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Cotonou, the economic capital of Benin, is suffering from the impacts of climate change, particularly evident through recurrent floods. To
effectively manage these floods and address this issue, it is crucial to have a deep understanding of return periods and hydroclimatic
parameters (such as intensity-duration-frequency (IDF) curves and related coefficients), which are essential for designing stormwater
drainage structures. Determining return periods and these parameters requires statistical analysis of extreme events, and this analysis
needs to be regularly updated in response to climate change. The objective of this study was to determine the necessary return periods and
hydroclimatic parameters to improve stormwater drainage systems in the city and its surroundings areas. This required annual maximum
precipitation series of 1, 2, 3, 6, 12, and 24 h for 20 years length (1999-2018) as well as flood record data. The intensity series, derived by
dividing the amount of rainfall by its duration, was adjusted using Gumbel’s law. IDF curves were constructed based on Montana and
Talbot models, and their coefficients were determined according to the corresponding return periods. In 2010, which witnessed dev-
astating floods in the country, the return period for the most intense rainfall events was 40 years, followed by 2013 with a return period of
13.4 years. Consequently, the commonly used 10-year return period for the design of stormwater drainage structures in Cotonou is
insufficient. The Talbot model produced the lowest mean square errors for each quantile series and coefficients of determination closest to
one, indicating that the parameters obtained from this model are well suited for designing hydraulic structures in Cotonou. The
hydroclimatic parameters presented in this study will contribute to the improved design of hydraulic structures in the city of Cotonou.

1. Introduction

As one of the wettest regions in Africa [1], the West African
coast receives torrential rains each year, often leading to
flooding. African coastal cities have witnessed an increasing
number of floods in recent years, resulting in catastrophic
damage [2]. To mitigate this damage, the World Meteoro-
logical Organization (WMO) encourages countries to es-
tablish flood prevention and response programs and
projects. Priority should be given to risk assessment, early

warning systems, risk reduction in climate-sensitive sectors,
and risk finance and transfers [3]. Among these priorities,
risk reduction in climate-sensitive sectors requires pre-
vention through the implementation of structural measures
(e.g., construction of stormwater drainage infrastructure)
and nonstructural measures (e.g., prohibition of construc-
tion in flood zones). In West Africa, concerning structural
measures, several authors [4-6] have emphasized the ne-
cessity to enhance rainwater drainage networks by densi-
fication and redevelopment of existing networks (such as
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collectors and retention basins). The design and sizing of
these networks must account for climate change through
periodic updates of relevant design parameters [7, 8]. This is
essential, given the breaks observed in the hydroclimatic
series before and after the 1970s and the 1990s [9, 10].
Much like many West African cities, Cotonou, Benin’s
most populous city, is also suffering from adverse climate
change impacts, primarily manifested through recurrent
floods. Managing these floods requires a comprehensive
understanding of the return periods and hydroclimatic
parameters essential for the design of rainwater drainage
structures [11]. The requisite hydroclimatic information is
typically expressed in the form of intensity-duration-
frequency (IDF) curves. Previous studies have focused on
establishing rainfall IDF curves and determining hydro-
climatic parameters in the African tropical zone [12-14].
Among these, the most renowned is the Inter-African
Committee for Hydraulic Studies (CIEH) study, which
deals with rainfall-frequency curves for West and Central
Africa, encompassing rainfall durations ranging from 5 min
to 24h [15]. The results of this CIEH study conducted in
1984, often employed for hydraulic structure sizing, warrant
updating after four decades. Additionally, feedback from
civil engineering professionals has highlighted the need for
IDF curves spanning different durations (15min, 30 min,
45min, 1h, 2h, 3h, 6h, and 12h), which are currently
unavailable at the Benin Meteorological Agency [15].
Given the ongoing and planned initiatives for the en-
hancement and redevelopment of stormwater drainage
networks in Cotonou [16] and other cities in the West
African subregion, providing practitioners with up-to-date
hydroclimatic parameters is crucial for designing rainwater
drainage networks that are adaptable to the prevailing
context of climate change. Therefore, the objectives of this
study were to (i) determine the appropriate return periods
for the design of rainwater drainage structures in Cotonou;
(if) fit a statistical model to the maximum rainfall intensity
series of 1, 2, 3, 6, 12, and 24 hours; and (iii) determine
hydroclimatic parameters for various return periods.

2. Materials and Methods

The methodology of this study was structured into three
parts. The first part deals with the establishment of ap-
propriate return periods for stormwater drainage in Coto-
nou. The second part addressed the adjustment of the
statistical probability distribution to the rainfall intensity
series. The third part encompasses the calculation of
Montana and Talbot coeflicients across various return pe-
riods and the subsequent construction of IDF curves. Before
describing these three parts in detail, the next two sections
provide a brief description of the study area and data used.

2.1. Research Area. The town of Cotonou is located on the
coastal cordon, from which it is named the Littoral Region.
With an area of 79 km?, the municipality is located at the
intersection of 6°20" north and 2°20’ east. It is bounded to the
north by Lake Nokoué, south by the Atlantic Ocean, east by
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the municipality of Seme-Kpodji, and west by the munici-
pality of Abomey-Calavi. Cotonou’s northern and southern
boundaries make it a “naturally” flood-prone city. The city is
the economic capital of Benin and concentrates almost all
the administrative and political functions of the country
[17]. The climate is subequatorial, with two alternating rainy
seasons (April to July and September to November) and two
dry seasons (December to March and August). The average
annual rainfall is approximately 1300 mm, of which ap-
proximately half occurs in June and July [18]. Except for the
Lagoon of Cotonou, the town of Cotonou has no rivers. Lake
Nokoué (138 km?) is the main water body to which several
lowlands must be added (Figure 1).

2.2. Data Used. The statistical analysis of intense rainfall for
flood management in urban areas requires data with fine
time intervals, typically at hourly or subhourly resolutions.

However, at the Agence Météo Benin, the most detailed
time step available for maximum annual precipitation data
was one hour. Consequently, we collected the maximum
annual rainfall data for durations of 1, 2, 3, 6, 12, and 24h
from the Cotonou-Airport station, covering a span of
20 years (1999-2018). The selection of these specific time
intervals is substantiated by the average duration of intense
rainfall events in the Ouémé basin, situated upstream of the
city of Cotonou, which is approximately 180 min [13]. In
addition to rainfall data, historical flood data for Benin were
extracted from relevant literature sources [19].

2.3. Determining Return Periods for the Design of Stormwater
Drainage Networks in Cotonou. The objective of this section
is to determine the appropriate rainfall characteristics to
consider when designing stormwater drainage networks in
Cotonou and subsequently estimate their return period. A
specific rainfall event had previously caused significant
runoft and resultant damage in urban areas, leaving a lasting
impact on the community. This historical rainfall event,
which serves as a local reference, can also serve as a foun-
dation for establishing the design rainfall criteria. To identify
this historical rainfall event, rainfall intensity was calculated
using the available rainfall data series and compared with
historical records of flood impacts in Benin (Table 1). The
identified rainfall event should exhibit the highest intensity
and be associated with the most significant destructive ef-
fects. The process of determining the return period involved
four key steps: (i) compiling a comprehensive dataset of
rainfall intensities, (ii) calculating empirical frequencies, (iii)
estimating the return period, and (iv) validating the com-
puted return period value.

The rainfall intensity dataset was prepared by calculating
the mean rainfall intensity for rainy events, then sorting, and
ranking them in ascending order. Empirical frequency was
computed using the Hazen formula as recommended in
previous studies [20, 21].

F(xr)zr_0'5, (1)

n
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F1GURE 1: Location of the city of Cotonou.

where F(x,) is the empirical frequency, 7 is the sample size, r
is the rank of the rainfall intensity values sorted in ascending
order, and x, is the rainfall intensity of ranking r.

The return period is computed using the classical formula

1

T=——,
1_F(xr)

(2)

with T the return period and F(x,) as defined above.

The maximum value of the computed rainfall intensity,
derived from historical rainfall data, was validated by cross-
referencing it with observations, specifically flood records in
Cotonou (refer to Table 1).

2.4. Fitting a Statistical Probability Law to Rainfall Intensity
Series and Estimation of Rainfall Intensity for Different Return
Periods. The Gumbel distribution, widely recognized as one
of the most suitable statistical models for extreme values in
hydrometeorology, was selected for use in this study. The
primary rationale behind this choice is its strong alignment
with the rainfall maxima observed in Cotonou, as indicated
in previous research [12]. The process of fitting the rainfall
intensity series to the Gumbel distribution followed the
conventional approach: initial preparation of the intensity
data series, calculation of empirical frequencies, computa-
tion of the reduced Gumbel variable “u,” and determination

of the parameters of the Gumbel distribution. Consequently,
the fitting process yielded estimates of rainfall intensity
quantiles for various return periods.

In this section, the rainfall intensity dataset was gen-
erated by calculating the mean rainfall intensity for one-
hour, two-hour, three-hour, six-hour, twelve-hour, and
twenty-four-hour duration rainy events and subsequently
arranging and ranking them in ascending order. The em-
pirical frequency was computed using the Hazen formula as
described in Section 2.3.

2.4.1. Computation of the Reduced Gumbel Variable u and
Determination of the Parameters a and b. The reduced
Gumbel variable “u” is calculated according to equation (3)

for each intensity series:

(3)

where a and b are the parameters of Gumbel’s law.
The classical expression for the distribution function of
the Gumbel distribution F(x),
X - a))
b >

F(x) = exp (—exp(—

(4)

becomes
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F(x) = exp (—exp (—u)), (5)

u = -In(-In(F (x))). (6)

The advantage of using the reduced variable is that the
expression of a quantile becomes linear,

Xy =a+bug, (7)
allowing us to graphically determine the parameters a and
b using a system of axes (u,x).

In this study, the parameters a and b were determined
using the method of moments and graphical method. The
graphical method has the advantage of providing visual
inspection of the fitting.

Using the method of moments, the Gumbel parameters
a and b are calculated according to the formulas

b:ﬁa,
(8)
a=u-by,

where y and o signify the mean and standard deviation,
respectively, while, y, represents the Euler constant, equal to
0.5772.

2.4.2. Estimation of Rainfall Intensity for Different Return
Periods. To estimate the rainfall intensity corresponding to
various return periods (7T), an initial step was taken to
compute the non-exceedance frequency utilizing the fol-
lowing equation:

1
F(I(T)=1-, 9
(I(T)) T (9)
where I represents rainfall intensity. Subsequently, the as-
sociated Gumbel reduced variable was determined using
equation (6), followed by the derivation of the corre-
sponding quantile according to the following equation:

I=a+bu, (10)

where I, a, and b retain the same definitions as previously
elucidated.

2.5. Determination of Montana and Talbot Coefficients relative
to Return Periods and Construction of IDF Curves. The IDF
curves served as the basis for calculating rainfall intensities
for various return periods, essential in the design of flood
protection structures. In this study, we considered not only
the Montana model (frequently used by engineers in Benin)
but also the three-parameter Talbot model, recognized as
one of the most commonly employed models for estab-
lishing IDF curves [22-24].

To determine which of these two models best fits the
Cotonou data, we initially determined their parameters and
subsequently constructed their respective IDF curves.

Montana’s empirical equation is given by

[=at®, (11)

where I is the rainfall intensity in mm/h, ¢ is the rainfall
duration in an hour, and a and b are Montana coeflicients.

For the return periods (2, 5, 10, 20, 30, 50, and 100 years)
and the estimated rainfall intensities corresponding to the
durations (1, 2, 3, 6, 12, and 24 h), the calculation of Mon-
tana’s coeflicients was performed following classical practice:

(i) The logarithm is applied to equation (11) to obtain
In(I) =In(a) — bln(t). Then, we calculated In(I) and
In(t).

(ii) The parameters of the regression line passing
through the pairs (In(I) and In(#)) were determined.
The least-squares method was used to estimate the
directing coefficient (-b) and intercept (In(a)).

(iii) The Montana’s coefficient a was deduced by ap-
plying the exponential of In(a).

The three-parameter Talbot’s equation is given by

a
=m0 (12
where I and t are defined for Montana’s equation and a, b,
and ¢ are Talbot’s coeflicients.

For the return periods (2, 5, 10, 20, 30, 50, and 100 years)
and estimated rainfall intensities corresponding to the dura-
tions (1, 2, 3, 6, 12, and 24 h), the coeflicients were determined
according to the following steps:

(i) Set initial values for the Talbot coefficients (a, b,
and ¢).

(ii) Calculate the corresponding maximum intensities
using Talbot’s formula.

(iii) Calculate the sum of the squares of the differences

between the empirical and theoretical values
(Talbot).

(iv) Determine the values of the Talbot coefficients (a, b,
and c¢) that minimize the sum of the squares of the
deviations (here, representing the objective func-
tion). For this purpose, an Excel optimization tool
solver was used.

Once the coefficients a and b (for Montana’s model) and
a, b, and ¢ (for Talbot’s model) were determined, the rainfall
intensities for each return period and duration considered in
this study were calculated. Subsequently, IDF curves were
generated for each return period using both models.

Two performance criteria, root mean square error (RMSE),
as in Minh et al. [23], and coefficient of determination (R?) [25],
were used to compare both models and determine the most
suitable one for Cotonou’s data. RMSE is given by

RMSE < 1 Yt (P - Oi)z. (13)
n

A model with R* closest to one and the lowest RMSE
value was considered to perform the best.



3. Results

3.1. Return Periods for the Design of Stormwater Drainage
Networks in Cotonou. From the 1-hour rainfall intensity
series, the highest recorded value is 96.8 mm/h, which cor-
responds to the peak rainfall intensity in 2010. An analysis of
flood records in Benin reveals that the floods in 2010 were the
most devastating (refer to Table 1). While the floods in 1985
came close, they did not impact the city of Cotonou. The
return period for the maximum rainfall intensity in 2010 is
40 years, followed by 2013 with a return period of 13.4 years
and a maximum rainfall intensity of 93.8 mm/h. In contrast,
the return periods for the maximum rainfall intensities in
other years were less than 10 years (see Table 2).

3.2. Parameters of the Gumbel Law Fitted to Rainfall Intensity
Series and Quantiles of Rainfall Intensity for Different Return
Periods. This section presents the results of fitting the rainfall
intensity series to Gumbel’s law. Table 3 displays the param-
eters of the Gumbel law obtained through both the graphical
method (refer to Figure 2) and the method of moments. The
coeflicients of determination in Table 3 are all close to one,
indicating minimal error in the values of parameters a and
b obtained using the graphical method. These values also
closely align with the parameters “a” and “b” derived from the
method of moments, suggesting consistency between the es-
timation methods despite their different approaches. The
graphical method relies on visual examination and estimation,
while the method of moments employs statistical calculations
based on moments, as previously mentioned.

Table 4 displays the estimated rainfall intensities for the
various durations and return periods assessed in this study.
To prevent one-hour duration flash floods in Cotonou, it is
advisable to design stormwater drainage systems with
a minimum intensity of 61 mm/h. For installations intended
to safeguard against rainfall events with a 100-year return
period, this intensity should be doubled.

3.3. Montana and Talbot Coefficients relative to Return Periods
and Corresponding IDF Curves. Table 5 provides the values
of the Montana coeflicients, and the corresponding IDF
curves are displayed in Figure 3. It is noteworthy that while
coefficient a exhibits an increasing trend with respect to the
return period, coefficient b shows a slight decrease as the
return period extends.

Table 6 provides a summary of the coefficients obtained
from the Talbot model. Similar to the Montana model,
coeflicient a shows an increasing trend as the return period
lengthens. However, coefficients b and ¢ display only
marginal variations with changing return periods, yet they
exhibit distinct patterns. The corresponding IDF curves are
presented in Figure 4.

Figures 3 and 4 confirm a well-established pattern in West
Africa: the longer the rainfall duration is, the less intense the
rainfall becomes. Notably, the shortest rain showers (1 hour in
our case) often exhibit the highest intensity.
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TaBLE 2: Hazen probability and return period of the extreme
rainfall events between 1999 and 2018.

Hazen empirical Rainfall intensity

Year Return period (year)

probability (mm/h)
2010 0.975 96.800 40.0
2013 0.925 93.800 13.4
2003 0.875 88.000 8.0

3.4. Comparing Montana and Talbot Models. The coeflicient
of determination and the RMSE were selected as measures of
the goodness of fit to compare the two models (Table 7). Both
criteria indicate that the Talbot model, with the highest R* and
the lowest RMSE, provides the best fit for Cotonou’s data.

4, Discussion

The ten-year frequency hazard is often used for sizing
stormwater infrastructures. However, in heavily urbanized
areas, recognizing local hydrological risks is crucial to avoid
devastating floods. This is especially important for coastal
communities with significant economic interests, such as
Cotonou, where coastal flooding poses additional threats
[26, 27].

The investigation of short-duration rainfall intensities
(1 h) reveals that the highest intensity identified in the series
occurred in 2010, the year when Benin experienced un-
precedented flooding, followed by 2013. The return periods
determined from a 20-year sample differ significantly from
the one commonly used in stormwater management in
Benin (typically decennial), with variations of approximately
30 years and 4 years.

Compared to earlier studies, our analysis appears to
confirm that both the study period and its length influence
the values of the hydroclimatic parameters considered for
sizing stormwater facilities. For example, Houngnibo’s
work (2013) from 1999 to 2013 (14 years) yielded similar
results to those presented here (over 20years). With an
average difference of 1 mm/h for typical return periods, the
Montana IDF curves provided here somewhat exceed the
intensities produced by Houngnibo [15]. However, studies
like Bacharou et al. [13] spanning 1971-2010 (40 years) and
the CIEH study before 1984 provided different results. For
instance, when considering the 10-year return period, the
Montana coefficient a (93.71) obtained in this study is
double that of the CIEH (45.1). Nonetheless, the Montana
coefficient b varies slightly over time. For example, when
considering the 10-year return period, the “b” coeflicient
varies minimally from 0.9 for the CIEH [14] to 0.84 for
our work.

The Talbot model exhibits the lowest mean square
errors for each set of quantiles and coeflicients of de-
termination closest to unity, indicating that the IDF
curves and parameters provided by this model should be
employed for the design of hydraulic structures in
Cotonou. However, further investigation using different
models is warranted to confirm the suitability of the
Talbot model. Indeed, Ague and Afouda [12] found that
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TaBLE 3: Parameters of Gumbel’s law derived from the method of moments and the graphical method.

Method of moments

Graphical method

Rainfall Coefficient of
duration (hour oeliicient o
( ) a b a b determination (R?)
1 56.04 12.92 56.12 13.10 0.967
2 35.24 9.01 35.26 9.20 0.980
3 24.68 7.46 24.73 7.56 0.966
6 13.34 4.24 13.37 4.29 0.965
12 7.19 2.16 7.19 2.20 0.977
24 3.78 1.06 3.79 1.07 0.965
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Fi1GUre 2: Graphical fitting of rainfall intensity series to Gumbel law.
TaBLE 4: Rainfall intensity quantiles for different return periods.
Return period (year) 2 5 10 20 40 50 100
Rainfall duration (h) Rainfall intensity (mm/h)
1 60.5 75.5 85.4 94.9 104 107 116
2 38.4 48.2 54.8 61 67.2 69.1 75.2
3 27.3 349 40 449 49.7 51.2 55.9
6 14.8 19.7 22.1 24.8 27.5 28.4 31.1
12 8.0 10.5 12.1 13.5 15 15.4 16.8
24 4.2 5.46 6.26 7.01 7.7 8 8.7
TaBLE 5: Montana coefficients for different return periods.
Return period (year) 2 5 10 20 40 50 100
a 65.96 82.77 93.71 104.42 114.89 118.26 128.61
b 0.85 0.83 0.83 0.83 0.83 0.83 0.82
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TaBLE 7: Performance criteria used to compare the Montana and
Talbot models for different return periods.

Performance criteria
Return period

R? RMSE
(year)
Montana Talbot Montana Talbot
2 0.9915 0.9998 2.4247 0.268
0.9913 1.0000 3.1823 0.158
10 0.9907 1.0000 3.6551 0.18
20 0.9902 1.0000 4.1899 0.144
40 0.9894 1.0000 4.792 0.158
50 0.9894 1.0000 49534 0.129
100 0.9887 1.0000 5.5477 0.13

RMSE stands for root mean square error.

the Keifer-Chu model outperformed the Montana and
Talbot two-parameter models for stormwater drainage in
Cotonou from 1954-1999 (45 years).

5. Conclusion

Given the current context of climate change, concerns
have been raised about the adequacy of the rainwater
drainage networks in Cotonou municipality, which were
equipped according to standards established in 1984. This
study aims to provide engineers with up-to-date hydro-
climatic parameters for the design of stormwater facilities.
The objective of this research was to determine the return
periods and hydroclimatic parameters necessary for ef-
fective stormwater drainage in the city of Cotonou and its
surroundings. Rainfall duration data (1, 2, 3, 6, 12, and
24h) from the period 1999-2018 and historical flood data
were utilized. To derive the intensity series, rainfall values
were divided by their respective durations and fitted to the
Gumbel law. IDF curves were constructed using on two
models: the Montana and Talbot (Sherman) models, with
coefficients determined based on return periods. The
return period for the most intense rainfall in 2010 was
found to be 40 years, while the subsequent precipitation
had a return period of 13.4years. These results indicate
that the commonly used 10-year return period by engi-
neers is not suitable for sizing stormwater facilities in
Cotonou, confirming the hypothesis that the 10-year
return period often used for storm drainage is not sta-
tistically appropriate for Cotonou. Given that the choice of
return period for flood management projects is a com-
promise between statistics and financial considerations, we
recommend a 40-year return period for projects with
a high risk of flood damage and a 14-year return period for
medium-risk projects. Montana and Talbot coeflicients
were calculated for various return periods, and IDF curves
derived. The Gumbel law exhibited a good fit with the
series of annual maximum intensities, confirming both
assumptions. The Talbot model produced the lowest mean
square errors for each set of quantiles and coefficients of
determination closest to unity. Therefore, it can be con-
cluded that the IDF curves and parameters obtained using
the Talbot model are suitable for the design of hydraulic
structures in Cotonou.

We aim to further investigate the return periods by
conducting multiple scenarios using simulation software for
modelling the behaviour of Cotonou’s catchment areas and
their stormwater drainage networks. These software packages,
which have undergone significant developments, will confirm
the appropriate return periods to be used. Additionally, it
would be of interest to deepen the ongoing work by con-
sidering longer data series, including rainfall durations of less
than 1hour, and exploring alternative probability distribu-
tions beyond the Gumbel law, as well as alternative models for
constructing IDF curves other than those of Montana and
Talbot.

Data Availability

The data that support the findings of this study are available
on request from the Benin Meteorological Agency (https://
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are not publicly available due to policy restrictions.
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