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Abstract. The Ouémé River basin extends over almost half of Benin’s territory, entirely located in a humid
tropical climate. This river system includes a deltaic zone (delta of the Ouémé) known for its high agricultural
potential and thus subject to a socio-economic development agenda. The Ouémé delta is facing recurrent floods
that maintain rural agricultural population into a retrograding crisis with significant damages such as losses of
properties. The objective of this study is to improve decision-making in the Ouémé basin through the simulation
of exceptional floods using the HEC-RAS model.

The HEC RAS model is a conceptual model, which works through mathematical and physical formulas to
implement environmental phenomena for forecasting, understanding and analysis purposes. The model inputs
used are basin GIS data, hydro-meteorological data, characteristics of existing hydraulic structures, etc. The
targeted outputs include 1D/2D/3D view plans with support of satellite images, tables, graphs and curves. It is
worth mentioning that the model provides outputs compatible with other tools, such as civil engineering (Civil
3D, Revit, Infraworks, etc.) and GIS, that help to expand the valorization fields.

The implementation of the model in the Ouémé basin has made it possible to note: (i) that the recurring
effect of losses and damages is justified by the settlement of the population on the river banks; (ii) that there
is an important agricultural production in areas of high flood risk; (iii) that depending on the occurrence of
the phenomenon, the flooded extent and the height of submersion remains variable, and more important for
extreme flooding; (iv) about 12.07 % occurrence of river flood against 13.24 % for flash flood at a return period
of 30 years. Moreover, it is very relevant to note that most of flood waters converge to the western part of the basin
(an area with a low risk of flooding, stretched over 63.68 km?) and to the eastern part around the Damé-Wogon
depression (an area at high risk of flooding, stretched over 10.49 km?).
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Basin; HEC-RAS model; exceptional flood

Water, at the heart of any sustainable development process, is
also a source of disasters for most human communities and
ecosystems. These disasters are increasing day by day, an ef-
fect of global warming that the planet is currently experienc-
ing. These hydroclimatic consequences result in exceptional
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floods and extreme droughts (IPCC, 2007; Marengo and Es-
pinoza, 2015). A natural hazard for human society and its
ecosystem that is difficult to predict but can be anticipated to
mitigate economic, health and other losses (FAO, 2008; Shen
et al., 2007). Benin, a West African country is not spared, like
the most watered basins in the golf of guinea (Degan et al.,
2019; Kodja, 2018; Mahé, 2006). However, Bonou district,
is very heavily watered during the monsoon period (Bani,
2006), experiences periodic exceptional flooding situations
which plunge a population with a low standard of living into
a very unpleasant state. Moreover, with this potential for sus-
tainable agricultural development and poverty reduction ac-
cording to the Millenium Municipality Project (PCM, 2015),
it is urgent to this end, a flood management plan to better
take advantage of these nationally recognized assets. It is in
this preventive clause that this research entitled, use of the
HEC RAS model for the analysis of exceptional floods in the
Ouémé basin in the Bonou district is organized. It will make
it possible to show the causes of the losses and damages;
and propose long-term preventive measures to minimize the
damage faced with the occurrence of exceptional floods in
the locality.

2 Methodology

2.1 Modeling exceptional floods

An exceptional flood is a phenomenon deemed to be rare and
of extreme intensity but whose occurrence is more or less un-
predictable on a temporal scale (FAO, 2008). It is often ac-
companied by such extraordinary damage when vulnerable
to a high intensity downpour (Amoussou et al., 2014). How-
ever, with modeling using physics, mathematics and com-
puter tools, it is possible to understand the causes and effects
of a phenomenon. Thus, the modeling of exceptional floods
on the district used statistical hydrology tools to determine
the exceptional events characterizing the district; because hy-
pothetically it is obvious that the extreme values are at the
origin of floods. The surface hydraulic modeling tool HEC
RAS is used to model the exceptional floods for different re-
turn periods, because it is likely that the extent of the flooded
areas is a function of the return period. The susceptibility of
losses and damages is assessed through mapping since land
use is a factor reacting to remarkable losses and damages
during floods.

2.2 Characterization of extreme events in Bonou district

Bonou district (Fig. 1) is located in the department of
Ouémé in the south-east of the Republic of Benin between
6°47'40” and 6°57'38” N of the Northern Latitude and be-
tween 2°23/70” and 2°35’'01” E of East Longitude.

The average annual rainfall is 1121 mm. It is distributed
on:
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Figure 1. Administrative map of the study area.

— two (02) rainy seasons from April to July and from
September to August when rain floods occur especially
from June to July.

— Two (02) dry seasons from December to March and
from July to August when a river flood is observed
by the overflow of the Ouémé River during the month
of September with the contribution of rainfall from the
North of the country (Totin et al., 2016).

Indeed, the characterization of the exceptional events of the
district will take into account the runoff aspect (river flood)
and the rainfall aspect (rain flood). The determination of
the peak flows of the Ouémé River and the estimation of
maximum rainfall are made following the statistical laws
of GEV (Generalized Extreme Values) including the Gum-
bel law (Gradex method) being the best suited in our region
(Lawin et al., 2011). Base on Gumbel equation

Y G E L))
F o =55, (1
and the Hazen formula

(R; —0.5)
F(xgi)= IT, 2

the maximum daily rainfall and flow are estimated for re-
turn period of 7 =2, 10 and 30 years (Table 1). It shows
that there is a 50 % chance each year of recording flows of
around 778.67 m> s~! against once in thirty years (approx-
imately 3.33 %) for a flow of 1274.81 m?s~! (respectively
114.74 mm of rainfall).

2.3 Modeling of extreme floods by HEC RAS at Bonou

The modeling of extreme floods by HEC RAS results in a
spatialized hydraulic implementation of the values obtained
by characterizing the extreme events observables in the dis-
trict. The output will map, analyze and assess flood risk.

https://doi.org/10.5194/piahs-385-141-2024
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Table 1. Results of the estimation of flow and precipitation values
for the return period of 2, 10 and 30 years.

T (i years) 2 10 30
F (i) 0.5 0.9 0.9667
U (i) 0.367 2.250 3.384
Qdmax (i) 778.65m3 s~ 108838m3s~!  1274.81m3s~!
Pamax (@) 68.72 mm 97.28 mm 114.47 mm

Table 2. Land cover and manning coefficient.

Manning
Land Cover coefficient
Tree cover areas 0.150
Built up areas 0.028
Cropland 0.030
Shrubs cover areas 0.035

(Source: U.S. Army Corps of Engineers, HECS,
Hydraulic Reference Manuel, CPD-69, 3-16 p.,
2016).

Beyond the Digital Elevation Model (DEM, resolution =
30 m x 30 m) of the district, the estimated Pgmax and Qdmax
values, the boundary conditions (precipitation = Pgmax, Up-
stream flow = Qgmax, downstream = normal depth), the
Manning coefficient (Table 2) according to land use, the hy-
draulic model is computed.

However, a study focused on the flood hydrograph of
the catastrophic year 2010 (GFDRR, 2011), like one of
the recent possible considerations. Indeed, the daily flows
of 2010 in Bonou shows an annual maximum fluctuating
around 1026 m® s~! which remains well above the estimated
biennial flow (778.65 m3 s_l), closer to the ten-year flow
(1088.38 m> s~1) and distant from the one in their thirties.

From this hydrograph, it has been shown that the bien-
nial flood lasts about 68 d and about 20 d for the ten-year and
thirty-year ones (Fig. 2). These daily intervals are considered
for the river simulation and a distributed hyetograph of the
Pamax value on 1 h for the rainfall.

3 Results

3.1 Modeling

The results show us the following:

The compilation of observations from the results can be
summarized as follows (Tables 3, 4):

Ultimately, it is very remarkable that the waters are con-
centrated much further west of the river and upstream to the
east in the Dame-Wogon depression.
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Figure 2. Stationarity of daily flows at the Bonou station in 2010
(Source: DG-Eau, 2012).
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Figure 3. River and rain flooding map (7 = 2, 10 years).

3.2 Susceptibility of losses and damages in the district

Following the land cover map (ESA Sentinel 2A 2016), from
which the spatial distribution map of agglomerations and
crops in the district are extracted. From the latter, we were
able to highlight the relativity of the damage linked to ex-
treme floods. This leads to major conclusions such as:
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Table 3. Statistics on modeling results for River flood (Fig. S3 — River flood).

Type of flood

River flood

Return period 2 years
Flooded area (kmz) 10, 49

14, 17 (5, 67 %)

10 years 30 years

30, 18 (12, 07 %)

— overflow of water on both sides
of the Ouémé river but very
concentrated towards the west

Remarks

— very substantial overflow of the river

towards the Dame-Wogon
depression (9.7 kmz) to the east of the river.
— agglomeration and culture will be affected

Table 4. Statistics on modeling results for Rain flood (Fig. S3 — Rain flood).

Type of flood Rain flood
Return period 2 years 10 years 30 years
Flooded area (km?) 26,39 (10,55%) 42,23 (16,89%) 98,10 (39, 24 %)
— four (04) meters of water depth in the shallows
— affected infrastructure such as the main paved road linking Akpro-Misserete to Dasso
— the agglomerations and property of the localities of Ahouanzoume, Dame-Wogon,
Remarks Gnanhoui (Dame-Wogon district); Atchabita, Bonou center, Oué-Bossou

(district of Bonou); Agomahan, Dogba (district of Atchonsa); Affame center,
Affame Sota (district of Affame); Abeokuta, Agbosognota, Hounvigue

(Hounvigue district) will be flooded.

— settlement of the population along the banks of the
Ouémé River,

— a preponderant domination of agricultural activities in
areas of recurrent flooding (western part of the river)
and depression (Dame-Wogon).

3.3 Delimitation of areas at risk of flooding

The compilation of the various results of the modeling of ex-
treme floods and the susceptibility of losses and damages
in the Bonou district makes it possible to generate a map
(Fig. 4) of the flood zone at different levels of flood risk.

Indeed, based on the water level and land uses, we dis-
tinguish mainly two zones; an unwatered area (104.32 km?)
and an area at risk of flooding (145.68 km?). However, we
can divide into three risks flooding levels (river and rain) in
the district, like:

— high risk (20.13 km?): Ahouanzoume, Asrossa and
Gnanhoui-zoume,

— medium risk (63.68km?): Atchabita, Affame centre,
Abeokuta, Avlankame, Agbosota, Dogba, Ouvienou
and Oué-bossou.

— low risk (61.87 km?): rest of the localities. Most crops
such as: maize, tomato, cassava, pepper, etc. are grown

Proc. IAHS, 385, 141-146, 2024

in high and medium risk areas; a cause of losses
recorded during floods.

4 Proposal of territorial development solutions

Following these different results, some solutions have been
proposed in a territorial management context. Preventive
measures not vigorously studied, but serving as a front were
mentioned.

Base on those results, for human security and agricultural
production, we suggest:

4.1 a. better territorial occupation

— leave the middle riverbed, a natural water habitat,

— practice perennial or non-vulnerable crops to low prop-
agation wave floods in high-risk areas: palm groves,
teak, mahogany, etc. allowing the flood hydrograph to
be rolled downstream,

— Cultivate food crops in low-risk and unwatered areas.

4.2 b. artificial lake creation (Fig. 5)

A preliminary study has shown us that an artificial lake will
retain the excess water capable of flooding the population and

https://doi.org/10.5194/piahs-385-141-2024
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Figure 4. Map of areas at risk of flooding in Bonou district (Source:
HEC RAS, modelisation, 2020; ESA, Sentinel 2A, 2016).
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Figure 5. Results of an exceptional flood of 7 = 30 years of 1d at
constant flow (Source: HEC RAS, modelisation, 2020; ESA, Sen-
tinel 2A, 2016).

crops. Well placed in the depression of Damé-wogon, it is

located upstream of the cultures of the district. A simulation

study confirms the effectiveness of its role of protection and

rolling of river flood waves. This is a clearing of a side of 5 m

in direct communication with the middle bed of the river.
‘We notice;

A probable optimal protection of crops and agglomera-
tions for floods of

T <=10 years

a probable extension of the duration of the cropping sea-
sons during the recession by exploitation of the stored
water.

a limitation of the storable volume in the cuvette for
T>=10 years.
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4.3 c. Modification of the section of the watercourse

The activity of dredging the section of the river will widen
and increase the draft. Therefore, increase the volume of wa-
ter to be evacuated from the district.

4.4 d. Installation of channel networks

To limit the damage linked to rain floods in the fields, net-
works of meshed channels and directly connected to the mid-
dle bed of the river can be envisaged. They will make it pos-
sible to evacuate the water from the fields to the dredging
river or vice versa.

5 Conclusions

This work on the modeling of exceptional floods in Bonou
district is essentially based on the various tools and data from
the cartography, on hydroclimatic data and on the use of a
hydraulic model. The methodology is based on the use of
various sources of information, statistical analyses, cartogra-
phy and hydraulic modelling. It obviously made it possible
to understand that the extreme values of flow and rainfall are
at the origin of the floods. But specifically, it is the persis-
tence of fluctuations in these values over time that amplifies
this cause.

From this study, it is noted that the extent of the areas
flooded during a rainfall flooding exceeds the river flooding.
The extent of these zones decreases with the decrease of the
return period. This confirms the variation of floodplains ac-
cording to the type of flood and according to the duration of
occurrence.

The occupation of floodplains, the banks of the river and
the cultivation of crops in the plains are the main causes
that intensify the losses and damage observed during floods.
Hence, the occupation of the land is a factor at the base of the
losses and damages in the district. Moreover, the enhance-
ment of this work requires the establishment of guidelines to
manage floods. Among so many recommendations, we sug-
gest for the safety of goods and services: the transformation
into an artificial lake/temporary reservoir area, the plain of
Dame-wogon; to encourage the activity of extracting sand
from the bed of the Ouémé River and the establishment of
channel network systems.

However, the best way to stay safe from river flooding is
to settle in the eastern part of the river, far from the bank.
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