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Abstract 17 

Most flood risk assessments in rural areas of Low- and Middle-Income Countries rely on 18 

outdated, coarse-resolution geoinformation. Participation from exposed communities remains 19 

rare, and risk reduction measures are seldom identified. Our purpose is to address these 20 

shortcomings in a densely populated, frequently flooded rural area along the Niger River. The 21 

novelty of the study lies in the use of fine-grained spatial information and its integration with 22 

local knowledge, which led to the selection of appropriate risk-reduction measures. Risk was 23 

quantified monetarily as the product of hazard and expected damage. Riverine flooding and 24 

flash floods from tributaries are identified as the primary threats. Flood-prone areas for three 25 

return periods were identified using a 4-m resolution surface elevation model and 26 

BASEMENT’s two-dimensional hydraulic modelling. Assets were first identified using Google 27 

Earth imagery and subsequently verified on-site. Risk reduction measures were initially 28 

selected through a participatory SWOT analysis and then prioritised using eight criteria. The 29 

study found that the areas under cultivation have remained stable over the last 10 years, but 30 

settlements significantly expanded in flood-prone areas. A centennial flood during the dry 31 

season could cause €5.4 million in damage, with the municipality of Kourteye accounting for 32 

€3.4 million. Risk was primarily determined by damage to irrigated crops rather than buildings. 33 

Priority measures included extending and reinforcing levees in rice-growing areas, providing 34 

an Early Warning System, and improving sanitation and hygiene. However, the benefits of 35 

reducing the risk outweigh the costs only in the municipalities of Karma and Namaro. 36 

 37 

Keywords: BASEMENT; Cost-benefit; Digital Surface Model; Disaster risk reduction; Local 38 

knowledge; Risk management 39 

 40 

1. Introduction 41 

 42 

Ten years ago, the member states of the United Nations adopted the Sendai Framework for 43 

Disaster Risk Reduction 2015‒2030 (SFDRR) in response to the increasing frequency of 44 

natural disasters [1]. This framework prioritised understanding disaster risk at the local level 45 

through pre-disaster assessments conducted in collaboration with at-risk communities [2]. 46 

Accordingly, the recommendations of grassroots organisations, activists [3], and scientists were 47 

embedded in its guiding principles, highlighting the urgency of local action [4‒5], participation 48 

[6‒8], and the incorporation of technical and local knowledge [9‒10].  49 
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In the following decade, the United Nations Office for Disaster Risk Reduction published 50 

guidelines to support pre-disaster risk assessments. Among the most visible outcomes was the 51 

expansion of flood risk assessments (FRAs) in rural areas of Low- and Middle-Income 52 

Countries (LMCIs) [Table S1]. Researchers have developed FRAs using three main methods. 53 

The most widely used was the susceptibility analysis (11‒14), which employed hazard and 54 

vulnerability indicators weighted using the Analytic Hierarchy Process, as defined by Saaty 55 

[15]. Hydraulic modelling, based on the work of Büchele et al. [16] and Apel et al. [17] and 56 

practised since the early 2010s [18‒19], came second. Finally, the identification of flood-prone 57 

areas from Earth observations, based on the seminal work of Brivio et al. [20] and subsequently 58 

applied in various contexts [21], was less common. 59 

These assessments used coarse, outdated geoinformation [22‒23], limited field evidence 60 

[24], rarely followed a participatory process, and often overestimated risk levels [25]. 61 

Simultaneously, only a limited number of FRAs addressed risk evaluation [26‒27], and those 62 

that did were confined to individual locations [28‒31] or catchments [32‒33]. Without 63 

addressing these limitations, FRAs remain inaccurate, standalone tools that fail to contribute to 64 

risk management.  65 

This study aims to address persistent shortcomings in hazard identification, participation, 66 

and risk reduction strategies. The challenge raises a key research question: how can FRA 67 

refinements enhance risk management? To answer this question, we conducted a participatory, 68 

high-resolution assessment along a stretch of the Niger River located upstream of Niamey. The 69 

assessment addresses two distinct inundation mechanisms: fluvial flooding along the Niger 70 

River floodplain and pluvial flash flooding in the Karma Wadi, a Niger River sub-catchment. 71 

In this densely populated, semi-arid rural area exposed to catastrophic flooding, information 72 

was scarce, and insecurity constrained access to the terrain. Despite these limitations, we 73 

hypothesised that determining flood risk by integrating high-resolution geoinformation with 74 

local knowledge through a participatory process was not only feasible but also essential to 75 

identifying viable risk-reduction measures. In rural contexts in LMICs, the study's novelties lie 76 

in the granularity of the geoinformation considered and its integration with participatory 77 

methods across all FRA phases. 78 

In collaboration with four local riverside governments, we identify flood-related threats, 79 

estimate risk levels through hydraulic flood modelling and field inspections, assess the 80 

contribution of minor tributaries to crop flooding, identify measures to reduce expected damage 81 

(ED), and estimate the associated costs and benefits. Together, these steps demonstrate how a 82 

detailed, participatory FRA can improve risk management at the mesoscale. 83 

 84 

2. Methodology 85 

 86 

2.1. Case study 87 

 88 

The FRA was conducted in a rural region extending 450 km² along a 58 km stretch of the 89 

Niger River, upstream of Niamey. To avoid boundary effects in the hydraulic simulations, the 90 

modelled domain was extended approximately 10 km upstream and 20 km downstream of this 91 

reach, giving a total simulated length of about 90 km (see section 2.4.3.1). On the right bank, 92 

six wadis and the Dargol and Sirba Rivers flow intermittently into the Niger River, while the 93 

left bank features a hydrographic network comprising eleven wadis (Fig. 1). 94 

The area has a hot, semi-arid climate, with a rainy season lasting from June to September. 95 

During this period, tributaries in the middle basin may generate local flooding. Conversely, 96 

rainfall in the upper Niger basin leads to the Guinean flood [34], which reaches the study area 97 

during the dry season from November to February. The territory between the two state roads 98 

running parallel to the Niger River has a population density of 160 inhabitants per km². It 99 
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includes four rural towns and 91 smaller settlements, 36 of which are situated on 13 islands. 100 

Administratively, it falls within the municipalities of Bitinkodji, Gothèye, Karma, Kourteye 101 

and Namaro. Approximately 72,000 inhabitants [35] sustain their livelihoods through 102 

horticulture, rice cultivation in large hydro-agricultural developments (AHA) and in traditional 103 

smaller fields, rain-fed millet (Pennisetum glaucum), often intercropped with cowpea (Vigna 104 

unguiculata) or groundnut (Arachis hypogaea), and livestock breeding. 105 

 106 

 107 
Fig. 1. Study area. 108 
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 109 

Based on these hydro-climatic and territorial conditions, the analysis considered two distinct 110 

flood-generating systems. The first is the Niger River itself, for which we assessed fluvial 111 

flooding along the main river corridor and its floodplain. Along the analysed reach, the active 112 

channel varies in width from about 0.6 to 3.5 km, with the widest sections occurring between 113 

the Dargol and Sirba confluences. In this sector, the river shows a braided morphology, with 114 

multiple active subchannels and numerous islands. Because of the seasonal hydrological regime 115 

described above, the fluvial analysis considered both local floods generated during the rainy 116 

season and the Guinean flood arriving from the upper basin during the dry season. 117 

The second flood-generating system is the Karma Wadi, located on the left bank. Although 118 

the Karma area is already included in the broader fluvial flood assessment, the wadi was 119 

analysed separately for pluvial flash flooding because local partners identified it as recurrently 120 

causing damage during the rainy season. This process particularly affects the Koutoukalé 121 

hydro-agricultural development. The Karma Wadi basin considered for the pluvial analysis 122 

covers approximately 382 km², with a maximum flow length of about 36 km, a form factor of 123 

0.295 and an average terrain slope of approximately 17%. These morphometric characteristics 124 

favour rapid runoff concentration during intense rainfall events, making the basin relevant for 125 

flash-flood analysis. 126 

 127 

2.2. Conceptual framework 128 

 129 

FRAs include risk identification, analysis and evaluation [36]. Here, the risk level is 130 

expressed in monetary terms as the product of hazard probability and expected damage (ED) 131 

[29, 37‒39]. Risk analysis links hydrology, topography, hydraulic and damage modelling. 132 

Hydrology defines the probability and magnitude of the analysed flood scenarios and provides 133 

the return period (RP) specific hydrographs used as hydraulic boundary conditions. Topography 134 

provides a digital surface model (DSM), which serves as the spatial basis for hydraulic 135 

modelling. The hydraulic model transforms the hydrological and topographic inputs into 136 

maximum flood-depth rasters, from which flood extents are derived. ED and risk are then 137 

estimated from these hydraulic outputs. Risk evaluation includes participatory identification of 138 

risk-reduction measures, estimation of their potential impact, and cost-benefit analysis using a 139 

quantitative method [40] that integrates local and technical knowledge [41] (Fig. 2). The 140 

assessment is based on daily river discharge and rainfall data, DSM, satellite imagery, 141 

hydrological-hydraulic modelling, field visits, agricultural commodity prices and property 142 

values, the population census, the results of focus groups with the affected municipalities [42], 143 

and the findings of previous surveys on land reclamation and per capita healthcare expenditure 144 

(Table 1). 145 

 146 
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 147 
Fig. 2. Method flowchart. 148 
 149 
Table 1 150 
List of data and their source used in the FRA. 151 
Data type Source Period Output 

River discharge Hydrometers 1955–2024 
Hazard 

Daily precipitation Karma climate ground station 1994–2024 

DSM PlanetScope 4 m resolution 2019–2021 

Damage 

Flood edge Flood numerical modelling 2025 

Flood validation  Sentinel-2 Aug. 2024, Feb. 2025 

DSM sensitivity  Drone 0.1 m on Touré site 2019 

Population Population national census 2012 

Assets 

Google Earth images  Jan. 2014, Feb. 2024 

Field inspection on 24 sites Feb. 2024 

Information system rural markets 2024 

Compensation for public works 2024 

Settlements names Directory of human settlements  2012 

Measures identification Focus group with municipalities Sept. 2025 

Risk evaluation 

Measures selection SWOT analysis Sept. 2025 

Measures priority Focus group with municipalities Sept. 2025 

Measures costs Municipalities, AHA managers Sept. 2025 

Land recovery Survey 2019 

Health benefits Per capita health expenditure 2012–2023 

 152 

  153 
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2.3. Risk identification 154 

 155 

Risk identification was conducted on 30–31 October 2024 in the presence of mayors, rural 156 

extension services, environmental units, and early warning and emergency response systems, 157 

as well as representatives of farmers, livestock breeders, and women gardeners from the Karma 158 

and Namaro jurisdictions. 159 

 160 

2.4. Risk analysis 161 

 162 

We conducted risk analysis separately for the two flood-generating mechanisms identified 163 

in the study area: fluvial flooding along the Niger River and pluvial flash flooding in the Karma 164 

Wadi. For both mechanisms, the analysis followed the same sequence: hydrological estimation 165 

of return-period-specific hydrographs, two-dimensional hydraulic simulation of flood 166 

propagation and inundation, extraction of maximum flood-depth rasters and derived flood 167 

extents, estimation of expected damage to the exposed assets, and calculation of risk levels 168 

using the probability associated with each return period (RP). 169 

 170 

2.4.1. Hydrological input 171 

Hydrological inputs were estimated separately for the fluvial and pluvial scenarios and were 172 

used to generate the hydrographs imposed as inflow conditions in the hydraulic models. 173 

 174 

2.4.1.1. Fluvial hazard. To analyse extreme flood events in the study area, we processed 175 

hydrological observations from the Kakassi (Dargol River), Garbey Kourou (Sirba River), and 176 

Niamey (Niger River) stations using the approach described by Tiepolo et al. [43]. Fig. 3 shows 177 

the temporal availability of the discharge records used at each station. 178 

 179 

 180 
 181 
Fig. 3. Daily river discharge and daily rainfall data availability by station. 182 
 183 

We fitted the resulting peak distributions to the generalised extreme value distribution using 184 

the L-moments method. For the data-limited Kakassi station, the Garbey Kourou distribution 185 

scaled by catchment area was applied after confirming homogeneity – hereby defined as basins 186 

having the same at-site frequency distribution except for a site-specific scale factor – between 187 

Jo
urn

al 
Pre-

pro
of



the two basins through the test proposed by Hoskings and Wallis, giving results [44]: H_1 = 188 

0.03, H_2 = 0.02, H_3 = 0.58. Extreme events for this station were then computed as: 189 
 190 

  𝑄𝐾𝑎𝑘𝑎𝑠𝑠𝑖
𝑇 = 𝑄𝐺𝑎𝑟𝑏𝑒𝑦 𝐾𝑜𝑢𝑟𝑜𝑢

𝑇 ∗ 𝛼 (1) 191 

where α = ADargol basin/ASirba basin = 0.186. 192 

 193 

Given the distinctive two-peak behaviour of the Niger River in Niamey [43], separate analyses 194 

were performed for the periods from June to October and from November to May. The section’s 195 

input discharge was then calculated by solving the water balance equation: 196 

   𝑄𝑁𝑖𝑎𝑚𝑒𝑦
𝑇 = 𝑄𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚,𝑇 + 𝑄𝐾𝑎𝑘𝑎𝑠𝑠𝑖

𝑇 + 𝑄𝐺𝑎𝑟𝑏𝑒𝑦 𝐾𝑜𝑢𝑟𝑜𝑢
𝑇  (2) 197 

Rewriting Equation 1 for QUpstream,T, yields the following: 198 

𝑄𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚,𝑇 =    𝑄𝑁𝑖𝑎𝑚𝑒𝑦
𝑇 −  𝑄𝐺𝑎𝑟𝑏𝑒𝑦 𝐾𝑜𝑢𝑟𝑜𝑢

𝑇 (𝛼 + 1) (3) 199 

In dry season, when QGarbey Kourou, QKakassi≈0, this simplifies to:  200 

 𝑄𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚,𝑇 =    𝑄𝑁𝑖𝑎𝑚𝑒𝑦
𝑇  (4) 201 

 202 

The resulting discharges [Table S2] were used to construct the inflow hydrographs imposed at 203 

the upstream Niger River boundary and at the Sirba and Dargol tributary boundaries of the 204 

fluvial hydraulic model (Fig. 4a) 205 

 206 

2.4.1.2. Pluvial hazard. The pluvial flash-flood analysis used observed daily rainfall data from 207 

1994 to 2025 at the Karma station (Fig. 3). Unlike the fluvial analysis, this component required 208 

a rainfall–runoff transformation to estimate inflows generated by intense local rainfall over the 209 

Karma Wadi basin. 210 

We collected extreme daily rainfall events using the metastatistical extreme value 211 

distribution [45]. We then computed hourly hyetographs using the Chicago method, 212 

parameterised to reflect typical local precipitation events. Infiltration loss was then represented 213 

using the Horton method with locally calibrated parameters [46], and runoff hydrographs were 214 

calculated using the instantaneous unit hydrograph method (Tables S3–S4). 215 

Because of the topography of the Karma Wadi catchment and the location of the Koutoukalé 216 

AHA, the analysis was conducted separately for the two contributing sub-basins of stream 1 217 

and stream 2 (Fig. 4b). The same RPs adopted for the fluvial hazard were considered, according 218 

to a fundamental principle of multi-hazard analysis [47]. We imposed the resulting runoff 219 

hydrographs as inflow boundary conditions in the pluvial hydraulic model for each RP. 220 

 221 
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 222 
Fig. 4. Hydraulic model mesh (a) and the Karma Wadi that threatens the Koutoukalé AHA (b). 223 
 224 

2.4.2. Topographic input 225 

We used a 4 m-resolution digital surface model as the main topographic input for the 226 

hydraulic simulations. The DSM was created from 13 pairs of PlanetScope satellite images 227 

acquired between 2019 and 2021. Notably, PlanetScope imagery offers a spatial resolution of 228 

3 m and a ground sampling distance of 3–4 m, with daily global coverage. We created the DSM 229 

using a sequential bi-stereo image-matching workflow implemented in ENVI’s DSM extraction 230 

module. This workflow involved estimating regional elevation from image metadata, 231 

introducing ground control points from the Shuttle Radar Topography Mission (SRTM) global 232 

DEM, generating tie points and epipolar images, and computing stereo DSMs [48]. We then 233 

mosaicked and averaged the DSMs from each stereo pair to produce a seamless, high-spatial-234 

resolution surface model over the Niger River and Karma Wadi domains (Fig. 5). 235 

 236 
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 237 
Fig. 5. PlanetScope-derived DSM with 4 m resolution created over the Niger River and the Karma Wadi basin. 238 
 239 

2.4.3. Hydraulic modelling 240 

Hydraulic simulations were performed using BASEMENT, a well-established and 241 

extensively benchmarked numerical modelling environment for solving the two-dimensional 242 

unsteady shallow-water equations. Its numerical robustness and computational efficiency have 243 

been assessed against a range of benchmark tests [49]. BASEMENT was selected for this study 244 

because it supports GPU-based parallel computation and integrates readily into an automated 245 

modelling workflow. We carried out pre- and post-processing in QGIS to leverage its GIS 246 

capabilities, while Python scripts automated model setup, execution, and data handling across 247 

different computational domains and return periods. 248 

 249 

2.4.3.1. 2D Hydraulic simulations. BASEMENT simulated both fluvial and pluvial floods with 250 

its two-dimensional, unsteady shallow-water solver, using separate domains for the Niger River 251 

and Karma Wadi systems. The fluvial domain covered approximately 90 km of the Niger River, 252 

with model boundaries placed well outside the main risk area. The pluvial domain covered the 253 

Karma Wadi and its junction with the Niger River, focusing on the Koutoukalé AHA. Table 2 254 
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summarises all model parameters, boundary conditions, and numerical solver settings, along 255 

with their justification. 256 

 257 
Table 2 258 
Model parameters, boundary conditions and numerical solver settings 259 
Parameter Value Observation 

Mesh element area (max) 20 m² Below DSM pixel area (16 m²) 

Bed elevation PlanetScope DSM, 4 m, with discharge 

correction (DCT) 

Corrects for submerged riverbed 

[50] field bathymetry not feasible 

Manning's n, riverbed 0.03 [51] 

Manning's n, floodplain 0.04 [51] 

Manning's n, wadi bed 0.03 [51] 

Manning's n, floodplain/AHA 0.04 [51] 

Manning's n, levee (pluvial) 0.05 [51] 

Downstream boundary, fluvial Fixed WSE = 183 m a.s.l., ~20 km 

downstream 

Beyond influence of study reach 

Downstream boundary, pluvial WSE from separate Niger mean-discharge 

run 

 

Inflow boundary conditions RP10/30/100 hydrographs: Niger, Sirba, 

Dargol; Karma Wadi sub-basins 

See 2.4.1 

Hydrograph duration, fluvial 4 days, centred on peak (±2 days) Verified sufficient for depths to 

stabilize before extraction 

CFL 0.9 Below stability limit (1.0) 

Fluid density 1000 kg/m³ Fresh water 

Maximum time step 100 s Upper bound; actual step set by CFL 

Minimum water depth 0.01 m Wetting/drying threshold 

Initial time step 0.02 s Conservative start value 

Minimum time step 0.0001 s Floor for adaptive scheme near dry 

cells 

Output raster Maximum water depth, 4 m resolution Inundation extent derived by 

thresholding (depth > 0) 

 260 

Each domain used an unstructured triangular mesh built from breaklines, boundary-condition 261 

lines, and the PlanetScope DSM, with element area capped at 20 m² to avoid adding false 262 

precision beyond the DSM's 4 m (16 m² pixel) resolution. Breaklines marked domain edges, 263 

controlled mesh density, and separated roughness zones. In the fluvial model, hydrographs 264 

entered at the upstream Niger boundary and at the Sirba and Dargol tributaries, with a fixed 265 

downstream water level set about 20 km below the study reach so it would not affect upstream 266 

simulated flow. In the pluvial model, runoff hydrographs from the two Karma Wadi sub-basins 267 

entered at the stream inlets, while downstream water levels came from a separate Niger River 268 

simulation under average discharge. 269 

We used the DSM to set bed elevations on the mesh. Because we used a DSM rather than a 270 

bare-earth DTM, and field bathymetry was not feasible for economic, logistical, and security 271 

reasons, we applied the discharge-correction method of Choné et al. [50] to the Niger River 272 

simulations to account for the submerged riverbed. This mattered less for the Karma Wadi, 273 

since its DSM was captured during a dry period in a semi-arid, sparsely vegetated area. 274 

We assigned Manning roughness values by mapped surface type. In the fluvial domain: 275 

n=0.03 for the riverbed and n=0.04 for the surrounding floodplain. In the pluvial domain: 276 

n=0.03 for the wadi bed, n=0.04 for the surrounding floodplain and the rice-growing AHA 277 

cropland, and n=0.05 for the levee. These follow standard reference values from Chow [51]. 278 

Areas along the river protected by levees were left unmeshed and treated as no-flow zones, 279 

assuming they would not be reached by the Niger River flood. The Koutoukalé AHA, adjacent 280 

to the Karma Wadi, was the exception: here the concern is not the Niger flood but the pluvial 281 

flash flood arriving through the wadi, against which the levee provides only partial protection. 282 

This area, together with the levee, was therefore included in the mesh — with the crest elevation 283 
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added manually where the DSM did not represent it clearly — to assess the extent to which the 284 

AHA could still be inundated despite the levee. 285 

The modelled reach extended for approximately 90 km along the Niger River, with the active 286 

channel width ranging from 0.6 to 3.5 km. A four-day inflow hydrograph, centred on the flood 287 

peak and covering the two days before and after the crest, was used to allow the flood wave to 288 

propagate through and exit the computational domain. The simulation duration was verified as 289 

sufficient for water depths within the domain to become unaffected by the initial conditions 290 

before extracting results for the hazard and risk analyses. 291 

Simulations were run for the 10-, 30- and 100-year return periods on cloud-based virtual 292 

machines. The solver used BASEMENT's default settings for the explicit shallow-water 293 

scheme. Main outputs were maximum water-depth rasters and flood extents at 4 m resolution, 294 

matching the DSM, processed in QGIS for mapping and damage assessment. 295 

 296 

2.4.3.2. Sensitivity analysis. A sensitivity analysis assessed how vertical uncertainty in the 297 

PlanetScope-derived DSM could affect simulated water depths. Because no high-resolution 298 

topographic benchmark was available within the Niger River reach, the analysis used auxiliary 299 

data from previous research [52] for the Touré settlement, located along the Sirba River 300 

approximately 34 km upstream of its confluence with the Niger River (Fig. 6a). The lower Sirba 301 

River lies in the same geomorphological and climatic setting as the study area, and both areas 302 

are covered by the same PlanetScope-derived DSM. A drone-derived DSM with 0.08 m 303 

horizontal resolution was available for a 1.8 km river reach at Touré and was used as the 304 

reference topographic dataset. We drew thirteen cross-sections along the control reach to 305 

compare the PlanetScope-derived DSM with the drone-derived DSM and to support the 306 

hydraulic sensitivity analysis (Figure 6b). We then used the two DSMs independently as 307 

topographic inputs in 2D hydraulic simulations of the control reach. Six discharges, ranging 308 

from 500 to 1300 m³/s, were simulated to evaluate the effect of the topographic input on the 309 

resulting water depths. 310 

 311 

 312 
 313 

Fig. 6. Sensitivity-analysis site. (a) Touré control reach along the Sirba River relative to the Niger River study 314 
area. (b) Drone-derived DSM extent and cross-sections used for the WSE sensitivity analysis; cross-section 4 is 315 
shown in Fig. 7. 316 

 317 

The mean residual error between simulations based on the PlanetScope and drone DSMs 318 

decreased from 0.35 m at Q=500 m³/s to 0.14 m at Q=1300 m³/s, corresponding to 319 

approximately 5% of the simulated water depths at the reference high-flow condition. The 320 

terrain profiles and the simulated water surface elevation (WSE) for discharges of 750 m³/s and 321 
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1200 m³/s were defined as the elevation of the free water surface above sea level, obtained using 322 

PlanetScope- and drone-derived DSMs (Fig. 7). Local peaks visible in the WSE profiles are 323 

numerical artefacts associated with abrupt elevation discontinuities in the DSM, particularly in 324 

the drone-derived surface where small terrain or surface features are represented in greater 325 

detail. These local oscillations should therefore not be interpreted as physically meaningful 326 

water-level variations; the comparison focuses on the overall agreement between the simulated 327 

water levels obtained from the two topographic inputs. 328 

For comparison, an independent roughness-sensitivity test showed that increasing 329 

Manning’s n from 0.030 to 0.045 produced water-depth changes of the same order, 330 

approximately 0.34–0.48 m. The uncertainty associated with the PlanetScope-derived DSM is 331 

therefore comparable to the roughness uncertainty expected in 2D hydraulic modelling and does 332 

not introduce a disproportionate error into the flood-depth estimates used for the risk analysis. 333 

 334 

 335 
 336 
Fig. 7. Terrain profile and simulated water surface elevation (WSE) at cross-section 8 using the Planet-derived 337 
DSM and the drone-derived DSM for Q=750 m³/s and Q=1200 m³/s. 338 
 339 

2.4.5. Validation 340 

The hazard map was validated by comparing flood inundation edges on 20 August 2024 and 341 

16 February 2025, extracted from Sentinel-2 imagery using the modified normalised difference 342 

water index, with the flood area derived from the hydraulic model. These dates correspond to 343 

the most recent local and Guinean flood peaks. For each flood, model performance was 344 

quantified using the following index [53]: 345 

F = (Smod ⋂ Sobs)/(Smod ⋃ Sobs) x 100 (5) 346 

where Smod is the predicted inundated area, and Sobs is the observed satellite-derived inundated 347 

area. F values range from 0% to 100%, indicating the degree of spatial agreement between 348 
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predicted and observed inundation. Depending on the flood season, the index ranged from 55% 349 

to 68% in this study. 350 

 351 

2.4.6. Expected damage 352 

ED is defined as the monetary value of physical assets located within the affected area [54]. 353 

We identified crops and buildings through visual photointerpretation of Google Earth (GE) 354 

imagery. Based on field morphology and cultivation pattern, crops were subsequently 355 

classified. Ground verification was conducted in February 2024, when agricultural extension 356 

officers randomly sampled and inspected 24 fields. Crops and buildings were identified using 357 

the same source (GE) in January 2014 to assess their stability over time. 358 

The damage function of rice crops was defined as the number of submersion days per crop 359 

growth stage, with the impact varying by phenological phase. We calculated the ED to 360 

agriculture using the average yield of each crop and the corresponding prices, as reported in the 361 

Information System on Rural Markets [43]. For buildings, the analysis considered footprint, 362 

water depth and flood duration. Notably, the study area's built environment is characterised by 363 

single-storey adobe houses, with few structures made of durable materials. These adobe houses 364 

lack door thresholds. Consequently, prolonged inundation from Guinean floods led to the 365 

partial or total collapse of affected buildings. The ED to buildings was estimated using 366 

compensation values stipulated in recent public projects in Niger [43]. Data on georeferenced 367 

wells and boreholes were obtained from the statistical service of the Ministry of Environment, 368 

Hydraulics and Sanitation. 369 

 370 

2.4.7 Risk level 371 

For each local jurisdiction, the risk level was calculated as the product of flood probability 372 

and the value of exposed (i) buildings, (ii) wells, (iii) traditional rice, (iv) horticulture in mid-373 

February 2025, and (v) cereals and (vi) pulses in mid-August 2024. 374 

 375 

2.5. Risk evaluation 376 

 377 

The 15 most common flood risk reduction measures [55‒56] were evaluated through a 378 

Strengths, Weaknesses, Opportunities and Threats (SWOT) analysis and prioritised on 12 379 

September 2025 in consultation with the mayor, AHA manager, and agricultural extension, 380 

water, and sanitation officers from the Gothèye, Karma, Kourteye, and Namaro jurisdictions. 381 

We then estimated the number of measures required to reduce flood risk, along with the 382 

corresponding costs. These figures were then used to determine the residual risk. The benefit-383 

to-cost ratio included annual per capita savings in healthcare expenses, as reported in the 384 

literature [57‒59]. We adopted a 10-year horizon, reflecting the typical lifespan of the measures 385 

without maintenance, reduced to 4 years for half-moon structures [60]. Each measure was 386 

considered implementable within one year. The net present value was therefore calculated using 387 

the 5.5% legal discount rate established by the Central Bank of West African States for Niger 388 

[61]. When the value exceeds one, risk reduction is considered economically justified. 389 

 390 

3. Results 391 

 392 

3.1. Risk identification 393 

 394 

Notably, recent local floods in the study area have exhibited higher discharge rates and water 395 

stages than Guinean-origin floods (Fig. 8). Of the 17 wadis that flow into the Niger River in the 396 

section under consideration, the Karma Wadi is the largest and the one that threatens the greatest 397 

extent of riverside crops. 398 
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 399 

 400 
Fig. 8. Hydrograph of the Niger River obtained from the Niamey gauge station during 2024 and 2025. 401 
 402 

3.2. Risk analysis 403 

 404 

3.2.1 Hazard 405 

River discharge at Niamey during local floods with RPs of 10, 30 and 100 years reached 406 

2,394, 2,637, and 2,858 m3/s, while Guinean floods reached 2,179, 2,342, and 2,486 m3/s, 407 

respectively (Table S2). Numerical hydraulic modelling indicated that the floodplain in the 408 

study area ranged from 119 to 128 km2. The two flood types exhibited markedly different 409 

behaviours. Based on the reconstructed average hydrographs, local floods persisted for 410 

approximately 2 days at 99% peak flow and 27 days at 95% peak flow. Conversely, Guinean 411 

floods lasted around one month at 99% peak flow and 53 days at 95% peak flow. The estimated 412 

Karma Wadi discharge with RPs 10, 30 and 100 (daily precipitation corresponding to 109 mm, 413 

130 mm, and 178 mm) for stream 1 is 629, 930 and 1070 m³/s and for stream 2 is 27, 39 and 414 

45 m³/s. The 2012 daily rainfall of 120 mm (~RP20) caused the wadi to flood the Koutoukalé 415 

AHA. 416 

 417 

3.2.2 Expected damage 418 

A centennial flood occurring between the Dargol‒Niger confluence and Niamey could 419 

inundate between 809 and 975 ha of irrigated crops, depending on the type of flood and between 420 

28,325 and 49,375 m2 of buildings. Kourteye is by far the most exposed municipality (Table 3). 421 

 422 
Table 3 423 
Exposed assets to local and Guinean floods with an RP of 100 years by municipality. 424 
Municipality Local Guinean 

Buildings footprint Crops Buildings footprint Crops 

m2 ha m2 ha 

Bitinkodji 516 0 0 0 

Gothèye 3686 85 6358 109 

Karma 1401 147 1315 130 

Kourteye 19,893 474 38,845 636 

Namaro 2507 104 2857 101 

Sum 28,325 809 49,375 975 

 425 
Traditional rice and horticulture account for 59% and 39% of the exposed area, respectively. 426 

Sweet potatoes, pumpkins, corn, and okra collectively account for the remaining 2%. 427 

Traditional rice remains the most exposed crop, followed by horticulture (Table S5). During a 428 

Guinean flood with an RP of 100 years, 40% of crops and 30% of horticultural areas could be 429 

submerged by more than 2 m of water (Table S7). The same event could affect 42 settlements, 430 

placing a combined population of 40,000 at risk (Fig. 9, Table S6). The Guinean flood scenario 431 

threatens twice the building footprint relative to the local flood. 432 
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 433 
Fig. 9. Exposure map of Guinean floods with RP100 in the Gothèye (left) and Karma (right) sectors. 434 
 435 

When both agricultural fields and buildings are considered, Guinean floods cause 30% more 436 

ED than local floods. Kourteye is the most affected municipality, accounting for 51%‒64% of 437 

the total ED, followed by Karma (16%‒28%). It also records the highest share of building-438 

related ED, ranging from 38% to 48%, depending on the scenario. Between 57% and 61% of 439 

the flood-prone building footprint is concentrated in 10 locations. Korsile, Gothèye, Tcholondi, 440 

and Sansane Haoussa are the most at risk under the Guinean RP100 flood. Gothèye, Silboli, 441 

Korsile, and Kobadje are the most at risk under the local RP100 flood (Table S6, Fig. 10).  442 

In the event of a once-in-a-century flood, 97 per cent of the building footprint is exposed to a 443 

flood depth of less than one metre, with little difference between local and Guinean floods and 444 

between municipalities (91–97 per cent), and only 3 per cent would be submerged in water 445 

deeper than 2 metres (Table 4). 446 

  447 
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 448 
Fig. 10. Buildings susceptible to Guinean RP100 floods in Korsile, Namaro, Sansane Haoussa, and Silboli. 449 
 450 
Table 4 451 
Building footprint by inundation depth and municipality in case of local and Guinean floods with RP100 years. 452 
Municipality Local flood Guinean flood 

< 1 m 1–2 m > 2 m < 1 m 1–2 m > 2 m 

% % % % % % 

Bitinkodji 0 100 0 0 100 0 

Gothèye 95 3 2 96 2 2 

Karma 94 4 2 92 6 2 

Kourteye 97 0 3 97 0 3 

Namaro 94 4 2 91 7 1 

Sum 97 0 3 97 0 3 

 453 
The flooding of Karma Wadi with RP10 and RP30 years would inundate 140‒146 ha of the 197 454 

ha of the Koutoukalé AHA (Fig. 11). The duration of submersion and the sediments carried by 455 

the water result in the complete loss of flooded crops. 456 

 457 
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 458 
Fig. 11. The Koutoukalé AHA exposure to Karma Wadi flash flood with RP10 and RP30. 459 
 460 

The fields remain stable over time, but the settlements do not. If we consider the 13 settlements 461 

that account for 71 per cent of the building footprint in the study area, we find that between 462 

2014 and 2024 the number of buildings exposed to a once-in-a-century Guinean flood will 463 

increase by 77 per cent and their footprint will increase by 47 per cent. This expansion is more 464 

pronounced on the islands than on the coastal localities (Table 5). 465 

 466 
Table 5 467 
The 2014–2024 settlements expansion in the inundated area of a Guinean flood RP100. 468 
Human settlement Buildings exposed to a Guinean flood with an RP of 100 years 

2014 2024 2014–2024 variation % 

Number m2 Number m2 Number m2 

Silboli 89 3714 115 3974 29 7 

Gothèye 57 3111 97 4746 70 53 

Korsile 64 2431 95 3527 48 45 

Kobadje 48 2399 68 2202 42 -8 

Melle Goungou 52 2201 91 2545 52 75 

Sokolé 41 1895 73 2543 78 34 

Damale 41 1683 61 2301 49 37 

Sansane Haoussa 34 1681 76 3395 124 102 

Tcholondi 20 1471 54 2336 170 59 

Hondobon Goungou 25 1286 43 1788 72 39 

Koulbagou 28 1245 49 1664 75 34 

Kassani 11 427 78 2208 609 417 

Namaro 4 128 12 1588 200 1141 

Sum 514 23,672 912 34,817 77 47 

 469 

3.2.3 Risk level 470 

The Guinean RP10 flood results in the highest risk (€485,000). Kourteye records the highest 471 

risk from Guinean flooding (€312,000), followed by Gothèye (€73,000). Karma ranks first for 472 

local flooding (€119,000) (Table S12, Fig. 12). 473 
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 474 

 475 
Fig. 12. Risk associated with the Guinean RP10 flood. 476 
 477 

3.3. Risk evaluation 478 

 479 

The SWOT analysis of 15 standard measures to reduce flood risk (Table S13) and the 480 

prioritisation of measures carried out with local authorities (Table S14) considered hazard and 481 

exposure maps, municipal emergency plans and an early flood warning system to be useful, 482 

although maps were not applicable at the level of individual communities. Implementation 483 

opportunities may arise through development aid (Table S13). The open-access dataset on 484 

which this FRA is based is described in detail [62], as it is aimed at researchers and practitioners. 485 

Structural measures depend on inundation depth. This suggests that horticulture sites could be 486 

relocated to higher ground to protect them from Guinean floods lasting one month and causing 487 

inundation exceeding 1 m in depth, provided suitable soil and irrigation are available. Buildings 488 

susceptible to inundation by water levels below 0.5 m during local floods (Table S9) can be 489 

protected with mobile entrance barriers and sandbags around adobe walls. Latrines, wells, and 490 

boreholes should be elevated. However, these measures are inadequate for Guinean floods of 491 

similar depth due to their extended duration. In such cases, and for floods that produce 492 

inundation depths between 1 and 2 m, levees are recommended. Residents of buildings exposed 493 

to water depths above 2 m should be relocated. A non-floodable zone should be identified for 494 

each settlement expansion. On islands, safe land for settlement expansion is often scarce or 495 
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absent, except within already developed areas (Fig. 10). The Koutoukalé AHA should be 496 

protected from Karma Wadi floods by managing runoff from the highlands, which cover 35% 497 

of the basin’s surface (Table S15). Typically, areas with slopes below 5% are treated using 498 

trapezoidal bunds and half-moons, but only 692 ha have been treated, 57% of which are in low-499 

lying zones. Gabions are recommended to protect the wadi banks alongside the AHA from 500 

erosion [56,63] (Fig. 13 and 14). 501 

 502 

3  503 
Fig. 13. Wadi Karma on 9 November 2025. Photograph by Abdoul Samadou Souley Issa. 504 
 505 

 506 
Fig. 14. Entry point of the flash flood into the Koutoukalé AHA at the bank of Wadi Karma. Photograph by Abdoul 507 
Samadou Souley Issa. 508 
 509 

These measures should be extended to the highlands nearest the AHA, totalling 5,204 ha, 510 

using trapezoidal bunds and half-moons for pastoral and forestry use (Fig. 15). 511 
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 513 
Fig. 15. Risk reduction measures for Karma Wadi, Sansane Haoussa and Gothèye. 514 
  515 
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Sandbags, restoration and extension of AHA levees, gabions, half-moons, and trapezoidal 516 

bunds in the Karma Wadi catchment, sanitation, hygiene, early warning system, flood warning 517 

signage, and stages are priorities, whereas resettlement, relocating crops to higher ground, 518 

polders, and entrance flood barriers rank lowest (Table S14). 519 

The treatment for local RP10 floods involves raising and reinforcing the existing levees 520 

along the AHA and extending them to protect against overflow from the Sirba River and Karma 521 

Wadi. The treatment of Guinean floods includes protecting buildings exposed to water depths 522 

of up to 1 m using sandbags and levees, and replacing latrines with elevated, improved models. 523 

These measures are intended to cover half of the exposed building footprint. Beyond protecting 524 

buildings, these interventions aim to safeguard public health during floods, which often lead to 525 

diarrhoea, typhoid fever, and death [64]. In Kourteye, the risk of Guinean RP10 flood is 526 

projected to decrease from level 100 to 69 following treatment. Similarly, the Guinean RP100 527 

flood risk can be reduced to 63 in Namaro. The same local jurisdictions do not fall below 75 528 

for local RP10 and RP100 floods. (Tables 6, S16). 529 

 530 
Table 6 531 
Residual risk from Guinean RP10 and RP100 floods. 532 
Flood type and 

frequency 

Risk (R)  

Residual risk (RR) 

Bitinkodji Gothèye Karma Kourteye Namaro Total 

K € K € K € K € K € K € 

Local RP10 R 5 47 119 230 17 417 

 RR 5 42 119 191 12 371 

 RR index (R=100) 100 91 100 83 75 89 

Local RP100 R 1 7 13 21 4 42 

 RR 1 6 10 16 3 16 

 RR index (R=100) 100 89 76 75 76 86 

RP10 R 2 74 72 320 17 485 

 RR  2 55 72 221 12 381 

 RR index (R=100) 100 74 100 69 75 78 

RP100 R 1 9 9 29 5 58 

 RR 1 8 9 24 3 44 

 RR index (R=100) 100 87 100 82 63 80 

 533 
In AHAs, raising and reinforcing levees with stone cladding, extending them, protecting 600 534 

m of the Wadi Karma left bank with gabions, and treating the highlands of the Karma basin 535 

using half-moons and trapezoidal bunds incur costs (Table S17). Meanwhile, benefits include 536 

avoided harvest losses during flooding and fodder yield from the treated highlands. In 537 

settlements, costs include building protection with sandbags and levees, signage in flood-prone 538 

areas, stages to monitor river levels, and replacing latrines with elevated, improved models. The 539 

corresponding benefits include safeguarding buildings exposed to water depths of up to 1 m 540 

and annual healthcare savings of up to €10 per capita [57‒59]. Risk reduction is economically 541 

justified in Karma and Namaro, but not in Gothèye and Kourteye (Tables 7, S17). 542 

 543 
Table 7 544 
Benefit/cost ratio of risk treatment for local and Guinean RP10 and RP100 floods. 545 
Flood type Location Gothèye Karma Kourteye Namaro 

Local RP10 AHA - 0.1 - 0.5 

Settlements 0.4 0 0.4 21.2 

Local RP100 AHA - 0.1 - 0.5 

Settlements 0.4 32 0.6 19 

Guinean RP10 AHA - - - - 

Settlements 0.4 1,4 0.6 26 

Guinean RP100 AHA - - - - 

Settlements 0.4 39.9 0.6 26 

 546 
4. Discussion 547 
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 548 

Recent studies on FRAs in rural areas of LMICs increasingly rely on outdated, low-549 

resolution geospatial data and lack field validation. Participatory methods and the integration 550 

of technical and local knowledge are seldom implemented, diverging from the core principles 551 

of the SFDRR. Consequently, measures to reduce river flood risk are rarely identified. The 552 

research question focused on how an enhanced FRA could contribute to risk management. The 553 

FRA developed herein was improved as follows. 554 

 555 

4.1. Holistic, participatory flood risk identification 556 

 557 

Participatory threat identification is the first step in a robust FRA and directly informs risk-558 

reduction measures. We considered both river and wadi floods. Multi-hazard assessments in 559 

riverine areas remain uncommon, as most studies focus on either river flooding or flash floods. 560 

The Guinean flood was found to pose a greater risk than the local flood, despite its lower 561 

discharge. This is because most assets are situated upstream of the Sirba‒Niger confluence, 562 

below which local flood levels rise considerably. Moreover, the Guinean flood submerges 563 

extensive horticultural zones that are not irrigated during local floods. This flood persists for a 564 

month, while local floods last just two days at 99% of the peak. Finally, AHAs were inundated 565 

during local river floods at locations where levees were old or lacked stone cladding. Recently, 566 

heavy rainfall triggered flooding of the Karma Wadi at the Koutoukalé AHA, where levees 567 

were missing. Most of this knowledge springs from conversations with local stakeholders, field 568 

visits, and focus groups with local governments [42]. This confirms that participation and 569 

knowledge integration boost risk reduction efforts [65‒66], particularly in flood risk 570 

management [67]. 571 

 572 

4.2. High-resolution geoinformation 573 

 574 

The PlanetScope-derived DSM improved the accuracy of the modelled flood zone compared 575 

to SRTM DEM. The SRTM DEM overestimates flood-prone locations by 36%, ED by 9%‒576 

11% for Guinean floods and between 13%‒18% for local floods (Table S10). The discrepancy 577 

between PlanetScope-derived and SRTM DEMs arises because the multiple narrow channels 578 

of the Niger River upstream of the Sirba confluence cannot be resolved by DEMs with a 579 

resolution of 30 m. High-resolution (~0.5 m) freely available imagery, combined with field 580 

inspections, enabled the identification of buildings and crops. Such detail is seldom achieved 581 

in comparable assessments. This level of detail makes it possible to observe over the last 10 582 

years the distance of crops and buildings from flooding. The fields have remained relatively 583 

stable over time, whilst in the thirteen most exposed settlements, the number of buildings in the 584 

centennial flood-prone zone and their total floor area have increased by 77 per cent and 47 per 585 

cent respectively, confirming a trend observed in several countries [68]. This trend is 586 

significantly more pronounced on the islands. These sites are highly sought-after because they 587 

are close to water all year round, making them particularly suitable for agriculture in a semi-588 

arid context. By contrast, the islands have few sites above the 100-year flood level.  589 

The high resolution of the DSM helps to refine flood depth estimates compared with the 590 

SRTM and ALOS PALSAR DEMs currently used in LMICs. Uncertainty in flood depth 591 

strongly affects damage estimates [69]. Flood depth and duration are also closely linked to 592 

identifying risk-reduction measures. In the study area, 97 per cent of assets are exposed to less 593 

than one metre of water for at least one month. This condition is rarely considered in FRAs in 594 

LMICs. Consequently, the literature quantifying the potential impact of flooding in LMICs 595 

according to flood depth is still limited [70]. 596 

4.3. Local scale 597 
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 598 

Conducting risk assessment at the local-jurisdiction scale improved its relevance to decision-599 

making. However, such detail remains uncommon [71‒73] in contrast to studies that delineate 600 

local jurisdictions without specifying the level of risk for each [74‒82]. 601 

 602 

4.4. Participatory identification of measures 603 

 604 

The literature on FRAs in rural regions of LMICs rarely addresses participatory selection of 605 

measures. Raising of AHA levees was a priority, as confirmed in the literature [73,79,82‒84]. 606 

An EWS was equally essential [29,77,79,82,84‒85]. Sanitation and hygiene were ranked 607 

second but rarely recommended in the literature on river flood risk [29,77,86]. Flood signals, 608 

suggested in the literature [29,75], were reported to be vulnerable to damage or theft. Flood 609 

depth-damage maps were often difficult for local communities to interpret, contrary to reports 610 

in the literature. This is because maps simply overlay assets on water depth without familiar 611 

reference points for residents. These measures were estimated to substantially reduce Guinean 612 

RP10 flood risk in Kourteye and RP100 flood risk in Namaro. In the other municipalities, 613 

residual risk remained at around 75% of the pre-treatment level. Greater reduction would 614 

require resettlement and relocating crops to higher ground. However, restricting development 615 

in flood-prone areas, resettlement [80], and redirecting land development [81,84,87], which 616 

have socio-economic disadvantages [88], were not applicable along the River Niger because 617 

residents are attached to their land and relocation is costly. Annually, the cost of risk treatment 618 

was lower than the benefit in Karma and Namaro, whereas in AHAs it equals or exceeds the 619 

benefit. 620 

 621 

Limited availability of land for resettlement and crop relocation was an unexpected finding. 622 

This creates challenges for local governments in securing land to relocate exposed communities 623 

and agricultural activities. 624 

Although this FRA used high-resolution geoinformation and participatory processes, it has 625 

certain limitations. We had to use discharge data from Garbey Kourou station as a proxy for 626 

Kakassi station. This was justified using consolidated methods; however, it inevitably increases 627 

uncertainty in the results. Moreover, hourly rainfall data for the Karma catchment were derived 628 

by theoretically scaling down the daily data, introducing additional uncertainty. The few 629 

buildings constructed with durable materials could not be isolated, and the impact of stormwater 630 

on adobe houses could not be quantified. Finally, it was impossible to quantify the need for 631 

flood-proof, heavy-rain-resistant community shelters (generally, schools built with durable 632 

materials). Consequently, the flood risk was underestimated. 633 

Overall, the FRA findings have five key implications. 1) Protecting AHA and agriculture 634 

from flooding is not cost-effective, but it prevents food insecurity and rural poverty. 2) 635 

Participatory, high-resolution FRAs facilitate the transition to an impact-based EWS. 3) The 636 

inundation depth-damage data supports flood prevention, preparation, response, rescue, and 637 

recovery operations. 4) Inundation depth-damage maps can be directly applied to risk zoning 638 

in local and regional emergency plans. 5) The stability of crops over time means that updating 639 

field data is less urgent, but the rapid growth of settlements suggests that the built environment 640 

should be monitored more frequently. 641 

The recommendations primarily focus on land access, a topic overlooked in the literature 642 

but central to risk reduction. Second, risk reduction should be implemented within an FRA 643 

framework. Finally, we recommend reactivating the Kakassi hydrological station and installing 644 

a new hydrological station in Farié to begin measuring river discharge well before the floods 645 

reach Niamey. 646 

 647 
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5. Conclusion 648 

 649 

This study aimed to address persistent shortcomings in flood hazard identification, 650 

participatory processes and risk reduction strategies within FRAs conducted in rural regions of 651 

LMICs over the past decade. We examined how an enhanced FRA could improve flood risk 652 

management by using a participatory approach that integrates high-resolution geoinformation 653 

and local knowledge when field inspection opportunities are limited. 654 

Our assessment covered a rural area extending 58 km along the Niger River, upstream of 655 

Niamey, and a 381 km² catchment encompassing the largest wadi tributary. The flood hazard 656 

was multifaceted. Flood-prone settlements and assets were far fewer in number when estimated 657 

using the PlanetScope-derived DSM than when identified using the SRTM DEM. Between 658 

2014 and 2024, the number of buildings exposed to a once-in-a-century Guinean flood will 659 

increase by 77%, and their footprint by 47%. We assessed risk by identifying assets exposed to 660 

flood depths and evaluating their value. This enabled us to identify and prioritise appropriate 661 

risk-reduction measures. Extending the levee system, together with implementing a performant 662 

EWS, emerged as the top priority. Sanitation and hygiene measures followed, although they are 663 

not typically recommended in FRAs. Resettlement, although frequently proposed in the 664 

literature as a strategy to reduce flood risk in rural areas of LMICs, was found to be unfeasible. 665 

Our findings highlight future research directions on land access and updating the FRA. Our 666 

study has practical implications for preventing food insecurity and rural poverty, delivering 667 

impact-based EWSs, and supporting local and regional emergency planning, as well as flood 668 

preparedness, response, and recovery operations. 669 

Detailed mesoscale flood risk assessments, including hotspot identification and suitable risk 670 

reduction strategies, are achievable when the process is participatory, technically robust, and 671 

informed by local knowledge. 672 
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• River flooding during the dry season causes more damage than during the wet season 

• Expected damage to irrigated crops is greater than damage to buildings 

• High-resolution geoinformation and local knowledge identify feasible risk reduction 

• Raising the embankments, early warning, hygiene and sanitation are priorities 

• High land prices hinder resettlement and redirect land development 
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