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abstract

Flood risk assessments in the Global South have increased since the adoption of the United Nations Sendai
Framework for Disaster Risk Reduction 2015 2030. However, they often fail to meet disaster risk reduction needs
at the local scale, because they typically consider only one hazard ( uvial or pluvial oods). Furthermore, hazard
and exposure are considered as stationary conditions, ood-prone assets are rarely identi ed, risk reduction
measures are not identi ed in detail for speci c locations, and the convenience of reducing or accepting risk
is not evaluated. This paper describes a ood risk assessment method that is innovative in that it considers three
hazard types (backwater, wuvial, and pluvial oods) and multiple risk scenarios; it uses orthophotos generated
from images captured by an unmanned aerial vehicle and very high-resolution satellite images, and it involves
communities in risk assessment. The method was applied to four rural settlements along the Sirba River, Niger.
The assessment identi es the bene t of reducing risk in monetary terms, as well as the intangible bene ts that
reducing risk could generate, and it detects opportunities that ooding offers for rural development. The method
can be replicated in all contexts where decision-making support is needed for ood risk assessment planning.

Risk analysis and evaluation is participatory.
Risk assessment is improved by combining local and technical knowledge.
Assets are identi ed using very-high-resolution satellite and drone images.
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Over the last 30 years, oods have become more frequent, even in semi-arid rural areas [1]. The
United Nations Sendai Framework for Disaster Risk Reduction (SF) was developed to signi cantly
increase knowledge of risk and local risk reduction strategies in member countries by 2030 [2]. One
of the effects of this commitment has been an increase in peer-reviewed literature on ood risk in
rural regions of the Global South. However, this literature remains of little use in reducing risk locally.
Flood risk assessments (FRAs) tend to consider a single hazard at a time. Hazards and exposed assets
are rarely detailed [3]. Most FRAs do not consider erosion processes, cultural changes, and incessant
anthropogenic pressure in rural areas [26] that alter catchments within a few years and consequently
modify discharge [5]. Furthermore, the spectrum of risk treatment bene ts is still limited and rarely
considers intangible bene ts and opportunities offered by oods in semi-arid contexts [6]. Many
of these shortcomings are due to the poor accuracy of information provided by global datasets
on pluviometry, land use/land cover, and ood damage at the local scale. This limitation can be
circumvented, integrating local knowledge [7] with scienti ¢ and technical knowledge.

The proposed method, which is based on the participation of local communities and authorities,
integrates local knowledge, hydraulics, geomatics, and risk management techniques. Furthermore,
risk reduction policies are determined in accordance with ISO 31010 [8]. The innovations proposed
in conjunction with this improved FRA method include the systematic integration of local and
technical-scienti ¢ knowledge, the use of images captured by unmanned aerial vehicles (UAV), very
high-resolution (VHR) satellite imagery, and the production of risk scenarios [9] that include the
opportunities offered by oods. Fluvial and pluvial FRAs were conducted in four phases: context
de nition, risk identi cation, analysis, and evaluation (Fig. 1).

The rst phase establishes the requirements for a multi-hazard risk analysis, criteria for calculating
the probability of ooding, ood scenarios, and information required to decide whether to treat or
accept the risk. Multi-hazard analysis requires the same dataset length, the same asset identi cation
procedure and precision, and the same approach to computing asset value [10]. The risk (R) is the
product of the hazard (H) and potential damage (PD), i.e, R = H PD. Flood scenarios are then
determined based on the probability of occurrence (frequent, moderate, or rare) and the condition of
the catchment (provided with or without risk reduction measures).

In the second phase, the hydro-climatic threats, past catastrophic events, and critical ood level
over which damages are produced are identi ed through meetings with ood-prone communities.
Historical data on river discharge, rainfall, and the extension of the settlements are considered in
assessing the dynamics of risk determinants.

In the third phase, the probability of occurrence, 1/T (where T is the return time), of uvial and
pluvial ooding is computed for each ood scenario. The area exposed to uvial ooding, according
to the hazard scenarios, can be identi ed using a hydraulic numerical model. In this study, the HEC
RAS software was used for this purpose, in a one-dimensional (1-D) con guration [11]. The model
calculates the water surface elevations and ooded areas for different discharges, depending on the
riverbed geometry. In unsteady simulations conducted using measured hydrographs, the geometry
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Fig. 1. Flowchart of ood risk assessment.

derived from a digital terrain model (DTM) allows the estimation of the propagation and submergence
times during uvial ooding.

Areas exposed to pluvial ooding can be identi ed using HEC RAS in a two-dimensional (2-D)
con guration. However, in some contexts, a pluvial ood is of very short duration and limited depth.
In these cases, it is preferable to estimate the potential damage in relation to the damage produced
by recent events with known intensities.

Exposed assets within uvial ood-prone zones are identi ed. In rural areas, these are mainly
houses, latrines, barns, schools, warehouses, infrastructure (e.g., wells, boreholes, fountains, and
photovoltaic plants), and crops. Crops should be identi ed in the season in which ooding is likely
to occur because, in other seasons, they may not be present or may be replaced by crops of different
values. Depending on the number of assets and the accessibility of the ood zone, various methods
can be used for asset identi cation, including direct check on site, photo interpretation of open-
access satellite imagery at VHR, and imagery from UAVs. For extensive areas, the use of UAVS is
the quickest and least expensive method, because it does not require an onsite check if the visual
photo interpretation is performed by an operator who knows the context (or has visited the site).
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UAV-derived information can also be retrieved using arti cial intelligence techniques, permitting even
faster analysis. UAV imagery can be obtained even during the wet season, whereas VHR satellite
imagery may not be available because of cloud cover. Finally, UAV images make it possible to clearly
distinguish buildings with metal roofs from those with earthen roofs. Many countries in the Global
South now use specialised local UAV operators.

Once ood-prone assets have been identi ed, their replacement or repair values must be
estimated. For this purpose, the stage-damage function and ow velocity are used for all assets
that can partially resist the ood. The estimation of crop damage, in turn, considers the ooding
duration and water depth. To estimate the potential damage, a standard housing unit can be used, the
replacement cost of which should be determined based on on-site discussions with the community.
In some countries, cost estimation of standard rural buildings is available. The risk level is obtained
by multiplying the hazard by the potential damage under each o0od scenario. In rapidly changing
rural contexts, it is necessary to broaden the scenarios. A ood probability with a return period of
100 years will be affected by changes in land use, land cover, and climate, and this will increase the
probability of occurrence of, otherwise, rare events in the future.

In the fourth phase, actions that would reduce the ood risk are identi ed and ordered according
to the following criteria: local knowledge of the action, relevance to ood risk, acceptance by the
community, availability of local skills, willingness to collaborate, community resources, environmental
impact, maintenance requirements, and positive fallouts. The community evaluates each action,
providing a score to each criterion. Actions are then prioritised according to the total score received.

The cost-bene t analysis (CBA) is developed by considering the difference between the potential
damage before (D) and after treatment (Dt), compared to the cost of treatment (C), ie.,
B/IC= (D Dt/ r)"/C/(L r)" where r is the discount rate and n is the number of years. Values
exceeding 1 express the bene t of risk treatment in monetary terms [12].

However, intangible bene ts are also considered as opportunities, e.g., recession agriculture, which
the lack of water would not allow to develop.

Validation
Context

The improved method for uvial and pluvial FRA was applied to the period between 2018 and 2020
to the four main settlements along the Sirba River, which is one of the major right-bank tributaries
of the Middle Niger River [13,14] (Fig. 2).

These settlements are, from upstream to downstream, Tour@ (4,065 inhabitants in 2012, 0.6 km?
built-up area in 2018), Labra Birno (4,713 inhabitants, 0.7 km?), Garbey Kourou (4,643 inhabitants, 0.6
km?) and Tallg (2,603 inhabitants, 0.5 km?). Data and images for Tour@ are presented below. Data for
the other settlements are freely accessible from the Mendeley repository.

Frequent, moderate, and rare scenarios of wuvial and pluvial ooding were considered. Two
variants were considered for each scenario: a baseline without risk reduction (B) and one with risk
treatment (T). This resulted in a total of 12 scenarios.

Risk identi cation

Risk identi cation was carried out by combining local knowledge with the results of analysing the
river discharge and precipitations series by using VHR satellite images accessible from Google Earth
Pro and captured by UAVs.

Meetings with communities provided insights that purely probabilistic methods could not have
provided on the hazard that each community was exposed to, as well as ood dynamics, causes of

ood damage, and the critical threshold at which damage is initiated. For example, communities note
that pluvial oods are not necessarily caused by extreme rainfall. Two successive days of average
rainfall can create the conditions for catastrophic ooding: the rst rainfall saturates the soil, and
the second, which can no longer in Itrate the ground, generates so much runoff that it oods the
settlement (Table 1).
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Fig. 2. Transboundary watershed of the Sirba River and the four rural settlements.

Table 1
Causes of ood damage in Tourg.

Causes of ood damage Tour®

Heavy rain

Two consecutive rainy days

Runoff

Reduction of vegetation in the catchment
Lack of drainage

Rainwater stagnation

Settlement expansion in ood-prone area
Housing vulnerability (adobe construction)
Assets cannot be displaced (boreholes, wells)

Meetings were accompanied by participatory mapping (Fig. 3) and asset inspections that allowed
the recognition of how assets visible from satellite or UAV images correspond to features on the
ground.

The discharge values of the Sirba River were recorded at the Garbey Kourou gauge for the period
of 1956 2020, and those of the Niger River were recorded at the Niamey gauge for the period of
1956 2020. The annual peak discharge of the Sirba River shows a signi cant increase after 2010
(Fig. 4).

The Tour@ built-up area increased at an average annual rate of 5.9% between 2008 and 2018.
Three hazard scenarios were analysed, with frequent, moderate, and rare probabilities of occurrence,
according to the expected damage magnitude de ned in 2002 by a multidisciplinary team composed
of personnel from the Ministry of Hydraulics, Ministry of Agriculture, the National Directorate for
Meteorology, civil protection services, AGRHYMET, and the Niger River Basin Authority. These three
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Fig 3. Participation in mapping of ood assets in Tourg.
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Fig. 4. Annual maximum discharge at Garbey Kourou gauging station [15].

Table 2
Flood hazard for the Sirba riverine communities.
Flood hazard Probability (%) Return time (Years) Discharge (mq/s) Rainfall (mm)
Sirba over ow 10 10 761
3 30 1365
1 100 2120
Niger backwater 5 20 2238
10 10 90
Pluvial 3 30 - 100
2 50 200

scenarios correspond to hazard thresholds with return periods of 10, 30, and 100 years and discharges
(Q max) of 761, 1365, and 2238 m3/s, respectively (Table 2).

Some assets were not evident in the UAV images, and even less so in the VHR satellite images
if one does not know what to look for. This is the case with boreholes, wells, and fountains, which
discussions with communities reveal to be often ooded and regularly out of service during the rainy
season (Fig. 5).
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Fig. 5. Fountain ooded during rainy season in Larba Birno.

Table 3
Integration of local and scienti ¢ knowledge into FRA.
FRA Step Knowledge
Local Technical-Scienti ¢
Hazard Pluvial relevance, critical rain River discharge, precipitations
Exposure Flood prone boreholes, fountains, photovoltaic plants, wells  Assets location
Damage Drivers, assets value Tangible damages
Risk level Scenarios
Risk reduction Feasibility of measures Effective risk reduction
Risk evaluation Intangible bene ts, opportunities CBA, opportunity analysis

Knowledge integration is therefore systematic and occurs at each step of the FRA (Table 3).
Risk analysis

Based on the recorded discharge values, the probability of ooding due to the effects of over ow
of the backwaters of the Sirba and Niger Rivers were calculated using a generalized extreme value
probability distribution.

Flood-prone areas have been identi ed using hydraulic numerical model simulations conducted
using the Hydrologic Engineering Centre River Analysis System (HEC RAS), version 5.0.6 [11]. The
yellow, orange, and red colours used on the hazard maps represent ood-prone areas with frequent,
moderate, and rare probabilities of occurrence, respectively.

The river geometry was derived from a digital terrain model (DTM) with a horizontal resolution
of 10 m, detailed by a GPS-based-rover on-site topographic survey. The survey was conducted using
real-time kinematic and precise point positioning techniques and resulted in 147 river cross sections
with a vertical accuracy of approximately 10 cm. The surface roughness of the riverbed cross sections
depends on the size and shape of the sediments. Therefore, the riverbed granulometry was evaluated
using an object detection algorithm [16], which analyses the photographs taken during the land
surveys to determine the mean size of the coarse material. Mannings coe cients assumed for the
roughness of the river zones ranged from 0.033 n (s/m%/3) for irregular and rough sections to 0.1 n
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Fig. 6. Fifty years of maximum daily rainfall (a) and for two consecutive days (b) at Gothtye rain gauge. The differences
between the two distributions are highlighted in red (b).

(s/m*73) for heavy stands of timber [17]. The downstream ood boundary conditions were imposed
from the hydraulic water levels of the Niger River. The hydraulic numerical model was calibrated with
the hydraulic levels measured at the Bossey Bangou and Garbey Kourou hydrometric stations and in
the four rural settlements during the rainy season in 2018 [13]. The boundaries of ooded areas were
validated during the 2020 ood, which reached the highest discharge level in the available historical
series. The propagation times from the Bossey Bangou hydrometer (108 km upstream from the Sirba
Niger con uence) to Tour@, Larba Birno, and Garbey Kourou Tall@ were 20, 26, and 28 h respectively.
These are su ciently long times to activate the emergency warning system (EWS) to alert the villages
downstream, even if the ood occurs during the night [18].

The backwater of the Niger River is a devastating phenomenon that only affects the community
of Tall@. Its return time is calculated from the dataset of river ows recorded at the river gauge
in Niamey. The daily rainfall is obtained from recordings at the Gothtye rain gauge, located 30 km
from Tour@. Frequent, moderate, and rare rainfall probabilities are considered to have return times of
10, 30, and 50 years, respectively, and intensities of 90, 100, and 200 mm, respectively. Instead of
using maximum daily rainfall (Fig. 6a), the accumulation of two consecutive days of rainfall (Fig. 6b)
reported by communities as an event likely to generate catastrophic ooding was used.
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Table 4
Number of houses exposed to ood in Tour@ in 2018.

Hazard Level Houses in  ood-prone zone (n.) Houses exposed to heavy rainfall (n.)
Sirba River over ow Yellow 0
Orange 3
Red 79
Niger River backwater Red -
Pluvial Yellow 1903
Orange 1903
Red 1903

The identi cation of uvial ood-prone assets was conducted using two methods, depending on
the exposure amount and asset accessibility. The rst method was used for Talld and Garbey Kourou
and involved the reconnaissance of all identi able buildings on VHR satellite images, which were
freely accessible from Google Earth Pro. After the coordinates of each asset were provided to a
local operator, the masonry materials and asset usage were identi ed through a ground survey. For

elds, the type of crop (e.g., orchard, rain-fed crops, vegetables) and the coordinates of the fenced
vegetable gardens were recorded. The second method was used for the two largest and most remote
settlements, i.e., Larba Birno and Tourd, and involved photographing the two settlements using an
UAV. Two optical sensors were mounted on the UAV: a Sony ILCE-5100 camera (24.3 Mpx) and
an experimental sensor (5 Mpx) created with a Raspberry Pi computer and two Raspberry Pi 2
cameras [19]. The Sony-ILCE-5100 is a regular camera that captures information from the visible
part of the electromagnetic spectrum (red green blue), whereas the experimental sensor captures
the near-infrared part of the electromagnetic spectrum (NIR). The sensors were not carried by the
UAV simultaneously because of their large weights and because their different characteristics required
different speci ¢ ight settings (i.e., the height and speed of ight) to obtain imagery with a similar
ground resolution. Therefore, two ights were conducted at each settlement on the 14" and 15" of
September 2018, at 270 and 120 m above ground level for the RGB and NIR cameras, respectively.
The data collected were processed with a Structure from Motion Work ow. From the resulting 3D
model, one RGBN orthophoto of 6 cm/px and one RGB orthophoto of 4 cm/px were obtained for each
settlement. The exposed assets were identi ed via visual photo interpretation of the orthophotos at
a 4-cm resolution. Those images allowed the identi cation of houses with earthen roofs and houses
with iron sheet roofs, as well as latrines, barns, boreholes, wells, fountains, photovoltaic plants, long-
lasting ponds, rain-fed crops, and irrigated crops, which cannot be clearly identi ed in VHR satellite
images available from Google Earth Pro (Figs. 7 8 and Table 4).

UAV over ights should be carried out in early to mid-September, when rain-fed crops are still in
place. The building damage estimate does not depend on the stage-damage function nor on the ow
velocity. This is because the majority of the houses are built from adobe masonry, and thus collapse
once they are ooded. The ood duration and the depth of the water were considered to estimate the
damage to the crops.

Compared to rural settlements in the Dosso Region (Niger) [20], in the case of Tourd, pluvial
inundation results in shallow ash oods of short durations and speeds. In this case, the damage
is mainly caused by the impact of the rain on the roofs and by the formation of puddles that last for
several weeks and can wash over the buildings and cause them to collapse (Fig. 9).

Visual photointerpretation of UAV imagery showed that 96% of the dwellings had earthen roofs.
Based on the 30 houses that collapsed after a rainfall of 148 mm in 2017, it was estimated that 41,
20, and 18 houses could collapse following rainfalls of 200, 100, and 90 mm, respectively. In addition,
the orthophotos produced by the images captured using UAV showed 12 puddles surrounded by 25
houses, 15 latrines, and 4 barns that could be lapped, according to the red scenario.

The replacement values of the houses were estimated through community meetings, based on
the construction cost of a standard 24-m? adobe house, latrine, shower, and barn (Tables 5 and 6).
The high water lasts for a long time; thus, submerged crops do not survive a ood. The crop values
were calculated based on the prices in the local market and yields estimated by the Departmental
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Fig. 7. (top) VHR satellite image freely available from Google Earth Pro and (bottom) a VHR image taken from UAV of ood-
prone assets in Tour@.

Table 5

Value of exposed assets.
Asset Unit Thousand
Adobe house 1 576
Latrine 1 70
Barn 1 143
Well disinfection 1 122
Commercial vegetable crops 0.01 km? 200
Millet 0.01 km? 374
Paddy 0.01 km? 557

Directorate for Agriculture of Gothtye and integrated with statistics from the Ministry of Agriculture
and Livestock [21].

The risk level is calculated for each hazard (backwater, uvial, pluvial o0ods) according to scenario
B (Table 6).

Risk evaluation

The evaluation uses residual risk, CBA, intangible bene t, and opportunity analysis. Community
meetings to identify and prioritize actions were held on the 25! and 26" of June 2019 and were
attended by the village chief, a representative of the women farmers, a community observer of


















