precipitation total, the breakpoint is observed in 2006. A Significant breakpoint (p-value < 0.05%) is
observed for very wet days calculated with the R95p index. However, no significant breakpoints are
found for extremely wet days, the daily intensity of rainfall, or the maximum 5-day rainfall total,
where the p-value values are above 0.05%. These breakpoints, observed over the period 1982-2021,
showed that the Senegal River basin experienced a much wetter phase from 2008-2021, as illustrated
in Figure 5.
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Figure 5. break result for the extremes precipitation over the Senegal River basin (SRB).

Table 6. Break point related to extremes precipitation indices in the SRB for the period 1982 to 2021.

Index P-value Break point
R95p 0.020 2007
R99p 0.2625 2006
SDII 0.078 2007
RX5DAY 1 2006

3.5. Characterization of Extreme Flows of the Basin

In this section, extreme indices are calculated for the upper basin in order to characterize
extreme flows at the scale of the Senegal basin because the upper basin generates over 80% of the
river's inflows at Bakel [26]. The latter, accepted as the key station of the whole Senegal basin, controls
the inflows of the three major confluents and records 95% of the river’s water [10].

3.5.1. Inter-Annual Variation of Discharge

The inter-annual distribution of flows, as indicated by the normalized flow index, reveals two
distinct periods of hydrological dynamics in the upper basin, as illustrated in Figure 6. From 1980 to
1993, the upper basin experienced a series of years marked by dry conditions. This period was
followed by a series of years characterized by wet conditions, from 1994 to 2021. These results show
that the Senegal River basin has experienced a wetter hydrological regime in recent years.
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Figure 6. standardized flow index over the upper basin (1980 to 2021).

3.5.2. Trends and Inter-Annual Variability of Flow Extremes

Table 7 illustrates the significant and increasing evolution of extreme flow rates inside the upper
basin from 1982 to 2021. By examining indicators such as High Flow Days (Q95p), Very High Flow
Days (Q99p), and Peak Flow Rate Qmax, a notable increase in extreme flow rates has been observed
over the years. This upward trend emphasizes the importance and significance of extreme flow rates
during this period.

Table 7. Sen’s slope and modifier Mann Kendall test on extreme flow.

Indices P-Value Zc Sen’s slope Tau Var(s)
Q5P 22 E-17 8.48 29.23 0.33 946.912
Q9P 33 E-14 7.58 37.49 0.31 1060
Qmax 13E-12 7.08 38.35 0.30 1137.5

3.5.3. Breakpoint Detection on the Trends of Extremes Flow

Table 8 summarizes the breakpoints calculated using the Pettit test and SNHT to assess the inter-
annual evolution of extreme flows in this part of the basin. These results reveal a significant
breakpoint in 1993 for all extreme indices, Q95p, Q99p, and QMAX. This breakpoint in 1993 indicates
an increase in extreme flows into the Senegal River since 1994, as illustrated in Figure 7.

Table 8. Breakpoints related to extreme flow indices for the period 1982-2021.

Indices Pettit’s test SNHT
P-value Break point P-value Break point
Q95p 0.0239 1993 0.0153 1993
Q99p 0.04125 1993 0.01795 1993

QMAX 0.02804 1993 0.01735 1993
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Figure 7. break result for the extremes flow over the upper basin.

4. Discussion

The paper demonstrates an increase in extreme rainfall from south to north in terms of spatial
distribution. Overall, there is an upward pattern of extreme rainfall observed in the southern region;
however, a slightly downward trend is noted in the northern region (Sahelian zone). A Significant
evolution of extreme rainfall is observed in most regions for very wet days, as assessed by the R95p
index. However, this trend is significant in the central zone and the river delta for the R99p, SDII, and
RX5DAY indices. The spatial distribution of rainfall may be attributed to the strong spatial disparity
of rainfall in this sector. These results are consistent with those of [27], who indicated a distinct
upsurge in extreme rainfall, exceedingly heavy rainfall, and consecutive maximums over 1,2,3,5, and
10 days in the Oueme Delta (Benin) ;[28] noted that over the 39-year observation period, there was a
significant increase in total rainfall on rainy days, as well as cumulative rainfall over 5 consecutive
days in Nigeria (1975 — 2103) and [29] said a rising trend is noticed from the Sahel to the coast in
southern West Africa for RX1day, RX5day.

From 1982 to 2021, a remarkable upward shift in extreme rainfall was recorded in the Senegal
River basin on an inter-annual scale. Comparable findings have been documented in other river
basins in West Africa by various researchers, for instance [30] in the Komadugu-Yobe basin, [31] over
West Africa, [32],[33] over the Sahelian region, [34] in the upper Ouémé river valley, and [35] in
Bamako (Mali). The increase in extreme precipitation events could result from the increasing levels
of greenhouse gases resulting from human activities. Natural climate variability, including
phenomena such as the El Nifio-Southern Oscillation and the Atlantic Multidecadal Oscillation, also
plays a role in short-term variations in precipitation. Furthermore, changes in atmospheric circulation
systems and the presence of mountain ranges such as the Atlas and Fouta Djalon in the region also
contribute to the intensification of precipitation. These results could have implications for water
resource management, infrastructure planning, and flood risk preparedness.

The analysis of the period from 1982 to 2021 detected significant breakpoints in the patterns of
extreme rainfall. Specifically, breakpoints were observed in 2006 for extremely wet days and for the
maximum 5-day precipitation total. For the trends of very wet days and simple daily intensity, the
breakpoint was detected in 2007 in the 1982-2021 data series. These results indicate a transition to a
new period characterized by much wetter conditions starting in 2008. This observation is supported
by the study of [36], which suggests that Senegal and Burkina Faso started encountering wetter
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weather conditions starting in 2008 and beyond. These breakpoints in the trends of extreme rainfall
highlight the importance of monitoring long-term changes and fluctuations in precipitation patterns.

The results of our study regarding extreme flows reveal a rising trend in the upper basin based
on the data from the reference station for the period 1982 to 2021. This trend is both rapid and
significant, indicating an increase in extreme flows over time. The year 1993 is the breakpoint
identified in the trend of extreme flows using the Pettit and standard normal homogeneity tests.
These findings are in line with the findings of several past studies, like: [7] said the analysis of annual
flow rates consistently shows the presence of a significant break in the early 1990s (specifically in
1993) when statistical tests are conducted on the data series from 1970 to 2014 in the Senegal River
basin, and [37], [32], [38], [39], and [40] studies suggest that the Sahelian drought may have come to
an end in the 1990s, which is consistent with our observation of a series break during that period. It
should be noted that this series break can have two possible origins: on one hand, changes in climatic
conditions such as drought or Global warming, on the other hand, the influence of large human
developments such as hydraulic infrastructure [41]. It is essential to consider these two potential
factors when interpreting series breaks and observed trends in extreme flows. Understanding the
underlying mechanisms and their interactions is crucial for assessing the causes of hydrological
changes and Dbetter anticipating future impacts on water resources and ecosystems.

5. Conclusions

The purpose of this study was to assess trends and significant changes in rainfall and flow
extremes respectively, in the Senegal River basin and its upper basin from 1982 to 2021. To achieve
this, daily rainfall data from CHIRPS with a resolution of 0.05, as well as daily flow data from the
reference station in the basin (Bakel), provided by DGPRE, were used. Seven extreme indices (R95P,
R99P, SDII, RX5ADY, Q95P, Q99P, and Qmax) and standardized flow indices were employed.

The results highlight an augmentation in extreme rainfall from south to north across the entire
basin, with a rising trend in the southern region and a slight decline in the northern region. These
observed trends are significant throughout the Senegal River basin for the R95P index, but are
significant only in the middle and delta regions for the R99P, SDII, and RX5DAY indices. Over the
inter-annual scale from 1982 to 2021, a considerable upward trend in extreme rainfall was detected
in the Senegal River basin. Breakpoints were detected, particularly in 2006 and 2007, indicating a
transition to much wetter conditions starting in 2008. These breakpoints in extreme precipitation
trends underscore the need to monitor long-term variations and fluctuations in precipitation regimes
as well as incorporate these changes into water resource coordination and governance. Regarding
extreme flows, an upward trend was observed in the higher portion of the Senegal River. The year
1993 was identified as a breakpoint in this trend, which might be associated with the ending of the
Sahelian drought. Understanding the underlying mechanisms and their interactions is crucial for
assessing the causes of hydrological changes and anticipating future impacts on water resources and
ecosystems.

In summary, this study emphasizes the importance of monitoring variations in rainfall and flow
extremes, as well as implementing appropriate adaptation measures to address these changes. The
results contribute to our understanding of hydrological dynamics in this field and provide valuable
information for water resources control, infrastructure planning, and flood risk preparedness.
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