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Abstract. West African populations are increasingly exposed to heavy rainfall events which cause devastating
floods. For the design of rainwater drainage facilities (to protect populations), practitioners systematically use the
Gumbel distribution regardless of rainfall statistical behaviour. The objective of this study is twofold. The first is
to update existing knowledge on heavy rainfall frequency analysis in West Africa to check whether the systematic
preference for Gumbel’s distribution is not misleading, and subsequently to quantify biases induced by the use of
the Gumbel distribution on stations fitting other distributions. Annual maximum daily rainfall of 12 stations lo-
cated in the Benin sections of the Niger and Volta Rivers’ basins covering a period of 96 years (1921–2016) were
used. Five statistical distributions (Gumbel, GEV, Lognormal, Pearson type III, and Log-Pearson type III) were
used for the frequency analysis and the most appropriate distribution was selected based on the Akaike (AIC)
and Bayesian (BIC) criteria. The study shows that the Gumbel’s distribution best represents the data of 2/3 of
the stations studied, while the remaining 1/3 of the stations fit better GEV, Lognormal, and Pearson type III
distributions. The systematic application of Gumbel’s distribution for the frequency analysis of extreme rainfall
is therefore misleading. For stations whose data best fit the other distributions, annual daily rainfall maxima were
estimated both using these distributions and the Gumbel’s distribution for different return periods. Depending
on the return period, results demonstrate that the use of the Gumbel distribution instead of these distributions
leads to an overestimation (of up to +6.1 %) and an underestimation (of up to −45.9 %) of the annual daily
rainfall maxima and therefore to an uncertain design of flood protection facilities. For better validity, the findings
presented here should be tested on larger datasets.
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1 Introduction

Climate change is one of the greatest challenges of the 21st
century. In West Africa, extreme hydroclimatic events such
as heavy rainfall, floods and droughts severely impact pop-
ulations and socio-economic development (Amoussou et al.,
2014). Since the late 2000s, most West African countries are
experiencing unprecedented flooding events (Badou et al.,
2019). Ouagadougou, the largest city of Burkina Faso, was
struck by extreme rainfall on the 1 September 2009 causing
the death of nine persons, and losses estimated to be more
than USD 14 million. That very year 2019, Dakar in Sene-
gal, and Lomé in Togo recorded heavy rainfall events with
comparable damages. The following year, in 2010, Benin,
Cote d’Ivoire and Niger recorded extreme devastating floods.
Benin, for example, was severely struck with 680 000 people
affected and 46 deaths (World Bank, 2011). While the con-
struction of rainwater drainage facilities is a common mea-
sure to control rainfall-induced floods, the design of such
facilities is rainfall characteristic-dependent and requires a
good knowledge of associated statistical distribution. In this
perspective, frequency analysis of heavy rainfall must guide
the selection of the best statistical distribution (e.g. Agué
and Afouda, 2015; Goubanova and Li, 2007; Habibi et al.,
2013; Hamzaoui, 2016; Ousmane, 1992; St-hilaire, 2007).
Notwithstanding, based on expert elicitation, most civil en-
gineers in West Africa systematically use the Gumbel dis-
tribution to design rainwater drainage systems regardless of
rainfall statistical behaviour. Previous works on frequency
analysis of heavy rainfall in West Africa have demonstrated
the “suitability” of the Gumbel distribution for regions of
high rainfall regime (Goula Bi Tie et al., 2007) and the
majority of investigated stations (Agué and Afouda, 2015)
seem to have supported that practice of civil engineers. How-
ever, given the high spatial and temporal rainfall variabil-
ity of the West African region, are these previous findings
still valid? For example, the analysis of Goula Bi Tie et
al. (2007) covered the period 1947–1995 and that of Agué
and Afouda (2015) the period 1921–2001; both periods not
including the decades the 2000s and 2010s characterised by
the increase in the frequency and magnitude of heavy rain-
fall (Hounkpè et al., 2016). Recent heavy rainfall frequency
analyses in the Ouémé River Basin (Kodja, 2018) and the Oti
River Basin (Koungbanane et al., 2020) considered the 2000s
and 2010s but were limited to the GEV distribution in the
case of the Oti River Basin and Gumbel, GEV, and Pearson
type III distribution in the case of the Ouémé River Basin.
To guide the design of drainage water facilities and provide
an alternative to civil engineers who systematically use Gum-
bel distribution, this study takes stock from the previous ones
to: (i) update existing knowledge on heavy rainfall frequency
analysis in West Africa, (ii) quantify biases induced by the
systematic use of the Gumbel distribution. Northern Benin, a
region of transition between the Guinean and Sahelian rain-
fall regimes is chosen as a case study.

2 Material and methods

2.1 Research area

The study area is located in the northern part of Benin be-
tween latitudes 10◦ and 12◦30′ N and longitudes 1◦ and
3◦40′ E. With a total area of 57 093 km2, it consists of the
Beninese portion of the Niger River Basin (39 726 km2) and
that of the Volta River Basin (17 367 km2) (Fig. 1). The rain-
fall regime is uni-modal of the Sudanian type with a single
rainy season from April to October. Average annual rainfall
varies between 700 and 1100 mm (Badou et al., 2015). On a
seasonal scale, rainfall variability is characterized by a high
concentration of rainfall in August sometimes causing dev-
astating flooding (MEHU, 2011). The latest census in Benin
amounted the population of the study area to about 2 031 534
(INSAE, 2016) whose mainly rely on rainfed agriculture and
ruminant breeding for their livelihoods.

2.2 Data

The daily rainfall time series used in this study are from
Benin Meteorological Agency. For the choice of rain gauges
to consider, priority was given to those located in the most
affected municipalities by rainfall-induced floods such as
Banikoara and Kandi. Other stations located in the vicinity
of the first ones and those with data available were also con-
sidered. Subsequently, the percentage of missing data was
determined for each station (Table 1). In line with Sect. 2.1,
the search for missing data was limited to the rainy season
which starts in April and is mainly from June to October.
Thus, for each station and each year, the ratio of the number
of missing data within June to October to the total number of
rainy days was computed, and the mean percentage of miss-
ing data (for all years and for each rainfall station). Stations
with more than 25 % missing data were discarded in order
not to bias the results. For stations with less than 25 % miss-
ing data, gaps were filled using the inverse distance method.
Thereupon, for each gauge and each year, daily rainfall max-
ima were extracted. The time series used in this study con-
sist of the annual daily rainfall maxima of 12 rainfall gauges
listed in Table 1.

2.3 Methods

In this study, frequency analysis was applied to extreme rain-
fall time series. The statistical adjustment is performed using
of the HYFRAN (HYdrological FRequency ANalysis) soft-
ware with the prior objective of testing whether the Gumbel
distribution is a one-size-fits-all model. The steps of the sta-
tistical adjustment fitting are briefly presented below.
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Figure 1. Location of the research area displaying the rain gauges used in this study represented by triangles.

Table 1. Rainfall series used in this study.

Station Long. Lat. Period Data Missing
(◦) (◦) length data

(year) (%)

Alfakoara 3.07 11.45 1969–2010 42 4
Banikoara 2.43 11.30 1954–2010 57 1
Bemberekè 2.67 10.20 1921–2014 94 0
Birni 1.50 10.00 1953–2012 60 18
Boukoumbé 1.10 10.17 1923–2014 92 17
Kalalé 3.38 10.30 1957–2012 56 3
Kandi 2.93 11.13 1921–2016 96 0
Karimama 3.18 12.07 1976–2010 35 10
Kouandé 1.68 10.33 1931–2014 84 5
Malanville 3.40 11.87 1942–2010 69 4
Natitingou 1.38 10.32 1921–2016 96 0
Tanguiéta 1.27 10.62 1939–2010 72 4

2.3.1 Identification of the “best” statistical distributions
fitting rainfall extremes

This section deals with the determination of the statistical
distribution which best fits the data. Before the statistical fit-
ting, hypotheses testing were carried to check the stationary,

independence and homogeneity of the data using the tests of
Kendall, Wald-Wolfowitz and Wilcoxon as in El Adlouni et
Bobée (2014). The five distributions (Gumbel, Lognormal,
GEV, Pearson type III, and Log-Pearson type III) embedded
in HYFRAN software were considered.

The Akaike Information Criterion (AIC) and the Bayesian
Information Criterion (BIC) were used to compare the five
statistical distributions with the best score given to the dis-
tribution associated with the lowest values of AIC and BIC
(Avahounlin et al., 2013).

2.3.2 Estimating the parameters of selected statistical
distributions and rainfall quantiles

The estimation of the parameters of the selected statistical
distributions was based on two methods. The maximum like-
lihood method for Gumbel, Lognormal, GEV and the Pear-
son type III distributions and the L-moments method for the
log Pearson type III distribution. The method of moments
consists in equaling the theoretical moments of the distribu-
tion (which are a function of the parameters) and their esti-
mates obtained from the sample. Solving the resulting system
of equations makes it possible to obtain the parameters of
the distribution. The maximum likelihood method involves a
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likelihood function L defined by Eq. (1( as in Avahounlin et
al. (2013).

L=

N∏
l

f (xi;θ1, . . . . . . θk) (1)

f (xi)dxi = P [xi ⊆X ⊆ xi + dxi]

This latter method consists in finding the parameters θ which
maximize the likelihood function, i.e. the probability of ob-
serving the sample (xi , . . . . . . xN ) which represents the best
information available on the population.

Afterwards, the so-determined parameters were used to es-
timate rainfall quantiles for different return periods. Accord-
ing to Perreault et al. (1994), for the estimation of a quan-
tile XT of return period T referring to a random variable X
from a sample which follows a given probability distribu-
tion F having k parameter, the formula below is used:

XT = F
−1
(
θ1,θ2 . . . θk;−

1
T

)
(2)

where F−1 is the inverse function of the distribution func-
tion F and 1

T
is the probability of exceeding this event.

Furthermore, spatial interpolation of the estimated quan-
tiles was carried out using the kriging method embedded in
the Surfer 11 software.

2.3.3 Quantifying biases induced by the systematic use
of the Gumbel distribution

To quantify biases induced by the systematic use of the Gum-
bel distribution on stations fitting other distributions, quan-
tiles estimated using these distributions were compared to
quantiles estimated using the Gumbel distribution.

3 Results and discussion

3.1 Best statistical distributions fitting rainfall extremes

The hypotheses testing shows time series are stationary, ho-
mogeneous and independent except the time series of Bouk-
oumbé (non-stationary and not independent) and Natitin-
gou (non-stationary). The 5 distributions were fitted to the
12 times series (including Boukoumbé and Natitingou added
for consistency and comparison purposes) then compared us-
ing the AIC and BIC criteria. Figure 2 displays the spatial
distribution of stations according to the statistical distribu-
tions which best represent their time series. The statistical
distributions which best represent the series vary from one
station to the other indicating that the time series within the
same basin (or climatic zone) is not necessarily fitted with
the same statistical distribution. This applies especially to the
Beninese section of the Volta Basin where “best” statistical
distributions are systematically distinct.

’

Figure 2. Spatial distribution of selected statistical distributions.

This result is consistent with that of Agué and
Afouda (2015) who demonstrated that the probability dis-
tributions of annual maximum daily rainfall are not rain-
fall regime-dependent. However, for some specific stations,
our results are slightly different from those of Agué and
Afouda (2015) who found that for the station at Bemberekè
the Pearson type III instead of the Gumbel distribution fit
better extreme rainfall data and for the station at Boukoumbé
the Gumbel is the best statistical distribution fitting the data
instead of the Lognormal distribution. The difference might
stem from the length of the time series as the time series con-
sidered in this study ranges from 1921–2016 (and includes
the wet decade of 2001–2010) against the period of 1921–
2001 for the study of Agué and Afouda (2015) confirming
the influence of data length and the need for updates of heavy
rainfall frequency analysis is suggested here.

Also, Fig. 2 shows the predominance of the Gumbel dis-
tribution which fits the data of 2/3 of stations contradicting
the results of Goula Bi Tie et al. (2007) who compared the
Gumbel and Lognormal distributions for 34 stations located
in Côte d’Ivoire found instead the predominance of the Log-
normal distribution (56 % of stations) over the Gumbel dis-
tribution (44 % of stations). The divergence of both results
further shows that there is no rationale for taking the Gumbel
distribution as one-size-fits-all-models.

3.2 Parameters of selected statistical distributions and
rainfall quantiles

Applying the maximum likelihood and L-moments methods,
the parameters of the selected statistical distributions were
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Figure 3. Extreme rainfall quantiles for 2 years (a), 5 years (b), 10 years (c), 50 years (d) and 100 years (e) return periods.

determined then used to estimate the quantiles of maximum
daily rainfall for five return periods (Table 2).

For short return periods (2, 5 and 10 years), minimums
are observed at the station at Karimama but maximums at
Bembereké and Kalalé. For longer return periods (50 and
100 years), the highest quantiles are recorded at Tanguiéta
then Boukoumbé and Kalalé. Minimums are observed at the
stations at Banikoara and Karimama.

Spatial interpolation of the quantiles is displayed in Fig. 3.
The highest daily rainfall quantiles are generally recorded
in the southern part of the research area (Boukoumbé and
Kalalé). Isohyets decrease northward. For longer return peri-
ods (50 and 100 years), the maxima are observed at the Tan-
guiéta station and its surroundings. Besides, it is observed in
the mountainous area of Atacora (between latitudes 10◦ and
11◦30′), a very high rainfall variability characterized by the

parallelism and the approximation of isohyets testifying to
the important role of orography in local precipitation (Agué
and Afouda, 2015; Goula Bi Tie et al., 2007).

3.3 Biases induced by the systematic use of the
Gumbel distribution

For the stations at Boukoumbé, Natitingou and Tanguiéta,
the Gumbel distribution slightly overestimates rainfall quan-
tiles of 2 years return periods (Table 3). This also applies
to Kouandé stations for the return periods for 5, 10, 50 and
100 years return periods. On the contrary for the other sta-
tions, the longer the return period the greater the underes-
timation of quantiles estimated using the Gumbel distribu-
tion. This is particularly true for the GEV distribution which
best fits Tanguieta’s data. Apart from the station at Kouandé,
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Table 2. Quantiles in mm for different return periods T = 2, 5, 10, 50, and 100 years; in brackets are the 95 % confidence intervals.

Stations Distribution T2 T5 T10 T50 T100

Alfakoara Gumbel 70 87.9 99.7 126 137
(64.4–75.6) (79.2–96.5) (88.6–111) (109–143) (117–156)

Baniko Gumbel 69.6 85.5 96 119 129
(65.3–73.8) (78.9–92.1) (87.6–105) (106–132) (114–144)

Bembereke Gumbel 78 98.6 112 142 155
(73.6–82.3) (92–105) (104–121) (129–156) (140–170)

Birni Gumbel 69.9 92.4 107 140 154
(64–75.7) (83.3–101) (95.6–119) (122–158) (134–175)

Boukoumbe Log 68.2 93.7 111 148 164
normale (62.9–73.5) (85.3–102) (99.1–122) (128–168) (140–189)

Kalalé Gumbel 76.8 98.1 112 143 156
(71.1–82.6) (89.2–107) (101–124) (126–161) (136–177)

Kandi Gumbel 68.4 87.8 101 129 141
(64.4–72.4) (81.6–93.9) (92.7–108) (117–141) (127–155)

Karimama Gumbel 61.7 80 92.2 119 130
(55.4–68.0) (70.3–89.8) (79.7–105) (99.8–138) (108–152)

Kouandé Log 72.8 92 104 129 139
normale (68.4–77.1) (85.6–98.4) (95.6–112) (115–143) (123–155)

Malanville Gumbel 67.1 89.8 105 138 152
(61.5–72.6) (81.2–98.3) (93.8–116) (121–155) (133–171)

Natitingou Pearson 67.1 87.6 101 131 143
type III (63.1–71.1) (80.9–94.3) (92.1–101) (115–147) (125–162)

Tanguiéta GEV 66 89.3 110 176 216
(61.1–71) (79.1–99.6) (91.7–128) (115–236) (121–311)

Table 3. Comparison of rainfall quantiles estimated with both Gumbel distribution and selected distributions; in bracket are the per cent of
bias. A sign + (−−) signifies an overestimation (underestimation) of rainfall quantiles. Values are in mm.

Stations Distribution T2 T5 T10 T50 T100

Boukoumbé
Gumbel

68.5 93.2 110 146 161
(+0.4) (−0.5) (−0.9) (−1.4) (−1.9)

Log
68.2 93.7 111 148 164

normal

Kouandé
Gumbel

72.4 92.7 106 136 148
(−0.6) (+0.8) (+1.9) (+5.1) (+6.1)

Log
72.8 92 104 129 139

normal

Natitingou
Gumbel

68.2 86.2 98.1 124 135
(+1.6) (−1.6) (−3.0) (−5.6) (−5.9)

Pearson
67.1 87.6 101 131 143

type III

Tanguiéta
Gumbel

69.6 90.6 104 135 148
(+5.2) (+1.4) (−5.8) (−30.4) (−45.9)

GEV 66 89.3 110 176 216
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for the other stations, the per cent of underestimation (up to
−45.9 %) is by far greater than that of overestimation (up
to +6.1 %). This underestimation of rainfall quantiles was
reported by Koutsoyiannis (2004) who studied 169 stations
(of more than 100 years of data length) located in the US,
UK and southern France and found that the Gumbel distribu-
tion underestimates quantiles particularly for return periods
ranging from 50 to 100 years.

4 Conclusions

In this study, the statistical distributions that best describe the
statistical behaviour of heavy rainfall in the Benin section
of the Niger and Volta Rivers basins were determined and
daily rainfall quantiles associated with different return peri-
ods were estimated. This was done with the primary objective
of testing whether the widely applied Gumbel distribution
is a one size fit all model for the research area. Therefore,
a frequency analysis of the rainfall extremes of 12 stations
was carried out on time series ranging from 35 to 96 years in
length. The HYFRAN (HYdrological FRequency ANalysis)
software was used for the assignment. Before the frequency
analysis, hypothesis testing was performed to check the sta-
tionarity, independence and homogeneity of the data. The
investigations indicate that the time series of annual daily
maxima rainfall are stationary, homogeneous and indepen-
dent except the time series of Boukoumbé (which are non-
stationary and not independent) and of Natitingou (which
are non-stationary) and therefore verifying the hypotheses
for applying the frequency analysis. However, for compar-
ison purposes, the time series of Boukoumbé and Natitingou
were also considered for the frequency analysis.

The results reveal that though predominant and fitting the
best two-third of the time-series, Gumbel distribution is not a
one-size-fits-all-time series. Three of the four other statistical
distributions (GEV, Lognormal, and Pearson type III) fits the
best at least one time series with the Lognormal distribution
fitting the best two times series, and the GEV and Pearson
type III one time series. Corresponding quantiles computed
using selected statistical distributions vary between 67 and
216 mm respectively for the return periods of 2 and 100 years
with the highest rainfall values obtained in mountainous ar-
eas (between latitudes 10◦ and 11◦30′) testifying to the im-
portant role of orography in local rainfall. This work pro-
vides useful science-based evidence of the systematic mis-
take done when civil engineers apply Gumbel distribution
as a one-size-fits-all-time series for the design of rainwater
drainage systems for flood control. It is expected that it will
guide the design of flood control infrastructures in the future
to protect the livelihood of millions of people exposed to ex-
treme rainfall-induced damages.
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