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Abstract. Understanding extreme floods is crucial for water resource management and risk prevention in West
Africa. However, the statistical modelling of maximum annual flows in south-East Senegal is still largely unex-
plored. The present study addresses this gap by analyzing and modelling the maximum annual flow using the
generalized extreme value (GEV) distribution. Several statistical methods were compared to fit the model, in-
cluding maximum likelihood estimation (MLE), probability-weighted moments (PWM), elementary percentiles
(EP), and quantile least squares (QLS). The comparative performance of these methods is evaluated using the
Average Standardized Absolute Error (ASAE) criterion, as well as probability and quantile plots. The results in-
dicate that the probability-weighted moments method provides the best fit. Goodness-of-fit tests confirm that the
Gumbel distribution, a special case of the GEV, is more appropriate for representing maximum annual flows in
the study area. The 100-year return level of the maximum annual flow is estimated at 1751.242 m3 s−1, indicating
that such a flow is likely to occur on average once every 100 years. This study highlights the value of extreme
value models for flood analysis in regions with high hydro-climatic variability. The results provide useful in-
sights for understanding hydrological risks in southeastern Senegal and can support future work in hydrological
modeling and water resource management planning.

1 Introduction

The increasing frequency and intensity of extreme precip-
itation events is a well-documented phenomenon, often at-
tributed to climate change (Westra et al., 2013). These ex-
treme weather events can cause disasters such as floods
or landslides, endangering human lives and infrastructures
(Bates et al., 2008). Anticipating them is therefore essential
for sustainable risk planning and management, particularly
for the design of critical infrastructures such as flood protec-
tion dams (Douglas and Barros, 2003; Kouassi et al., 2019).
In this context, the generalized extreme value (GEV) dis-
tribution, introduced by Jenkinson (1955), has proven to be
an effective method for modeling these rare events (Martins
and Stedinger, 2000). Thanks to its three parameters, it offers

great flexibility in modeling distribution tails, thus allowing
for the efficient capture of extreme events (Kouassi et al.,
2019). This method is commonly used to model annual max-
ima of precipitation, flood flows, and other extreme hydrom-
eteorological phenomena (Seidou et al., 2021). However, its
application remains largely unexplored in West Africa, where
the challenges posed by extreme rainfall may differ from
those in other regions (Faye et al., 2021). Senegal, in par-
ticular, is severely affected by climate change, which repre-
sents a significant threat to vital sectors such as agriculture
and water resources, both essential to the country’s economy
and development goals (Sakli, 2016). However, these stud-
ies have certain limitations. For example, some approaches
rely on rainfall-runoff models to reconstruct time series of
average flows, which provides a valuable basis for hydrolog-
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ical knowledge (Bodian et al., 2012), but does not specifi-
cally target extreme events or estimate associated return pe-
riods. Similarly, other studies document rainfall extremes in
the Sahel using climate indices, with an emphasis on under-
standing climate mechanisms (Sanogo, 2022), but without
producing indicators directly applicable to operational risk
management. Furthermore, although the GEV distribution
has already been used to estimate return periods of extreme
rainfall (Touré et al., 2022), few studies offer a systematic
comparison of several parameter estimation methods, even
though this choice can significantly influence the estimated
return levels and, consequently, risk management decisions.
It is in this context that the present study is situated, aim-
ing to model the mean annual maximum discharge of hy-
drometric stations in southeastern Senegal using the GEV
distribution and employing different parameter estimation
techniques, such as maximum likelihood estimation (MLE)
and probability-weighted moments (PWM), elementary per-
centiles (EP) and least squares quantiles (QLS). The original-
ity of this work lies in the rigorous comparison of parameter
estimation methods. The study also emphasizes the estima-
tion of return periods and levels, from a perspective directly
geared towards climate risk planning and management. Thus,
the specific objectives are to:

– Characterize the trends of extreme rainfall and maxi-
mum flows in Southeast Senegal.

– Estimate and analyze the return periods and levels asso-
ciated with maximum flow rates.

– Provide quantitative results that can be directly used
to support decision-making, particularly in the areas of
flood prevention and hydrometeorological risk manage-
ment.

2 Materials and methods

2.1 Study Area

This study focuses on a region of West Africa, specifically
southeastern Senegal. Several factors motivated the choice
of Senegal as the study area. Senegal frequently experiences
heavy rainfall, causing urban flooding and significant hu-
man and material damage (Sarr et al., 2015). These extreme
climatic conditions have a considerable impact on mental
health, physical well-being, and the economy, particularly
with regard to agriculture, infrastructure, and trade (Sakli,
2016). Senegal’s climate, characterized by flood cycles, pro-
vides a relevant framework for applying extreme value mod-
els, specifically the generalized extreme value (GEV) distri-
bution, in the analysis of annual maximum flows. However,
despite the existence of a relatively dense national network of
meteorological stations, the analysis was restricted to a sub-
set of stations in southeastern Senegal due to the availability,
temporal continuity, and quality of hydrometeorological data

for the period 1971–2010. This selection ensures the statisti-
cal robustness of the estimates while limiting biases related
to gaps or inconsistencies in the data series. The selected sta-
tions cover climatic contexts within this area (Fig. 1). The
Dakka-Saïdou region exhibits significant changes in rainfall
patterns, with downward trends for certain types of rain-
fall events. Bakel, Gourbassi, and Kidira, located in east-
ern Senegal, experience a hot, dry climate characterized by
low and irregular rainfall (Faye, 2017). Conversely, Oualia,
in southern Senegal, benefits from a relatively wetter climate,
with more abundant rainfall during the rainy season. This cli-
matic diversity in the study area remains consistent with the
study’s objective, which is the analysis and modeling of max-
imum flows in southeastern Senegal.

2.2 Data Collection

This study is based on time series data covering the period
from 1971 to 2010 from various weather stations in south-
eastern Senegal. Two types of data were collected from Sene-
gal’s national meteorological services and correspond to field
observations from the 1971–2010 period due to their com-
pleteness and quality such as: (i) annual rainfall, used only
for the descriptive analysis of the hydro-climatic context, and
(ii) the maximum annual flow, which constitutes the extreme
variable analyzed within the framework of the modeling by
the generalized distribution of extreme values.

2.3 Data Analysis

2.3.1 Rainfall trends in Senegal between 1971 and 2010

The assessment of maximum flow and rainfall in Southeast
Senegal, more specifically in the different stations, will be
carried out using time series analysis methods, with the aim
of understanding their evolution over time (Ashoori et al.,
2017).

2.3.2 Verification of assumptions for the application of
the stationary GEV

Before fitting the GEV distribution, it is essential to ensure
that the data series meet the assumptions required by the sta-
tionary approach. To this end, several statistical tests were
applied to evaluate the validity of the assumptions of homo-
geneity, stationarity, and independence of observations from
the data in order to verify the conditions necessary for using
the stationary GEV model (Yousfi, 2016). The stationarity
of the series was examined using the Kwiatkowski-Phillips-
Schmidt-Shin (KPSS) test (Kagalwala, 2022; Mahé, 2006),
and the independence of the observations using the Ljung-
Box test (Onyeka-Ubaka and Ogundeji, 2021).
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Figure 1. Location of the study area.

2.3.3 Performance of different estimation methods
(ASAE criterion)

The performance evaluation of the different estimation meth-
ods MLE, PWM, EP, and QLS will be carried out using the
Average Standardised Absolute Error (ASAE) criterion, as
well as quantile-quantile plots (QQ plots) and probability
plots (PP plots). The validity of the chosen method will then
be verified based on these results. The Average Standardised
Absolute Error (ASAE) is defined as follows (Chikobvu and
Chifurira, 2015):

ASAE=
1
n

n∑
i=1

|xi:n− x̂i:n|

xn:n− x1:n
(1)

Where:

n: sample size which is 40 observations,

xi:n: ith order statistic, observed value after ascending
ordering of the sample

x̂i:n: ith theoretical quantile estimated from the adjusted
GEV distribution,

x1:n: Minimum order statistics,

xn:n: Maximum order statistic.

2.3.4 Shape parameter testing and goodness-of-fit tests

The choice of the appropriate distribution (Weibull, Fréchet
and Gumbel) is validated using a hypothesis test on the shape
parameter γ .

The null hypothesis corresponds to a Gumbel distribution.
H0: γ = 0 Corresponds to a Gumbel distribution.
The alternative hypothesis H1: γ 6= 0 Corresponds to a

Weibull or Fréchet distribution.

The modified likelihood ratio test LR∗ proposed by Hosk-
ing (1984) is used.

LR∗ = 1−
2/8
n

LR (2)

Goodness-of-fit tests will then be carried out using the
Anderson-Darling and Kolmogorov-Smirnov tests as a con-
firmatory measure (Martins and Stedinger, 2000).

2.3.5 Estimation of levels and return period

Once the GEV distribution is validated, the return levels as-
sociated with different return periods are estimated. The re-
turn period T represents the average time between two occur-
rences of an event of the same intensity (Chikobvu and Chi-
furira, 2015). It is essential for understanding the frequency
of extreme events such as heavy rainfall. It represents

T GEV
=

1
1−H

θ̂
(x)

(3)

H
θ̂

(x)=

 exp
{
−

[
1+ γ̂

(
x−µ̂

δ̂

)]−1
γ̂

}
,γ 6= 0

exp
{
−exp

(
−
x−µ̂

δ̂

)}
,γ = 0

(4)

And H
θ̂

(x) the cumulative distribution function of the GEV.
With: θ̂ = µ̂, δ̂, γ̂ , the estimated position parameter, the es-

timated scale parameter and the estimated shape parameter.
The return level xP is the amount of flow associated with

a return period. Thus, xP estimating the return period of a
quantile is equivalent to estimating the order of that quantile.

p =
1

1− 1/T
(5)

Then,

xP =

{
µ̂− δ̂

γ̂

[
1−{− log(1−p)}−γ̂

]
,γ 6= 0

µ̂− δ̂ log(− log(1−p)) ,γ = 0
(6)
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3 Results

3.1 Evolution of rainfall in Senegal between 1971 and
2010

3.1.1 Maximum flow rate

Analysis of maximum flow rates at the five stations reveals
significant fluctuations (see Fig. 2). At Dakka-Saïdou, the
minimum of maximum flow rate reached 100 mm in 1985,
followed by a peak of 1100 mm in 2003, then a drop to less
than 400 mm in 2007 and a rise to 897 mm in 2010. At Kidira
and Oualia, despite recorded increases, notable decreases
were also observed, while at Bakel and Gourbassi, the trends
remained stable but downward. These decreases in maximum
flow rates coincide with episodes of severe drought that af-
fected the Sahel during the 1970s and 1980s. Indeed, as high-
lighted in Onyeka-Ubaka and Ogundeji (2021), this period
is characterized by persistent major rainfall deficits, leading
to a significant reduction in surface runoff and river flows.
Thus, the low maximum flow values observed during these
periods are not due to measurement anomalies but rather re-
flect the direct hydrological impact of the major historical
droughts that have affected the Senegal River basin. Applica-
tion of the modified Mann-Kendall test to the maximum flow
series shows that the Dakka-Saidou station exhibits a signif-
icant upward trend (t = 188, p = 0.029). The other stations,
particularly Kidira and Oualia, show a slightly significant up-
ward trend (t = 140, p = 0.105). These results confirm that
the variations observed in the flow series are consistent with
regional climatic trends and highlight the need to consider
the effects of historical droughts in hydrological analysis.

3.1.2 Precipitation

Analysis of rainfall at the five stations reveals significant
fluctuations (see Fig. 3), with an upward trend at Dakka-
Saïdou (from 650.66 mm in 1971 to 785 mm in 2010), a sim-
ilar increase at Bakel (from 721 mm in 1972 to 843.85 mm
in 2010), and at Oualia (from 687 mm in 1972 to 797 mm
in 2010). The Mann-Kendall test shows that the trends re-
main slightly significant at Dakka-Saïdou (p = 0.083), Bakel
(p = 0.061), and Oualia (p = 0.116), indicating a moderate
increase in maximum rainfall. These variations reflect re-
gional climate change likely to influence the hydrological
regime of these stations.

3.1.3 Standard normal homogeneity test for the five
rainfall stations

The results of the test of homogeneity of precipitation and
maximum flow at the stations of Dakka-Saïdou, Bakel, Gour-
bassi, Kidira and Oualia (Table 1) reveal p values of less than
5 %, indicating significant temporal differences in precipita-
tion and maximum flow at each station.

Table 1. Result of the standard normal homogeneity test for the five
rainfall stations.

Station no. Station name value T value P

Rainfall

1 Dakar 8.127 0.004
2 Bakel 7.519 0.006
3 Gourbassi 4.506 0.034
4 Kidira 5.608 0.018
5 Oualia 6.987 0.008

Maximum flow rate

1 Dakar 7.028 0.008
2 Bakel 4.87349 0.027
3 Gourbassi 5.670709 0.017
4 Kidira 5.19677 0.023
5 Oualia 7.997165 0.005

Table 2. Results of the KPSS test and Ljung box test.

Station no. Station KPSS test Ljung
box test

Rainfall

1 Dakka-Saidou 0.085 0.529
2 Bakel 0.098 0.550
3 Gourbassi 0.10 0.827
4 Kidira 0.10 0.734
5 Oualia 0.10 0.466

Maximum flow rate

1 Dakka-Saidou 0.3 0.132
2 Bakel 0.14 0.829
3 Gourbassi 0.16 0.683
4 Kidira 0.29 0.628
5 Oualia 0.39 0.576

3.1.4 Stationarity and independence test of data (see
Table 2)

The KPSS test results show that all flow and precipitation se-
ries are stationary with a p-value greater than 5 %. Further-
more, the Ljung-box test shows that independence is gener-
ally verified across the stations, with a p-value greater than
5 %.

3.2 Comparative analysis of different estimation
methods

3.2.1 Analysis performed on average annual maximum
flow data

We calculated the annual mean maximum flow rate from data
collected at five stations over the period 1971–2010 (n= 40).
To do this, the maximum flow rates observed at each of the
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Figure 2. Maximum flow rates at the five stations in South-East Senegal.

Figure 3. Analysis of rainfall trends (precipitation) in the five stations of South-East Senegal.
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Table 3. Comparison of the performance of methods for estimating
average annual flow rates at the five stations. The values shown in
bold correspond to the lowest ASAE values and therefore identify
the best estimation method.

Method Parameters ASAE

Location Scale Shape

MLE 650.174 235.433 −0.147 7.929
PWM 644.082 240.678 −0.109 7.969
EP 669.59 4.768 −0.504 11.45
QLS 644.899 253.149 −0.106 67.69

Table 4. 95 % confidence interval for estimated PWM parameters.

Parameters Location Scale Shape

CI95 % [561.667; [176.654; [−0.285;
726.497] 304.703] 0.066]

five stations in the study were extracted, and these values
were averaged to obtain a single representative value for the
annual maximum flow rate across all stations. The Average
Standardized Absolute Error (ASAE) was calculated to as-
sess the performance of the methods.

Calculating the annual mean maximum flow rates from
data from the five stations, from 1971 to 2010, shows that the
MLE and PWM methods are the most reliable, with respec-
tive ASAE values of 7.929 and 7.969 (see Table 3), highlight-
ing their similar performance for estimating annual mean
flow rates. Furthermore, the QQ plots (see Fig. 4) indicate
that the most linear trend is obtained with the PWM method.
Therefore, the PWM method is more suitable than the others.

3.2.2 Attraction of the data domain (Fréchet, Weibull or
Gumbel distribution)

Table 4 reveals the 95 % confidence interval (CI) for the
shape parameter. The interval includes zero (−0.285≤ γ ≤
0.066), indicating that the null hypothesis γ = 0 cannot be
rejected at the 5 % significance level. This result suggests
that the Gumbel distribution, corresponding to a zero-shape
parameter, is statistically plausible. However, the confidence
interval alone is not sufficient to discriminate conclusively
between Fréchet, Weibull, and Gumbel distribution. There-
fore, formal goodness of fit test was employed.

The results of the LR∗ hypothesis tests, applied to the max-
imum flow data, are presented in Table 5. With 40 observa-
tions, the estimated shape parameter γ is −0.109. The loga-
rithmic ratio (LR) test yields a value of 1.082 with a p-value
of 0.298, while the modified LR∗ test shows a value of 1.074.
Compared to the critical value of 3.84, the LR∗ test value is
1.082 and the p-value= 0.298 greater than 0.05. Therefore,
there is no significant difference, and we accept the null hy-
pothesis.

Table 5. GEV probability density function of maximum flow data
(MF data) for the period 1971–2010.

n λ LR PV LR∗ Critical
value

MF Data 40 −0.109 1.082 0.298 1.074 3.84

Table 6. Results of the Kolmogorov-Smirnov and Anderson-
Darling tests.

Kolmogorov-Smirnov test Anderson-Darling Test

Statistical Critical Statistical Critical
value value

0.11 0.70 0.29 0.95

H0, concluding that the distribution of maximum flow data
is of the Gumbel type.

3.2.3 Goodness-of-fit tests

The results of the Anderson-Darling and Kolmogorov-
Smirnov tests indicate that the test statistics are below their
respective critical values (Table 6). Therefore, we do not re-
ject the null hypothesis. This confirms that the Gumbel dis-
tribution, fitted to the extreme precipitation data using the
PWM method, is appropriate.

3.3 Prediction of maximum flow levels and return period

Consider Eq. (6) and the values of each parameter (location,
scale, shape) estimated by the PWM method. By calculating,
using the R software, we obtain the return level xP:

xP = 1751242m3 s−1

Based on the return period formula see Eq. (3), we obtain
T = 100 years. Therefore, the return period, which repre-
sents the average time required for an extreme event to occur,
allows us to predict that maximum flows 1 751 242 m3 s−1

will occur on average once every 100 years.

4 Discussion

Analysis of hydrometric data from 1971 to 2010 reveals
marked variability in maximum annual flowsat the studied
stations, reflecting the combined influence of climatic con-
ditions and regional hydrological dynamics. At the Dakka-
Saïdou station, maximum flows exhibit significant fluctua-
tions, characterized by a decrease between 1972 and 1985,
followed by a period of increase until the early 2000s, before
another decline and then a recovery around 2010. Contrasting
patterns are also observed in the Kidira and Oualia basins,
where occasional decreases in maximum flows coexist with
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Figure 4. The GEV probability density function of the maximum flow.

a relatively stable overall trend. These spatial differences re-
flect the hydro-climatic heterogeneity of eastern and south-
ern Senegal, as already highlighted in several previous stud-
ies, which emphasize the diversity of hydrological regimes
in the Senegalese basins (Mballo et al., 2019). They confirm
the need to adopt statistical approaches adapted to the anal-
ysis of extreme events, rather than classical methods based
solely on averages. In this context, the use of the GEV (Ge-
ometric Efficiency Value) appears relevant for modeling an-
nual maximum flows. The systematic comparison of several
methods for estimating the parameters MLE, PWM, EP, and
QLS shows that the probability-weighted moments (PWM)
method offers the best performance, particularly in terms of
Average Standardized Absolute Error (ASAE) and graphical
fit. This superiority of PWM is explained by its robustness
with respect to moderately sized samples and by its ability
to give greater weight to extreme values, as also shown by
several studies conducted in West Africa (Faye et al., 2021).
The analysis of the shape parameter and the associated hy-
pothesis tests (LR and LR∗) indicate that the Gumbel distri-
bution constitutes a suitable model for representing the aver-
age maximum annual flowsfrom the stations considered. The
Kolmogorov-Smirnov and Anderson-Darling goodness-of-fit
tests confirm the quality of the fit, thus strengthening the re-
liability of the estimates. These results are consistent with
previous work demonstrating the suitability of the Gumbel
distribution for modeling annual peak flows in similar hydro-
logical contexts (Habibi et al., 2013). Other research has also

demonstrated the effectiveness of other statistical approaches
(Kouassi et al., 2019). Estimating a 100-year return level
1 751 242 m3 s−1 is an important operational result for hydro-
logical planning and risk management. This return level cor-
responds to a rare event, characterized by an annual probabil-
ity of exceedance of 1 %, and provides key information for
the sizing of hydraulic infrastructure and flood prevention.
Despite these results, certain limitations must be highlighted.
First, the study relies on a limited number of hydrometric
stations that do not provide uniform coverage across the en-
tire Senegalese territory. The results should be interpreted as
primarily representative of eastern and southern Senegal, and
not of the country as a whole. Secondly, the analyzed time se-
ries (1971–2010) remains relatively short for estimating high
return levels, which introduces inherent uncertainty when ex-
trapolating to longer return periods. Finally, the stationarity
assumption adopted in this study does not explicitly account
for the potential effects of climate change on the future evolu-
tion of hydrological extremes. Future work could incorporate
a larger number of stations, more recent data, and models of
non-stationary extreme values to better capture the influence
of climate trends on extreme flows.

5 Conclusion

This study analyzed the annual maximum flow from five hy-
drometric stations located primarily in eastern and southern
Senegal over the period 1971–2010 using the generalized ex-
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treme value (GEV) distribution. Comparison of several esti-
mation methods showed that the probability weighted mo-
ments (PWM) method offers the best performance for fit-
ting the data. Statistical tests confirmed the suitability of
the Gumbel distribution for modeling the annual maximum
flows. Estimating a 100-year return level 1 751 242 m3 s−1

provides essential information for water resource manage-
ment, reducing hydraulic risks, and developing adaptation
strategies to extreme events. Future research incorporating
more extensive data and non-stationary approaches will fur-
ther improve the robustness of the estimates and their appli-
cability in a climate change context.
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