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Abstract: In Sahelian Africa, rural centers have been hit by catastrophic floods for many years. In 

order to prevent the impact of flooding, the flood-prone areas and the settlement dynamics within 

them must be identified. The aim of this study is to ascertain the floodplain settlement dynamics in 

the Maouri valley (135 km2) in the municipality of Guéchémé, Niger. Through hydraulic modeling, 

the analysis identified the flood-prone areas according to three return periods. The dynamics of the 

settlements in these areas between 2009 and 2019 were identified through the photointerpretation 

of high-resolution satellite images and compared with those in the adjacent non-flood-prone areas. 

Spatial planning was applied to extract the main dynamics. The synergic application of these 

disciplines in a rural context represents a novelty in the research field. Since 2009, the results have 

shown a 52% increase of the built-up area and a 12% increase in the number of buildings, though 

the increase was higher in the flood-prone areas. The factors that transform floods into catastrophes 

were identified through perceptions gathered from the local communities. Three dynamics of the 

expansion and consolidation of buildings were observed. Specific flood risk prevention and 

preparation actions are proposed for each type of dynamic. 

Keywords: building consolidation; extreme precipitations; flood exposure; flood risk; satellite 

remote sensing; settlement dynamics; sustainable rural development; vulnerability 

 

1. Introduction 

In recent years, floods in Sahelian Africa have become more frequent and catastrophic [1–3]. 

Over the last decade, flood-related issues have begun in this area as a result of the unusual magnitude 

of climatic events [4–6]. Extreme rainfall and its effect on an increasingly altered land surface area are 

the main flood-driving factors usually reported in the literature [7,8]. Arboreal and shrub cover has 

been greatly reduced to satisfy the incessant need for arable land [9] and firewood for a continuously 

growing population. The change of land cover has exposed the soils to degradation processes [10] 

that increase the runoff [11,12] and lower the rainfall threshold, which, in turn, causes related 

damage. 

The impact of hydrometeorological events is aggravated by insufficient rainwater management 

[13–17] and water-resistant homes. Anthropic pressure in rural areas [18] has led many people to 

settle within the flood-prone area (FPA) in the absence of regulation and monitoring by the 

authorities [19]. Flood damage further exacerbates poverty and risks nullifying investments in the 

primary sector. This sector in the Sahel is closely linked to the reduction of poverty, food insecurity, 

and inequalities [20]. 
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In rural Sahel, prevention and preparation for flooding through local plans is struggling to take 

hold due to a lack of financial resources [21], human resources [22], and systematic and detailed 

knowledge on the exposed settlements [23]. The recourse to low resolution remote sensing and  

digital elevation models (DEM), photointerpretation with semi-automatic classification algorithms 

[24], or with urban growth simulation models [25] does not achieve the level of detail on the assets 

and exposed population that is needed on a local scale. The use of hydraulic numerical models is still 

occasional [26] and reveals different application fields and different precision levels [27–29]. FPA 

precision depends on the availability and quality of topographic and hydrological observations [30]. 

The application field ranges from flood assessment to early warning systems [31], hydraulic 

constructions [32], and eco-hydraulics [33]. As a result, the literature still offers little on floodplain 

settlement dynamics and the expansion of settlements is often not quantified [34,35]. This is the first 

gap that must be addressed in order to improve flood disaster prevention. The second gap concerns 

the durability of houses in the event of flooding. Currently, the focus is mainly on the precariousness 

of urban construction [36–39], but less on consolidation [40] in the rural context, which increases the 

capital exposed to flooding. Once again, here, it is essential to know the characteristics of the housing 

stock in order to identify the retrofitting measures that can make buildings more resistant to water 

[41]. 

The objective of this study is to ascertain the changes of settlements and housing stock in the 

FPA over the past decade by answering two questions: first, does demographic growth in a rural 

context increase the exposure of settlements to flooding? Second, does the improvement of building 

materials increase the flood resistance of homes? Knowledge of these dynamics could help local 

administrations to identify and localize flood prevention and preparation measures [42]. 

The synergic contribution of three different disciplines (remote sensing, hydraulic, and spatial 

planning) and their application in a rural context represents a novelty of the research. To simplify the 

interpretation, the acronyms adopted in this study are listed in Table 1. 

Table 1. Glossary of acronyms used in the text. 

Acronyms Full Names 

FPA Flood-prone areas 

NFPA Non-flood-prone areas 

DEM Digital elevation model 

DMN Direction de la Météorologie Nationale du Niger 

BDINA Base de Données sur les Inondations Niger ANADIA 

HydroSHEDS Hydrological data and maps based on shuttle elevation derivates at multiple scales 

PDF Probability density functions 

RP Return period 

HEC-HMS Hydrologic Engineering Center - hydrologic modeling system 

HEC-RAS Hydrologic Engineering Center - river analysis system 

CN Curve number 

SAM Spectral angle mapper 

NDBI Normalized difference built-up index 

NDVI Normalized difference vegetation index 

2. Materials and Methods 

2.1. Study Area 

For this study, a rural area exposed to floods in one of the countries with the highest rural 

population growth in the Sahel was considered: the municipality of Guéchémé (109,000 inhabitants 

in 2012) in Niger. Between 2001 and 2012, the municipality's population grew by 23%. The municipal 

territory is in a watered region (annual average rainfall of 560 mm) of a semi-arid country [43,44]. 

The studied area (135 km2) is the Maouri Dallol (meaning "valley" in the Fula language), a floodplain 

that is densely cultivated thanks to the presence of water, but partially exposed to a flood hazard. 
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The floodplain accommodates 87 settlements consisting of 23,000 inhabitants, with one of the 

country's highest densities (167 inhabitants/km2) [45] (Figure 1). 

 

Figure 1. Territorial framework of the Maouri Dallol in the municipality of Guéchémé: Dallol river 

channel (1), study area (2), main settlements (3), municipal border (4), national border (5), national 

road no. 1 (6), unpaved tracks (7), and weather stations (8). 

Primarily, the study determined the past trend of rainfall and its impact and identified the FPA 

according to three return period scenarios. Subsequently, it analyzed the settlement dynamics 

between 2009 and 2019 by identifying the built-up areas and type of buildings based on high-

resolution satellite images (Figure 2). 
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Figure 2. Methodology flowchart. 

2.2. Rainfall Data Analysis 

The analysis of the settlement dynamics was based upon the synergic contribution of different 

disciplines. The first phase used elements of climatology for the pluviometric characterization of the 

territory. A series of 38 years of daily rainfall (1981–2018) registered at two weather stations of the 

National Meteorology Directorate (DMN, according to the French acronym) was used to track the 

local rainfall profile (annual accumulation) and the intense rainfall within the 95th percentile (trend) 

[46]. That trend was compared with the database of flood damage recorded and made accessible by 

the Niger flood database (BDINA, according to the French acronym) [47]. In addition, in 2018–19, two 

meetings were organized with the municipality and with the community of Guéchémé to ascertain 

the local perception of heavy rainfalls, their consequences, and the factors that transformed them into 

a catastrophic event. 

2.3. Hydrological Analysis and Hydraulic Modeling 

The second phase applied hydraulic methods to identify the FPA. The upstream hydrographic 

basin of the study area was defined through the DEM, the hydrological data and maps based on 

shuttle elevation derivates at multiple scales (HydroSHEDS) hydrographic grid [48,49], and GIS 

software. The morphology was derived from a 90 m DEM, which was resampled and merged with a 

10 m DEM for the North part of the study area [50]. The concentration time was computed through 

Giandotti's formula according to the size and characteristics of the catchment area and the river 

channel [51–53]. Using the rainfall data, the maximum rainfall, meaning the maximum precipitation 

during the concentration time—i.e., the period that generated the maximum runoff in the outlet point 

of the considered basin—was calculated. 

The statistical analysis of the annual maximum rainfall was conducted through the probability 

density functions (PDF) commonly applied to hydrology, such as log-normal, exponential, Gumbel, 

and generalized extreme value distributions [54,55]. Anderson–Daring and Pearson tests were used 

to identify the distributional adequacy of PDF and to ascertain the best fit with the dataset [56]. The 

statistical analysis facilitated the determination of the critical precipitation according to the annual 

probability of occurrence (P) and the computation of the relative return periods (RP), which were 

equal to the inverse of the annual probability (P): 

1/PR P  (1) 

The RP values chosen for this case study were 2, 20, and 200 years, corresponding to events with 

high, medium, and low probability of occurrence. 

These return periods were adopted to ensure the maximum variability and a clear distinction of 

the three scenarios, which were quite close due to the flat morphology of the large floodplain and the 

DEM inaccuracy [57]. 

Hydrographs and maximum discharges were computed through a hydrological model covering 

the upstream basin. The model was developed on the Hydrologic Engineering Center—hydrologic 

modeling system (HEC-HMS) software according to the curve number (CN) method, the 

meteorological data recorded in the Guéchémé gauge station, and the endorheic configuration of the 
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catchment area [58–60]. The CN was defined according to the land cover identified from the 

Copernicus dataset [61–63]: the watershed was almost completely covered by herbaceous vegetation 

(54%), sparse vegetation (24%), cropland (13%), and shrubs (8%). No discharge data were available 

for calibration. A validation was conducted based on the literature values of the runoff coefficient for 

the Sahelian area [64]. 

The determination of the FPA was carried out through a monodimensional hydraulic numerical 

model realized along 50 km of the Maouri Dallol floodplain [65]. The model was created with the 

Hydrologic Engineering Center—river analysis system (HEC-RAS) software [66] and was 

opportunely extended upstream and downstream to avoid anomalies related to boundary 

conditions. The hydraulic model was based on the composed 90 m and 10 m DEM morphology, the 

typical roughness of the vegetation present in the rainy season, and the discharge resulting from the 

hydrological analysis [67]. No surface water level observations were available for calibration. A 

validation of the flooded areas was conducted with the in-situ observations taken during the survey 

in July, 2018 and the ground-water levels of the piezometers of the study area. 

2.4. Satellite-Based Settlement Dynamics 

The third phase consisted of identifying the dynamics of the built-up area and the type of 

buildings (durable, non-durable) in the FPA and in the surrounding areas in 2009 and 2019 through 

high resolution satellite image analysis. This phase was developed in three main steps. 

First, the opportunity of extracting single buildings through semi-automatic elaborations of 

high-resolution satellite images was verified, testing different typologies of classification algorithms. 

Images were acquired between 6 and 14 October, 2009 [68] and between 1 and 6 September, 2019 [69], 

as detailed in Table 2. 

Table 2. Satellite imagery specifications. 

Image 

dataset 
Year 

Acquisition 

date 
Sensor 

Spectral 

resolution 

Geometric 

resolution 
Format 

1 2009 6–14 October GeoEye-1 4 bands 0.5 m Bundle1 

2 2019 1–6 September WorldView-2 8 bands 0.5 m Bundle 

1 Multispectral and panchromatic dataset. 

The images were subsequently pre-processed radiometrically (pansharpening [70] and 

radiometric calibration [71]) and geometrically (mosaicking and orthorectification [72]). The 

classification tests with pixel-based algorithms [73] (spectral angle mapper (SAM)), object-oriented 

algorithms [74] (image segmentation), and spectral indices (normalized difference built-up index 

(NDBI)/normalized difference vegetation index (NDVI)) [75] highlighted the difficulty in 

distinguishing, in a semi-automatic way, the roofs from the roads due to the very similar material 

used (respectively, earth and laterite) with overlapping radiometric responses. 

Consequently, the second step consisted of photointerpretation by an image analyst. The 

inhabited areas of the riverbed were determined, and the buildings were subsequently digitalized in 

2009 and 2019 through computer aided photo interpretation (CAPI). The use of a GIS (geographic 

information system) environment made it possible to generate a database containing not only the 

building geometries, but also the ancillary information, such as the material used for the roofs (straw, 

mud, and corrugated iron sheets, which constitute as many stages of the consolidation of 

constructions). The delimitation of the built-up areas took into account contiguous building lots 

(identifiable with walls or hedges) and non-contiguous building lots less than 50 meters away from 

the contiguous area. Twelve settlements with significant building expansion in the FPA, and as many 

in the non-flood-prone areas (NFPA), making a total of 24, were selected as case studies. The 

settlements toponyms were extracted from the national repertoire of inhabited locations. 

The third step superimposed the built-up area with the FPA according to three return period 

scenarios, allowing for an automatic multi-temporal analysis of the changes occurring between 2009 

and 2019 in terms of the share of built-up area compared to the total area of each settlement and the 



Sustainability 2020, 12, 5632 6 of 21 

 

share of buildings with roofs made from corrugated iron sheets compared to the total buildings of 

each settlement (further information is available in the supplementary material). 

The lack of precise data for the calibration of the model was the main limitation of this FPA 

characterization: it ensured a precision that was higher than GIS flood hazard mapping [76] but lower 

than state-of-the-art hydraulic models [77]. The low accuracy achieved with standard semi-automatic 

building extraction methods from satellite images was also a limitation, but was bypassed by means 

of manual digitization. 

3. Results 

In the past, the Maouri Dallol was crossed by a stream that originated in Northern Niger and 

flowed into the Niger River 910 km downstream. Today, its regime is intermittent and its endorheic 

behavior feeds a wetland with an aquifer close to the surface [78]. Heavy rains flood the valley both 

due to surface flow and water table rise. In Guéchémé, the Dallol crosses one of the most densely 

populated zones of Niger. Of the 87 settlements identified in 2019, one is large (Angoual Chekaraou), 

six are medium, 21 are small, and 60 consist of a few houses (Table 3). 

Table 3. Settlements in the Maouri Dallol of Guéchémé by size in 2019. 

Size Classes Settlements 

ha n. 

≥ 50 1 

10.00–49.99 6 

2.00–9.99 21 

< 2 59 

All 87 

3.1. Climatic and Hydraulic Characterization 

In the 1980s, Guéchémé had a dry period, followed by a wet decade and then an alternation of 

wet (with a declining trend) and dry years. The accumulated rainfall remained above 400 mm per 

year, a critical threshold for dry farming [79–81], except in the years 1984, 2016, and 2017 (Figure 3). 

One of the most significant changes in rainfall over the last forty years has been the increase in value 

(expressed in mm) of rainfall falling in the 95th percentile, or extreme rainfall. These precipitations 

increase from 40–50 mm/day (in the nineties) to today's 60–70 mm/day (Figure 4).  

 

Figure 3. Annual accumulated rainfall (blue) (Guéchémé and Guéchémé Centre de Santé stations) 

between 1981 and 2018, critical rainfall threshold of 400 mm/year (red), incomplete data (grey). 
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Figure 4. Trend of precipitations in the 95th percentile (red) (Guéchémé and Guéchémé Centre de 

Santé stations) between 1981 and 2018 and incomplete data (grey). 

The hydrologic analysis revealed the following results: 1) the concentration time of the Dallol 

Maouri watershed was 210 hours (about 9 days), 2) the only PDF that passed the adequacy 

distribution tests was the log-normal one, and 3) the cumulated rainfall, based on the concentration 

time of 9 days for the computed return period (RP) ranged from 133 to 287 mm. The flood 

hydrographs, computed with the hydrological model, agreed with the hydrology of this endorheic 

area. 

The FPA extended between 25 and 67 km2, depending on the flood scenario considered (Table 

3). The FPA covered a considerable surface area due to the high transverse extent of the floodplain at 

Guéchémé (approximately 4 km), characterized by a considerable number of counter slopes. The 

NFPA surrounding the RP200 flood limit, considered as a reference to compare the settlement 

dynamics, extended over 68 km2 (Figures 5 and 6).  

The hydraulic model also enabled the determination of flow velocity and water depth, which 

could be valuable results for evaluating the effects on the assets concerned. The flow velocity was 

quite low due to the low longitudinal slope (0.04% = 40 cm/km) of the riverbed, with a maximum 

value of 0.85 m/s in the RP200 scenario. By contrast, the water depth was quite considerable, reaching 

a maximum value of 1.78 m in the RP200 scenario (Table 4). 

Table 4. Extension and characteristics of the flood-prone areas in the Maouri Dallol based upon the 

return periods (RP): velocity (V) and depth (D) referred to the urban area distribution. 

RP  

years 
Rainfall mm 

QMAX 

l/s∙km2 

Flood-Prone Area VMEAN 

m/s 

VMAX 

m/s 

DMEAN  

m 

DMAX  

m km² % 

2 133 2.73 25.2 12.5 0.14 0.43 0.63 1.34 

20 217 9.02 48.1 23.9 0.26 0.73 0.84 1.67 

200 287 18.05 66.7 33.2 0.33 0.85 0.97 1.78 

 

y = 9E-07x6 - 0.0002x5 + 0.0097x4 - 0.2622x3 + 3.3236x2 - 17.043x + 
61.2

R² = 0.7271
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Figure 5. Flood scenarios in the Guéchémé Dallol with probability of occurrence: high RP2 (1), 

medium RP20 (2), low RP200 (3), study area (4), main settlements (5), Maouri Dallol river channel (6), 

unpaved tracks (7), hydrographic basin limit (8), and creek flow direction (9). 
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Figure 6. Close-up view of the flood scenarios in the Guéchémé Dallol with probability of occurrence: 

high RP2 (1), medium RP20 (2), low RP200 (3), study area (4), main settlements (5), unpaved tracks 

(6), and Maouri Dallol river channel (7). 

3.2. Local Perception on Floods 

The meetings with the local authorities and the community of Guéchémé identified heavy 

rainfall, the reduction of vegetation, and the degradation of the soil as drivers of the increased runoff. 

These, together with the water table rise, caused floods in the Maouri floodplain. These floods—

particularly the memorable ones of 1994, 2012, 2015, and 2016—led to the collapse of many buildings. 

These events are substantially reflected in those listed in the BDINA database relating to the period 

2007–2016. In 2012, 2015, and 2016, many collapsed buildings were reported, particularly in 2013 

(Table 5). These events also caused extensive damages to cultures, but this aspect was not considered 

in this research. 
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Table 5. Catastrophic flood comparison between community remembrance and the Niger flood 

(BDINA) database between 2012 and 2016. 

Year 
Catastrophic floods 

Community remembrance BDINA 

2012 X X 

2013  X 

2015 X X 

2016 X X 

3.3. Settlement Dynamics 

In ten years, the number of settlements in the study area has increased by 7%: 13% in the NFPA 

and stable in the FPA; in 2009, 45 settlements were in the NFPA and 36 partially or entirely in the 

RP200 FPA; ten years later, 51 settlements were in the NFPA and 36 settlements in the RP200 FPA 

(Table 6, Figure 7). 

Table 6. Evolution of the number of settlements in the study area between 2009 and 2019. 

Settlements in 2009 2019 ∆2009-2019 

 no. no. % 

Non-flood-prone area 45 51 +13 

Flood-prone area 36 36 +0 

All 81 87 +7 

 

Figure 7. Settlement localization in the Maouri Dallol of Guéchémé: in non-flood-prone areas (1), in 

flood-prone areas (2), flood scenario RP200 (3), study area (4), municipal border (5), national border 

(6), unpaved tracks (7), and indication of analyzed settlements. 

Of the 87 settlements present in 2019 in the study area, 24—split equally between the FPA and 

the NFPA—recorded an expansion in surface area greater than 25% (Table 10). This sample, analyzed 

in-depth, revealed a 52% increase, particularly in the FPA (+71%) compared to the NFPA (+30%) of 
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the built-up area. The number of buildings increased by 12% (0% in the NFPA and 21% in the FPA) 

(Table 7). The wide differences of increment between built-up area and buildings led to a decrease in 

building density (from 40.6 to 29.4 build/ha) as a result of a consolidation process through the 

installation of buildings with corrugated iron sheet roofs. Between 2009 and 2019, these buildings 

increased by 3% to 21%, without substantial differences between the FPA and the NFPA. The roofs 

made from corrugated iron sheets thus increased by 592% against a 10% increase in buildings. In 

some locations, corrugated iron sheets are now used in almost half of the buildings: an increase of 

1400% in the decade considered (Tables 8 and 10). 

The exposure of buildings to flooding saw an increase of 29% (40% more than the total increase) 

in the area with a low probability of flooding RP200. At the same time, the exposure of buildings with 

corrugated iron sheet roofs increased by 695% in the same RP200 area, which was slightly more than 

the total increase (+609%). The consolidation of buildings was generally higher in the FPA than in the 

NFPA: the maximum consolidation occurred in the area with a high probability of flooding RP2 

(+27%), followed by that with a low probability of flooding RP200 (+12%), and only lastly in the area 

with a medium probability of flooding RP20 (+9%). 

Table 7. Building expansion of 24 settlements (12 in the flood-prone area (FPA) and 12 in the non-

flood-prone area (NFPA)) in the Guéchémé Dallol between 2009 and 2019. 

Settlements In the non-flood-prone area In the flood-prone area 
 2009 2019 ∆2009-2019 2009 2019 ∆2009-2019 

Area (ha) 76.16 99.36 +30% 88.09 150.58 +71% 

Buildings (n.) 3566 3578 +0% 3096 3760 +21% 

Density (build./ha) 46.8 36.0 −23% 35.1 24.8 −29% 

Table 8. Roof dynamics of 24 settlements (12 in FPA and 12 in NFPA) in the Guéchémé Dallol 

between 2009 and 2019. 

Roof 2009 2019 ∆2009-2019 

 no. % no. % % 

Straw 2369 36 886 12 − 63 

Mud 4067 61 4867 67 +20 

Corrugated iron sheet 226 3 1564 21 +592 

Total 6662 100 7317 100 +10 

Table 9. Flood exposure of buildings in the Guéchémé Dallol between 2009 and 2019, comparison 

between building expansion and building consolidation in the FPA. 

Flood exposure 2009 2019 ∆2009-2019 Consolidation Factor 1 
 no. no. % - 

Buildings 

Total 3096 3740 +21 - 

RP2 474 540 +14 0.94 

RP20 755 932 +23 1.02 

RP200 1030 1327 +29 1.07 

% in the flood-prone area 2 33% 35% - - 

Corr. iron sheet 

Total 115 815 +609 - 

RP2 11 99 +800 1.27 

RP20 25 194 +676 1.09 

RP200 37 294 +695 1.12 

% in the flood-prone area 2 32% 36% - - 

1 RPx ∆2009-2019/Total ∆2009-2019; 2 RP200 scenario referenced data. 

3.4. Main Dynamics 

In the Guéchémé Dallol, in the decade considered, three main settlement dynamics emerged 

(Tables 8 and 10, Figures 9 and 10): 



Sustainability 2020, 12, 5632 12 of 21 

 

1. Building expansion (a), expressed by a strong increase in the built-up area and/or the 

number of buildings. The expansion was low density and the buildings used corrugated 

iron sheets. Angoual Chekaraou was the most significant example, with an increase of 147% 

in surface area, 108% in buildings, and 1300% in corrugated iron sheet roofs. The expansion 

occurred above all in the FPA RP20 (Figures 9 and 10 Figure 9;  Figure 10). 

2. Building consolidation (b), expressed by the replacement of precarious buildings with semi-

permanent buildings (roofs made from corrugated iron sheets). This process reduced 

building density and sometimes the number of buildings. Lokoko testified to this process, 

with an increase of 400% in buildings with corrugated iron sheet roofs and a 23% reduction 

in building density (Figures 9 and 10 Figure 9;  Figure 10). 

3. Expansion and building consolidation (c), expressed by an increase in the built-up area 

(sometimes with already semi-permanent constructions) and a building replacement of the 

existing fabric. Toullou, for example, increased its surface area (+ 35%) and replaced straw 

roofs (−60%) with those made from corrugated iron sheets (+350%). By virtue of building 

consolidation, the percentage of buildings in the FPA was unchanged (Figures 9 and 10 Figure 9;  

Figure 10). 

Table 10. Settlement dynamics of representative settlements for each main dynamic between 2009 

and 2019. 

Dynamics a Expansion b Consolidation 
c Expansion + 

Consolidation 

Significant settlements Angoual Chekaraou Lokoko Toullou 

Data 2009 ∆2009-2019 2009 ∆2009-2019 2009 ∆2009-2019 

Area (ha) 28.6 +147% 38.9 +22% 5.7 +35% 

Buildings (no.) 416 +108% 1599 −6% 285 +9% 

Corrugated iron sheets 

(no.) 
28 +1318% 68 +410% 8 +350% 

Straw (no.) 75 −91% 771 −85% 125 −60% 

% in the flood-prone 

area 
18 +7pp1 - - 54 +0pp 

1 Percentage points. 

 

Angoual Chekaraou Lokoko Toullou 
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Tounga Tombo Angoual Bozari Here Damchi 

Dakora Bawada (Indayya) Guizarawa 

Tounga Atta Boye-Boye Balsando 

Tounga Maizaki Katamawa Angoual Kade 

 Tapkin Inoua Tounga Nassara 

 Yangana Tounga Makada 

 Tounga Mai Zongo  

Figure 8. Schematization of (a) less dense building expansion with dense pre-existing built-up area; 

(b) building consolidation with reduction in density of the pre-existing fabric due to building 

replacement; (c) expansion and building consolidation with reduction of the pre-existing fabric due 

to building replacement and new less dense expansions; precarious building (1), semi-permanent 

building (2), list of representative settlements for each main dynamic. 

 

Figure 9. Building expansion in the FPA in Angoual Chekaraou between 2009 and 2019: high (1), 

medium (2), and low (3) probability of flooding, built-up area (4), buildings with iron sheet roofs (5), 

unpaved tracks (6), and 2009 built-up area (7). 
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Figure 10. Details of the three main settlement dynamics of straw (1), mud (2), and corrugated iron 

sheet (3) roofs in Angoual Chekaraou (a1-2), Lokoko (b1-2), and Toullou (c1-2) between 2009 and 2019. 

Table 10. Surface areas, buildings, and roofs in FPA RP200 and in the NFPA. 

Settlement  

Area 2019 Buildings 2019 Iron sheet roofs 2019 

Total 
In the flood-

prone area  
Total 

In the flood-

prone area  
Total 

In the flood-

prone area  

ha % no. % no. % 

Dakora 2.69 49 150 49 10 50 

Angoual Chekaraou 70.71 31 866 25 397 31 

Illela Tounga Alou1 - - - - - - 

Angoual Bozari 16.92 21 517 18 58 21 

Bawada (Indayya) 32.95 45 1047 38 205 40 

Katamawa 5.41 38 196 41 31 23 

Guizarawa 5.07 28 227 19 19 47 

Toullou 7.69 59 310 54 36 78 

Balsando 4.44 20 226 21 40 25 
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Tounga Atta 2.5 100 145 100 7 100 

#492 0.85 100 11 100 4 100 

#54 1.35 94 45 91 8 75 

Lokoko 47.51 - 1510 - 347 - 

Tounga Tombo 3.22 - 129 - 65 - 

Tounga Nassara 3.44 - 146 - 15 - 

Tounga Maizaki 1.95 - 77 - 10 - 

Tounga Mai Zongo 0.41 - 19 - 7 - 

Yangana 3.44 - 158 - 27 - 

Angoual Kade 4.86 - 212 - 47 - 

Boye-Boye 15.19 - 547 - 107 - 

Tapkin Inoua 5.25 - 273 - 30 - 

Tounga Makada 3.01 - 111 - 13 - 

Here Damchi 10.53 - 385 - 80 - 

#60 0.55 - 11 - 1 - 

Disappeared between 2009 and 2019. 2Settlements marked with a ‘#’ are not reported in the National 

Repertoire of Localities (RENALOC). 

4. Discussion 

In three-quarters of the countries South of the Sahara, the rural population today is still in the 

majority and strongly increasing [9,18,82]. In these countries, the primary sector remains strategic for 

development and for reducing poverty [20]. This suggests the refocusing of attention from the urban 

sector [15,26,36] to the rural sector. Sustainable rural development involves protecting settlements 

from increasingly frequent flooding. Ascertaining if and how far rural settlements are occupying the 

FPA [3,4,7] should be a preliminary step for identifying appropriate protection and prevention 

measures: an aspect still investigated little by peer-reviewed literature [83]. 

The objective of this study was to verify the recent changes occurring in the settlements and 

housing stock in one of these areas: the Maouri Dallol in the municipality of Guéchémé, Niger. The 

quantitative analysis of the settlement dynamics between 2009 and 2019 made it possible to achieve 

this aim thanks to the availability of multi-temporal satellite images. The municipality's valley 

receives, on average, 595 mm of rainfall per year, slightly more than the regional average of the Dosso 

region [43,44]: a favorable condition for rain crops in a semi-arid zone, such as the Niger Sahel [79]. 

However, in the last twenty years, extreme rainfall (95th percentile) has increased by about 20 mm of 

intensity [6]. The effect of these rains on degraded soil increases the runoff and leads to the greater 

flooding of the Maouri Dallol. Over the last ten years in the Dallol, settlements have increased in 

number (+7%) and size. 

The first question to be answered in this study was if, in a rural context in demographic growth, 

the exposure of settlements to flooding had increased: an aspect recognized by literature [2,42,64,84] 

but rarely quantified [34,35]. It has been ascertained that in the last decade, in the Guéchémé Maouri 

Dallol, the expansion of the 24 observed settlements occurred for 71% in the FPA and 30% in the 

NPFA. Therefore, the exposure strongly increased due to human activity. 

The second question to be answered concerned the flood resistance of buildings constructed in 

the last decade in terms of building consolidation. In the Maouri Dallol between 2009 and 2019, there 

was a marked consolidation of buildings expressed by the transition from mud roofs to those made 

from corrugated iron sheets (from 3% to 21% in just 10 years), without distinction between the FPA 

and the NFPA. This process is decreasing the building density of all the analyzed settlements. The 

consolidation in the FPA sees an average of +720%, with peaks of up to +3500% in the area with a 

medium probability of flooding (RP20) in Angoual Chekaraou. This consolidation protects homes 

from the impact of heavy rainfall on the roof, but not from the runoff and the water table rise. Even 

though the low flood velocities observed do not represent a decisive factor in terms of the potential 

damage caused by floods, the considerable flood depths (up to nearly 2 meters) pose a real threat to 

buildings: if water enters homes with mud walls, they are guaranteed to collapse. This demonstrates 
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that the collapse of buildings occurs only because they are built from precarious materials and that 

concrete materials should be used for the full height of buildings to ensure flood protection. 

Many similar studies on floodplain settlement dynamics agree on the process of settlement 

expansion in flood-prone areas, both in African contexts [85] and in other regions of the world [12], 

but a peculiar characteristic of the Maouri Dallol is a decreased building density of the settlements 

compared to other contexts [86]. The consolidation of buildings and its implications on flood 

exposure is still poorly explored in the Sahel. However, in a broader context, the water effects on 

buildings after a flood event is fairly recognized [39,41]. 

One of the interpretative hypotheses of the two observed phenomena is that in the context of a 

growing population in a rural area and the consequent increased need to put more and more land 

into cultivation, the new nuclei need to settle close to the fields (and water) during the agricultural 

season, despite the occurrence of flooding [8]. The consolidation of residences with corrugated iron 

sheet roofs is undoubtedly an improvement to which everyone aspires as soon as their economic 

conditions allow it. However, in the event of flooding, the invested capital is also at risk of being lost. 

The meetings with the local authorities and with the community of Guéchémé highlighted the clear 

local perception of rainfall changes and the degradation of the soil, but not the increase in the extent 

of the FPA due to the ever more frequent extreme events. These areas, which are today estimated to 

be low in flooding probability, may become likely to be flooded if the processes of erosion and soil 

degradation continue in the future. Precisely for this reason, knowing the FPA according to different 

rainfall intensities and the settlement dynamics in place within them becomes important for deciding 

upon the measures to be adopted in the municipal development plan, particularly if extreme events 

grow in intensity and the population exposed to them increases [23]. The seasonality and high 

variability of surface flows in the Maouri Dallol may be one of the factors that determines a lack of 

adaptive responses by the local population compared to watercourses with a more regular regime, 

as observed in the Sirba River watershed in Niger [65]. 

The urgency to act is also dictated by the speed (just a decade for the discussed case study) and 

extent to which the expansion and consolidation of inhabited areas in the FPA have occurred. The 

municipal development plan could include flood risk prevention (information on at-risk areas, 

resettlement of exposed inhabitants, or protection of inhabited areas). The three main dynamics 

among the settlements of the Guéchémé Dallol facilitate the identification of specific measures to 

reduce the flooding risk. Delocalization or retrofitting of the individual buildings with entry barriers 

and raised basements is recommended for settlements that spread in low density in the FPA, while 

the construction of embankments and dikes to protect against runoff water is more suitable for 

settlements that are still dense [87]. 

Among the results of this study, the role of satellite remote sensing, fundamental for multi-

temporal analysis (in the absence of other reliable reference data: e.g., cadastral data), is highlighted, 

thanks to the now well-established availability of historical archives (starting from around the year 

2000) of high-resolution satellite images. On the other hand, low thematic accuracy has been obtained 

in the application of semi-automatic standard classification algorithms for extracting building 

footprints from high-resolution satellite images. These accuracies are undoubtedly affected by the 

geographical context, characterized by the presence of numerous buildings with mud-covered roofs 

(or temporarily used for forage conservation) and unpaved roads, both having similar radiometric 

responses and, therefore, difficult to isolate. Conversely, more promising results are observed for 

corrugated iron sheet roofs, which can easily be isolated. These results led to an approach based on 

photointerpretation and manual digitization in a GIS environment. In order to increase the level of 

the automation of this phase of the methodology, the use of image segmentation techniques based on 

deep learning algorithms is considered extremely promising [88], also by exploiting the better 

spectral resolution of recent satellite sensors. 

The main limit of the analysis is the accuracy of the perimeter of the FPA. This is affected by the 

lack of detailed information on both soil morphology and hydrology. In particular: 1) the low 

planimetric resolution and vertical accuracy of the DEM; 2) the lack of surface flow measurements; 

and 3) the lack of surface flow measurements makes the determination of the FPA inaccurate. For 
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point 1), the use of high-resolution satellite stereoscopic pairs, which facilitate the extraction of DEM 

with planimetric resolutions and vertical accuracy in the order of a few meters, is considered 

promising. For points 2) and 3), it is hoped that this initial characterization of the FPA of the Maouri 

Dallol floodplain will increase the authorities’ awareness of the importance of investing time and 

resources both in field observations and in flood protection measures in this area. 

5. Conclusions 

In recent years, the rural Sahel has been struck by catastrophic floods, which have slowed down 

the already stunted development process. Until now, the literature has explained these catastrophes 

by studying climate changes and variations as well as alterations of land cover. Knowledge of 

floodplain settlement dynamics has not advanced in parallel, especially in rural contexts. This study 

focuses on a 135 km² rural area in Niger, with a high population growth and flood risk, during the 

decade 2009–2019. The settlement dynamics were ascertained through the photointerpretation of 

multi-temporal high-resolution satellite images and superimposed on the flood boundaries according 

to three return period scenarios (2, 20, and 200 years). 

A significant increase in the intensity of heavy rainfall in the 95th percentile over the last 20 years 

(+ 20 mm/day) and four catastrophic floods during the last decade was observed. However, the 

settlements increased by extension (+ 52%) and 70% of this expansion occurred in areas with a 

medium and high probability of flooding. The number of buildings also increased by 21% in the same 

areas. Many buildings (+ 592%) were consolidated by installing corrugated iron sheet roofs in place 

of traditional mud roofs, which could be a proxy indicator of improved economic prosperity. This 

consolidation process was more intense in areas with a high probability of flooding (up to + 800%). 

However, this improvement is not sufficient to cope with rain-induced floods, as the runoff water 

can make the walls of the buildings, which are still built from mud, collapse. Therefore, the 

investment to improve the roof increases the exposed capital but reduces the exposure to damage 

caused by floods to a limited extent in a context where the hazard has increased. 

The significance of these results should draw the attention of the local authorities, who need to 

identify and implement prevention and preparation measures in the local development plans. The 

better knowledge and awareness of flood-prone areas and of how settlements develop around them 

will help the authorities to protect people and assets from natural hazards and facilitate economic 

development. 

Historical satellite images enabled the extraction of detailed building information at the 

beginning and end of the study period, but the traditional methods of semi-automatic extraction of 

individual buildings from high resolution satellite images did not produce adequate results in this 

geographical context. On the other hand, the hydraulic model developed in this study was able to 

delimit the floodplain settlement dynamics with sufficient accuracy for local planning with respect 

to the methods currently applied in the Sahel, such as the creation of a buffer around the rivers and 

the overlay of images of historical floods over low resolution satellite images on the ground. This 

type of analysis can be replicated in other rural contexts with high population density, allowing local 

administrations to identify and localize flood prevention and preparation actions. 

Finally, the relevance of a multi-disciplinary research group, which allowed for the synergistic 

integration of spatial planning, hydraulics, and satellite remote sensing skills to extract value-added 

information in support of decision-making processes, should be underlined. 
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