Proc. IAHS, 385, 259265, 2024
https://doi.org/10.5194/piahs-385-259-2024

© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

Open Access

PIAHS

Rainfall risk over the city of Abidjan (Céte d’lvoire): first
contribution of the joint analysis of daily rainfall from a
historical record and a recent network of rain gauges

Christian Yao'3, Modeste Kacou', Ehouman Serge Koffi, Amidou Dao?, Clément Dutremble’,
Maurice Guilliod>, Bamory Kamagaté”, Jean-Louis Perrin’, Christian Salles®, Luc Neppel®,
Jean-Emmanuel Paturel’, Eric Pascal Zahiri', and Luc Séguis’

'LASMES, Félix Houphouét Boigny University, Abidjan, Cote d’Ivoire
ZLaboratoire Géosciences et Environnement, Nangui Abrogoua University, Abidjan, Cote d’Ivoire
3HydroSciences Montpellier, University of Montpellier, CNRS, IRD, Montpellier, France

Correspondence: Christian Yao (christian.yao@ird.fr)

Received: 28 May 2022 — Revised: 11 April 2023 — Accepted: 21 April 2023 — Published: 18 April 2024

Abstract. Every year, rains cause material damage and human losses, in Abidjan (Céte d’Ivoire). The objective
of this study is to contribute to the characterization of the rain hazard in the District of Abidjan. The available data
are made up of daily rainfall from a historical station “Abidjan airport” (1961-2014) and an academic network of
rain gauges (21) progressively implemented in Abidjan since 2015. A descriptive analysis (date of occurrence,
rainfall depth, mean wet days intensity and number of rainy days) on the Highest Cumulative Rainfall Periods
(HCRP: 604d) is conducted on the long-term station. The periods of highest risk of flooding during the long and
short rainy seasons are characterized. The Experimental variograms of extreme rainfalls derived from the current
network, allow to evaluate their extensions according to the rainy season.
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1 Introduction

Globally, climate change has increased the occurrence of
natural disasters, primarily floods, resulting in loss of life
and property (Alfieri et al., 2017). In African metropolises,
stormwater drainage infrastructure rarely matches the rapid
urbanisation associated with high population growth rates in
cities (Amoako and Inkoom, 2018). Imperviousness and poor
drainage systems combine to increase flood risk (Duan et al.,
2016). In terms of climate change, increased rainfall is also
likely to lead to increased flooding. In the Sahel, the contribu-
tion of extreme rainfall days to annual totals has increased in
recent decades (Panthou et al., 2018). Further South, on the
edge of Gulf of Guinea and in particularly in Cote d’Ivoire,
the rainfall estimation product CHIRPS, Didi et al. (2020)
show the absence of a significant increase in rainfall inten-

sity in agreement with the results of the study by Goula et
al. (2012) based on the Cote d’Ivoire rainfall network.

In order to provide more relevant information for policy
makers in terms of local flood risk, this study focuses on rain-
fall in the city of Abidjan. Every year, about ten people lose
their lives due to flooding (OCHA, 2013). While previous
studies have characterised rainfall over fixed periods (annual
or seasonal), this study deals with the Highest Cumulative
Rainfall Periods (HCRP 60 d) likely to generate floods, using
data from the Abidjan airport long-term station and an aca-
demic network of rain gauges progressively installed since
2015 (Fig. 1). Specifically, the temporal stationarity, rain-
fall indices qualifying the risk of flooding, the distribution
of heavy rainfall and their spatial variations will be analysed
on the HCRPs.
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Figure 1. University network of rain gauges deployed in Abidjan since 2015 and historical rain gauge of the National Meteorology. © Open-
StreetMap contributors 2022. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

2 Materials and methods

2.1 Presentation of the study area

The climate in Abidjan is sub-equatorial, hot and humid. It
has a Long Rainy Season (LRS, generally from May to July)
and a Short Rainy Season (SRS, generally from September
to November). The average annual rainfall is 1819 mm from
1961 to 2015 (Météorologie Nationale).

2.2 Dalily rainfall data

2.2.1 The academic rain gauge network

21 Precis Mécanique® tipping bucket rain gauges are dis-
tributed mainly in the urbanised area of Abidjan district with
a higher density in the most flood-prone area of the Cocody
commune. The criticised daily rainfall (Zahiri et al., 2021)
shows a gap rate of about 12 % between 2015 and 2021. They
were filled, for each station, by linear regression with neigh-
bouring stations without gaps (this work is not described in
this study).
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2.2.2 Abidjan Airport Station

The Airport station is a National Meteorological station with
a daily rainfall record from 1961 to 2015 with gaps for the
years 2002, 2003 and 2004. This historical series constitutes
the reference climatological data for this study.

2.3 Methods

2.3.1 Calculation of the Highest Cumulative Rainfall

Periods (HCRP)

The HCRPs are calculated for the Abidjan airport series,
taking the highest values of 60d moving sums, before and
after August. They are determined separately for the Long
and Short Rainy Seasons (LRS and SRS). The significance
of the trends is assessed using the Mann Kendal test. The
Kolmogorov-Smirnov test is used to see to what extent the
daily rainfall distributions during the LRS, SRS and the rest
of the year are significantly different or not.
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Figure 2. Interannual and spatial variability of annual rainfall of the
academic network (median and annual extremes) plotted on the an-
nual rainfall cumulative distribution function curve of the historical
station Abidjan Airport.

2.3.2 Calculation of climate change detection indices

ETCCDI (Expert Team on Climate Change Detection and
Indices, Zhang et al., 2011) indices such as total rainfall
(PRCPTOT), number of rainy days (RR1), average daily
rainfall (SDII) and daily rainfall not exceeded 90 % of the
time (R90) were calculated in the HCRP at the historical sta-
tion and at each station in the academic network on rainy
days (> 1 mm) (Nkrumah et al., 2019). These indices de-
scribe a set of parameters that can characterise the occurrence
or non-occurrence of flooding.

2.3.3 Spatial analysis

The variogram is used to study the spatial variability of ob-
servations in a data set. It is calculated as follows:

1 N(h)
y(h)=-——

2N (h)4—~i=1 [Z(Xi)—Z(xl-_|_h)]2 o

where y (h) is the variogram; N(h) is the number of pairs
(z(x;i), z(x; + h)) separated by the distance #; x; is the posi-
tion in space of the value z and z the quantity studied (R90
in the HCRP).

These variograms are constructed using the rainy days dur-
ing which at least one station in the network recorded a cu-
mulative rainfall greater than or equal to 47 mm. The 47 mm
threshold represents the 90th quantile (recurrence 10 times a
year) of daily rainfall not exceeded from 1961 to 2015 at the
Abidjan airport station. This value is close to the 50 mm used
by Goula et al. (2012) to characterise extreme rainfall in C6te
d’Ivoire.
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Figure 3. DOY of HCRP during LRS and SRS on the long-term
daily rainfall series of Abidjan Airport.

3 Results

3.1 Temporal and spatial variability of annual rainfall

The annuals rainfalls (average and extremes) of the network
stations are plotted on the cumulative frequency distribution
of the annual rainfall series at the historical station (Fig. 2).
The 6 years (2016-2021) of observations in the network al-
ready allow us to approach the extremes of the long-term
chronicle. There is significant variability from one year to
the next. 2016 was a dry year with an inter-station average
of 1508 mm exceeded in about one year out of five. 2017
was very wet (2458 mm), exceeded only once in the Abid-
jan airport series. The other years show average inter-station
rainfall close to the inter-annual average for Abidjan airport.

3.2 Dates of occurrence of HCRPs in the historical
series

Figures 3 and 4 show respectively the central dates of oc-
currence (in DOY) of the HCRP from 1961 to 2015 and the
associated boxplots. In both figures, there is a higher variabil-
ity of the HCRP during the short rainy season than during the
long rainy season.

The Mann Kendal test shows that there is no trend in the
dates of occurrence of HCRPs during the long and short rainy
seasons (with p-values of 0.16 and 0.85 respectively).

3.3 Rainfall indices during HCRPs

In absolute values, the HCRP indices of the long and short
rainy seasons (Fig. 5) are strongly differentiated: PRCP-
TOT is more than twice as strong during the long rainy
season (954 mm versus 366 mm). This is also the same ra-
tio for SDII, the average daily rainfall (28 mmd~! versus
16mmd~"). R90 is equal to 68 mm (interannual average of
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Figure 4. HCRP boxplots during LRS and SRS.

Table 1. Trends (slope and p-value) for camulative rainfall (PRCP-
TOT), number of rainy days (RR1), mean rainfall (SDII) and daily
rainfall of quantile 0.90 (R90) during the HCRPs of the 2 rainy sea-
sons.

HCRPLRS | HCRPSRS

Slope  P-value ‘ Slope  P-value
PRCPTOT —0.22 0.02** 0.04 -
RR1 —0.26  0.007** 0.08 -
SDII —0.13 0.15* | —0.02 -
R90 —0.11 - | 0.005 -

** Significant (p-value < 5%). * Weakly significant. — not significant
(p-value > 20 %).

annual R90) during the long rainy season for about 30 mm
during the short rainy season.

At the scale of the whole series, the deficit signal of the
years 1983—-1995 is particularly visible on PRCPTOT, SDII
and R90 of the HCRP of LRS. This deficit period is not
present on the same indices describing the HCRP of SRS.

In terms of trends from 1961 to 2015, the following points
can be noted for each season:

— No significant trend for the SRS indices,

— Significant decreases in PRCPTOT and RR1 accompa-
nied by a less significant decrease in SDII for the LRS.
There is also no trend for R90.
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Table 2. Statistics of extreme rainfalls.

% of rainy days in

daily Return period HCRP HCRP Rest of the
rainfall LRS SRS year
(mm)

> 174 4.5 per year 77 12 11
>100 2 per year 78 15 7
> 150 1 every 2 years 88 8 4
> 191 1 every 10 years 100 0 0

3.4 Distribution of daily rainfall

The non-parametric Kolmogorov Smirnov test carried out in
pairs between the 3 distributions (LRS, SRS and rest of the
year) gave p-values in the order of 10~!0 well below the sig-
nificance level of 1072 (Fig. 6). The 3 distributions are sig-
nificantly different. It is during the HCRP of the LRS that the
daily rainfall is the highest.

Over the year, intense, extreme and very extreme daily
rainfall occurs from 77 % to 100 % during the HCRPs of LRS
(Table 2).

3.5 Spatial variability
3.5.1 Variographic analysis of heavy rainfall

Figure 7a and b show the variograms of rainfall greater than
47 mm at least one network station during the HCRPs 2019-
2021 of the LRS and SRS.

Both variograms show low nugget effects with 0.1 for the
LRS variogram and 0.125 for the SRS variogram. This re-
flects a weak discontinuity in the small-scale data. There is
no spatial dependence beyond 22.5 km during the LRS and
15km during the SRS. The asymptotic sill reached beyond
36km (equivalent to the extent of the network) during the
LRS shows less spatial variability of rainfall than during the
SRS where the sill is reached at about 17 km. These results
show that rainfall is more widespread during the LRS than
the SRS over the Abidjan district.

3.5.2 Spatial analysis of rainfall totals

The annual rainfall over the academic network in 2019, 2020
and 2021 does not show a directional gradient over the dis-
trict (result not shown). The same is true for the cumulative
extreme rainfall (above 70 mm) per year (see Fig. 8).

4 Discussion and conclusion

The results show great differences between the HCRPs,
which are the real rainy heart of the rainy seasons, and this
has consequences for the risk of flooding. Soils are wetter
and more prone to runoff during the HCRP of the LRS than
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Figure 5. Temporal evolution of rainfall indices of the 10-year moving averages of total rainfall (PRCPTOT) (a, b); mean intensity of wet
days (SDII) (¢, d); number of wet days (RR1) (e, f), and 90th percentile (R90) (g, h) during the Highest Cumulative Rainfall Periods of Long

Rain Season (LRS) and Short Rain Season (SRS).
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Figure 6. Distribution of daily rainfall during the HCRP 60 of both
rainy seasons (LRS and SRS) and during the rest of the year (dry
period).
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during the HCRP of the SRS. The risk of flooding is also
more limited in time during the LRS than during the SRS.

Another factor aggravating the risk of flooding lies in the
distribution of daily rainfall. Rainfall is heavier during the
HCRP of the LRS, especially the extremes. The tendency of
the LRS HCRP to cause flooding is confirmed by the regis-
ter of accidents and disasters kept by the military fire brigade
group of Cote d’Ivoire. Over the period 2014 to 2021, 100 %
of the floods recorded occur during the main rainy season
between 28 April and 12 July — the bounds of the 50 % oc-
currence interval of the LRS’s HCRP.

The variograms of heavy rainfall over the last 3 years of
network operation indicate a greater spatial extent of rainfall
events during the HCRPs of the LRS. Flooding can occur in a
larger number of catchments at the same time, making Civil
Protection responses more challenging.

The increase in urban flooding observed in Abidjan over
the long term (since 1961) is not attributable to climate
change through an intensification of rainfall but rather to ur-
banisation and the organisation of drainage networks.

The strong differences observed between the HCRPs of
the LRS and the SRS are certainly to be found in the ori-
gin of the two rainy seasons. According to Bichet and Died-
hiou (2018), the two rainy seasons clearly visible in Abidjan
correspond to two different phases of the West African Mon-
soon. The first phase from April to June is oceanic (linked to

Proc. IAHS, 385, 259-265, 2024
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Figure 7. Variograms of LRS and SRS over all years of operation of the academic network.
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Figure 8. Spatial distribution of annual cumulative of daily rainfall greater than or equal to 70 mm over the Abidjan district.

the surface temperature of the ocean in the Gulf of Guinea)
and the second phase which is continental appears from July
to November.

This study has shown the key role of the long rainy season
and in particular the highest cumulative rainfall periods over
60d in the risk of flooding. It is also shown that extreme rain-
fall is less severe during the short rainy season. The ETCCDI
parameters calculated on the HCRPs show that the increase
in flooding in Abidjan District is not due to an intensification
of daily rainfall. Soil sealing linked to urbanisation and the

Proc. IAHS, 385, 259265, 2024

weaknesses of drainage infrastructures certainly contribute
to increase flooding, but other rainfall factors should be ex-
plored, such as the number of rainy periods (for n consecu-
tive days) in the HCRPs, and above all, the analysis of rainfall
intensities within the events should be carried out, provided
that a historical chronicle with high temporal resolution is
available.

The next step will be to determine the characteristics of
rainfall events at the sub-daily scale in order to update the

https://doi.org/10.5194/piahs-385-259-2024
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intensity-duration-frequency curves and the design storm,
which is a prerequisite for a better estimation of floods.

Data availability. Daily data from the rain gauge network are
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