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Abstract: Hydro-climatic risk assessments at the regional scale are of little use in the risk treatment
decision-making process when they are only based on local or scientific knowledge and when they
deal with a single risk at a time. Local and scientific knowledge can be combined in a multi-hazard
risk assessment to contribute to sustainable rural development. The aim of this article was to
develop a multi-hazard risk assessment at the regional scale which classifies communities according
to the risk level, proposes risk treatment actions, and can be replicated in the agropastoral, semi-
arid Tropics. The level of multi-hazard risk of 13 communities of Hodh Chargui (Mauritania)
exposed to meteorological, hydrological, and agricultural drought, as well as heavy precipitations,
was ascertained with an index composed of 48 indicators representing hazard, exposure,
vulnerability, and adaptive capacity. Community meetings and visits to exposed items enabled
specific indicators to be identified. Scientific knowledge was used to determine the hazard with
Climate Hazards Group Infra-Red Precipitation with Station (CHIRPS) and Tropical Rainfall
Measuring Mission (TRMM) datasets, Landsat images, and the method used to rank the
communities. The northern communities are at greater risk of agricultural drought and those at the
foot of the uplands are more at risk of heavy rains and consequent flash floods. The assessment
proposes 12 types of actions to treat the risk in the six communities with severe and high multi-
hazard risk.

Keywords: agricultural drought; climate change; heavy rains; hydrological drought; meteorological
drought; risk assessment; Sahel; sustainable rural development

1. Introduction

In the semi-arid rural areas of tropical Africa, drought reduces access to water for human
consumption and affects both livestock and rain-fed crops. In the same areas, more and more frequent
flash floods destroy irrigated crops, damage hydraulic works, and consequently prevent recession
agriculture with which smallholder farmers compensate the deficit of rain-fed crops [1]. The
coexistence of different hazards is so frequent that the Sendai framework for Disaster Risk Reduction
(2015) recommends a sustainable livelihood development based upon multi-hazard risk assessments
[2]. However, the risk assessments published on tropical Africa (Table 1) deal with a single hazard at
a time, which in 90% of cases, is the flood hazard and, for the remainder, the drought hazard.
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Table 1. Twenty-six risk assessments at regional-scale in Tropical Africa, 2005-2018.

Risk Assessment Phase Determinant Hydro-Climatic Threat Reference
Analysis Hazard Flood, drought [3]
Fluvial, pluvial flood [1]
Flood [4-17]
Fluvial flood [7,8,11,18-25]
Drought [26,27]
Meteorological drought -
Hydrological drought [27]
Probability [1,3,11,18,19,27]
Adaptive capacity [1,9,17,18]
Evaluation - [1,4,7,11,13,19,21]

The published assessments usually follow two approaches. The first approach performs distance
assessments through satellite images, digital elevation models, soil maps, precipitations, and stream-
flow datasets. When the approach involves using indicators, it obtains them from literature rather
than from ground truth. It neglects the risk reduction actions in progress and proposes few in case of
drought. The second approach listens to the community. This is not sufficient to appreciate the risk
of events that the community has not yet experienced [28], to assess the probability of disaster (which
is a constitutive element of the concept of risk), or to identify the exposed areas.

Although the importance of local knowledge in adapting to climate change [29] is
unquestionable and there is a broad consensus regarding the need to combine it with scientific
knowledge in risk reduction [30-32], assessments in tropical Africa which integrate both types of
knowledge are still rare [1,3,18].

The Sendai framework recommends improving the understanding of risks at all spatial scales
[10]. Indeed, after Sendai, the subnational assessments have increased. The regional scale is important
for action, as it is that in which official development aid and the local authorities themselves operate
most often with medium-term programs and projects. However, regional scale risk assessments
struggle to estimate the hazard when climate information is scarce [34], to identify truly expressive
indicators of the risk determinants, to take account of the risk reduction measures in place, and to
suggest pertinent ones for the future (Table 1).

At the regional scale, assessments which identify the most exposed communities and suggest
how to deal with the risk could help official development aid and the local authorities in risk-
informed decision-making, which would certainly aid sustainable livelihood development.

The aim of this article was to develop a multi-hazard risk assessment ranking the communities
according to the risk level and identify risk reduction actions using local and scientific knowledge
and techniques adapted to unskilled operators and scant information.

To achieve this objective, the multi-hazard risk index (MHRI) was proposed. The risk equation
used combines hazard (H), meaning the “potential occurrence of a natural physical event that may
cause loss of life, injury or damage to property” [35]; exposure (E), or “the presence of people,
livelihoods, species or ecosystems, environmental functions, services, and resources, infrastructure,
or economic, social, or cultural assets in places and settings that could be adversely affected” [35];
vulnerability (V), “the propensity or predisposition to be adversely affected” [35]; and adaptive
capacity (AC), namely “the ability of systems, institutions, humans and other organisms to adjust to
potential damage, to take advantage of opportunities, or to respond to consequences” [35]: R = H x
(E+V - ACQ). The equation is an adaptation of that proposed by Crichton [36]. Each risk determinant
is expressed by indicators, which were identified after discussion with the communities and visits to
the exposed items.

The multi-hazard risk assessment was carried out with 13 rural communities of the
municipalities of Adel Bagrou, Agoueinit, Bougadoum, Oum Avnadech, in Hodh Chargui,
Mauritania, a landlocked region located 1100 km from the Atlantic Coast (Figure 1).
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Figure 1. The 13 rural communities of Hodh Chargui where the multi-hazard risk assessment was
developed.

Location names in local documents change. This article used the names adopted by the general
census of the population of the Islamic Republic of Mauritania in 2013 [37]. These communities were
among the most in need of reducing the hydro-climatic risk, according a preliminary survey on 271
communities (2017) of the Hodh Chargui. The 13 communities can be aggregated into three clusters:
One around Néma, the capital of Hodh Chargui; one to the south-west of Néma; and one to the south,
around Adel Bagrou, close to border with Mali. The Hodh Chargui is experiencing strong
demographic growth: The region increased from 212,000 inhabitants in 1988 to 431,000 inhabitants in
2013 [37].

The 13 agropastoral communities have between 400 and 2600 inhabitants. These are settlements
that have been established mostly in the last 40 years, constituted by the agglomeration of stone
dwellings (sometimes made from crude earth bricks). Each stone dwelling is flanked by a
construction with a two-pitched roof, under which life takes place during the warm months, and an
enclosure for the animals around a tree in the branches of which the fodder is stored.

The key elements of each community are the wells which are, in general, traditional (uncovered,
without water pumps), and are, in some cases, flooded during the wet season. In the dry season, they
may be found some kilometers away. It is rare for a community to have a borehole with a respective
water reservoir. The mosque, the school, and the community leader’s residence are the other
significant locations of each community. During the dry season (November-May), the shepherds go
to the southern pastures. Only a small part of the livestock remains in the communities for
requirements of milk, cheese, and meat. To sell the animals, the shepherds go as far as Senegal,
traveling between 100 and 300 km [38].

Between June and August, rain-fed agriculture is practiced. The herds return to the pastures
around the villages of origin. Half of the communities use an ephemeral wetland, at the edges of
which they dig wells for pastoral and sometimes human use. In this season, some communities
remain isolated because the conditions of the tracks do not allow vehicular access. Poor rainfall leads
communities to pick up the runoff with earth embankments to practice recession agriculture from
October onward. The embankments are, however, exposed to trampling by the herds which cross
them or by the heavy rains. When the embankments are damaged, they no longer retain water and
recession agriculture is reduced to small surfaces. The households that can afford it enclose the fields
with metal fences to protect the crops from stray livestock. Those who do not have such resources
resort to the use of thorny branches, which is prohibited, to preserve the scarce arboreal and shrubby
coverage of the region. Later, when the dry season takes hold, irrigated commercial agriculture
commences.
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These activities are constantly exposed to drought, which manifests primarily with “an
abnormal precipitation deficit” [35] (meteorological drought). This has effects that continue well
beyond the wet season: The availability of fodder (trees, shrubs, grass) drops, the ephemeral wetlands
where livestock are watered do not fill up, the surface aquifer does not refill, the pastoral wells and
traditional wells used by many communities dry up or have poor quality water, and the possibility
of recession agriculture and irrigated gardening fades.

Drought can also manifest with a “shortage of precipitation during the runoff and percolation
season primarily affecting water surfaces” (hydrological drought) and with a “shortage of
precipitation during the growing season” (agricultural drought) [35].

The three forms of drought co-exist with heavy precipitations, which damage the earth
embankments, as well as make the wells in the flood areas inaccessible and, if flooded, unusable. All
these events threaten the livelihood of the Hodh Chargui communities (Figure 2).

Hazards | Meleorological \ Hydrological | ’ Agricultural | ‘ Heavy ‘
drought drought drought Tain
Triggers Yearly Ephemeral [Wells with poor| Dry 3H rainfall
precipitations wellands ——> = water flow spells =20 mm
below 150 mm dl}'y = wnl('riquallly
l —
Impacts Ttk oF Biiiite Decrease Reduced Decrease Lack of pasture Earth
[;)r pe n}; :mm“ L sl psmesseiises irrigated access rain-fed crop for embankment
cattle agriculture to drinking yields transhumant failure
yields water cattle
¥
Decrease
recession
agriculture
yields

Livelihood worsening

Figure 2. Main hazards and their impacts on livelihoods in the Hodh Chargui, Mauritania.

This assessment thus considered meteorological, hydrological, and agricultural drought and
heavy precipitations. The four hazards are combined in the multi-hazard risk index (MHRI),
respecting the same importance of each risk determinant and the quantitative measurement of the
indicators [39].

The assessment is organized into four phases (Figure 3).
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Figure 3. Multi-hazard risk assessment flowchart.

The first phase identifies the context: The trend of daily precipitation, the variation in the
extension of surface waters, the risk criteria (equation, probability of occurrence, level), and the
technique to be used. The second phase identifies the risk: Which datasets to use to determine the
hazard and how to ascertain exposure, vulnerability, and adaptive capacity. The third phase
identifies the indicators for each risk determinant, collects information from the 13 communities,
processes the data, produces the MHRI, and represents it on the map. The final phase identifies the
risk reduction actions.

The most significant results obtained by the assessment are the reproducibility of the
methodology and the existence of very different risk levels in an apparently homogeneous territory,
influenced, above all, by meteorological drought and heavy rains, and the proposal of 12 risk
reduction actions.

2. Materials and Methods

The multi-hazard risk was ascertained using the index technique [40]. This technique fits
unskilled operators and can be used in other regions of Mauritania.

The MHRI adds up the risk indices of the three types of drought and heavy precipitations. The
index is made up of 48 indicators that quantitatively scored hazard, exposure, vulnerability, and
adaptive capacity. The actual values found for each indicator were normalized within a 0-1 scale.
The indicators were then added and normalized in a 0-1 scale for exposure, vulnerability, and
adaptive capacity (Supplementary file 1). Twenty-nine vulnerability and exposure indicators were
acquired through a survey in each community (April 2017), fifteen exposure and adaptive capacity
indicators were measured during a visit at the end of the dry season (May 2018), and four hazard
indicators were acquired from datasets on the daily and three-hourly rainfall and from satellite
images (Figure 4). The survey (April 2017) and the subsequent visit (May 2018) encountered between
12 and 20 inhabitants in each community gathered in two separate groups: Herders (men), and
horticulturalists, goat and sheep breeders, and sun-dried tomatoes, milk, yogurt, cheese, dried meat,
leather, livestock feed sellers (mainly women). Each group was asked a series of questions
(Supplementary file 2).
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Figure 4. Indicators used in the multi-hazard risk index for 13 communities in the Hodh Chargui,
Mauritania.

The meteorological drought hazard is expressed by the probability of occurrence of rainfall
accumulation during the months of July, August, and September of less than 150 mm. That limit was
identified based upon the quantity of rain considered the minimum amount necessary to produce
plant biomass in an arid Sahelian environment [41-44]. Rainfall distribution is derived from the
Climate Hazards Group Infra-Red Precipitation with Station (CHIRPS) dataset in the 1981-2018
period. Using these values, we calculated the annual rainfall accumulation and evaluated it on the
38-year historical series (1981-2018) to determine how many years there was a rainfall of less than
150 mm for each community.

The hydrological drought hazard was calculated on six ephemeral wetlands of reference for
most of the communities considered. Its determination, due to the absence of localized information,
did not use the current indices of hydrological drought [45]. The analysis was based upon the
extension of the ephemeral wetlands as identified by calculating the Normalized Difference Water
Index (NDWI) [46] on the Landsat satellite images. The availability of a limited series of images led
us to identify the rainfall accumulation, which determined the years in which the surfaces of the
ephemeral wetlands were less extensive. Then, we searched for the frequency of that value in the
1981-2018 rainfall series.

First, the annual surface profile of each ephemeral wetland in a dry year (2014) and in a wet year
(2015) was determined. The satellite images were taken on different dates (t) each year, requiring the
construction of the profile by interpolating the surface data with the formula:

Surface,  — Surface,_,
Surface = Surface,_ . + X N.Days
face, face,_, N.Days o oy YSi(-(-)1

The results allowed us to construct the average surface area growth values (Figure 5).
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Figure 5. Interpolated profile of Agoueinit and Vani ephemeral wetlands area in 2014 and 2015 and
the average growth curve.

Using those average values, it was possible to calculate a standardized profile of the daily step
curves for the July-November period. The standardization was calculated daily, using the maximum
value recorded for each ephemeral wetland as a reference (Figure 6).
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Figure 6. Normalized growth curves of the six ephemeral wetlands.
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With only the 2014 and 2015 years available, we found a rough curve of variation of the surfaces
of the ephemeral wetlands. However, with this method, it was possible to discriminate between the
various ephemeral wetlands.

Using the CHIRPS estimated rainfall dataset, the rain signal was decomposed at various time
intervals from the accumulation of 7, 14, 30, and 60 days before the measurement of the surface of the
ephemeral wetland in question, the accumulation of the two central months of the rainy season
(August-September), and the entire season. With those values available, we sought to understand
which rainfall time interval most influenced the filling of each individual ephemeral wetland, and
then analyzed the correlation. The results show a different sensitivity of each individual ephemeral
wetland to the August-September precipitations (Table 2).

Table 2. Correlation between the precipitation-ephemeral wetland surface.

Ephemeral Wetland 7 Days 14 Days 30Days 60 Days August-September Season

Agoueinit 0.61 -0.01 0.16 -0.06 0.39 0.40
Elkenar -0.44 0.02 0.48 0.32 0.54 0.35
Goubiye -0.54 -0.20 0.10 041 0.44 0.46
MBoreye -0.33 0.15 0.44 0.45 0.58 0.48
Vani -0.14 0.16 0.44 0.28 0.42 0.13
Average -0.33 0.15 0.44 0.45 0.58 0.48

The period of rainfall that, on average, most influenced the filling of the ephemeral wetland was
the accumulation of rain in the months of August and September. That time interval was used to
identify the rainfall that characterized the three years with less surface of the ephemeral wetland. The
average value of these three years was used to identify the critical rainfall and, consequently, the
probability of occurrence on the entire series (1981-2018).

The adopted method remains more suitable to measure changes in water bodies over time than
that proposed by the European Commission Joint Research Centre, which reports the status of the
individual pixels that make up the water bodies without, however, reporting the precise date of
which they are observed [47].

The agricultural drought hazard was measured with the probability of occurrence of dry spells
of at least 10 consecutive days during the months of July, August, and September, ascertained using
the CHIRPS dataset for the period 1981-2018 for each community. The choice of this spell length
reflected the need to consider a threshold that could generate a negative impact on rain-fed crops in
this region, which is strictly dependent on the specific crops’ resistance to drought stress [48].

The heavy precipitation hazard is expressed by the probability of occurrence of three-hourly
rainfalls higher than 20 mm ascertained using the Tropical Rainfall Measuring Mission (TRMM)
dataset for the 1991-2014 period at each ephemeral wetland.

The exposure to meteorological drought is given by the presence of irrigated crops, the number
of inhabitants per well, and tropical livestock units [49] which remain in each community in the dry
season: The higher the number, the more the community is exposed to drought. The exposure to
hydrological drought is represented by the number of ponds, earth dams, and inhabitants of each
community. As for exposure to agricultural drought, this is given by the presence of horticultural
activities protected by barbed wire fencing against the intrusion of stray cattle and the presence of
pasture and arable surfaces. A proxy indicator is the share of bare land in the territory of each
community: The lower it is, the greater the exposure. The exposure to heavy precipitations is given
by the number of earth embankments and by the wells and houses in flood prone areas, which could
become inaccessible or be flooded.

The vulnerability to meteorological drought is given by the distance of the pastures from the
village in the dry season. The vulnerability to hydrological drought is expressed by distant wells with
poor water flow and quality and by the lack of boreholes, functioning fountains, or by broken diesel
water pumps. It is also expressed by the population growth rate of the community in question, which
increases the demand for water. The vulnerability to agricultural drought is still linked to the
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availability and accessibility of wells for irrigation, the practice of cropping for self-consumption
only, the rate of unfenced lots, the distance to the market, and the number of days of road
interruption. The vulnerability to heavy precipitations is expressed by the possibility of receiving an
early warning by telephone (therefore, the coverage of the area with a mobile phone signal), by the
lack of protection of the earth embankments from the crossing of livestock, by the absence of
spillways and locks, which reduce the pressure of flash floods on the hydraulic works, and by the
presence of creeks without bank protection.

The adaptive capacity is of three types [50]: Capacity to anticipate risk, to respond to risk, and
to recover and to change. For meteorological drought, the existence of radio programs aimed at
farmers who report where vaccines and vaccination parks for livestock (anticipate), pastures, water,
and fodder banks (recover) are available is paramount. For hydrological drought, the existence of
boreholes, fountains or mini aqueducts (respond) which cover the demand for water by drawing
from deep aquifers, especially if powered by solar water pumps, which have lower operating costs
than diesel water pumps, is important.

Agricultural drought can be overcome if there are extension services (anticipate) and farmers’
associations (recover). For heavy precipitations, radio access counts to receive early warning
(anticipate). Spillways and locks in the earth embankments allow the pressure of flash floods on the
earth embankments to be regulated, preserving them from collapse (respond).

In order to compare the different hazards, we took a series of precautions [39]. Each indicator
and each determinant has the same significance. The probability of occurrence of each hydro-climatic
hazard was calculated observing the same timeframe (1981-2018), except for heavy precipitations
(1998-2014).

For each individual risk, the value of every individual determinant ranges between 0 and 1,
irrespective of the number of indicators that describe it. Each indicator has the same significance. The
MHRI was obtained by adding the values of the four single risks. Its value can theoretically vary from
0 to 8. The absolute interval between the maximum and minimum value was divided into four equal
parts to indicate low (0-2), moderate (2—4), high (4-6), and severe (6-8) risk. In reality, the highest
value can never be reached because the hazard is always less than 1 and all the communities have
risk reduction actions in place that bring the value of the adaptive capacity higher than 0.

The calculation allowed to identify which risk, determinant, and indicators have the greatest
effect on the MHRI. The indicators that present the highest value (exposure, vulnerability) or lowest
value (adaptive capacity) oriented the identification of risk treatment actions among the best practices
developed in the Hodh Chargui region. Each of these were then assessed with the communities,
considering the expected impact on sustainable rural development, the successful use in the region,
the community participation in construction works, the maintenance requirements, the maintenance
local capacities, and the community acceptance. One point was attributed to each criteria. The
resulting ranking identified priority actions.

3. Results
3.1. Hazard

3.1.1. Meteorological Drought

It is somewhat challenging to define meteorological drought in Hodh Chargui. The scarcity of
observed data does not allow us to understand the quantity of precipitation that can generate a
negative influence on the production system. Furthermore, the production systems are naturally
resistant to extreme drought conditions. Literature identified 100-150 mm of the annual rainfall as
the threshold within which plant species that are most resistant to drought can produce biomass even
in extreme conditions [41-44]. For this work, we decided to use the 150 mm threshold for
meteorological drought. Using the CHIRPS series, the rain profile of the region was extracted. In the
last 38 years, the Hodh Chargui had its driest period during the 1980s, with a minimum of 102 mm
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in 1983. In the last 13 years, there has been a trend toward the recovery of rainfall, with values that
never dropped below 150 mm per year commencing from 2006 (Figure 7).
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Figure 7. Yearly precipitation 1981-2018 in the southern Hodh Chargui region by Climate Hazards
Infra-Red Precipitation with Station (CHIRPS) dataset and 150 mm limit.

The rainfall distribution follows a south-north gradient starting from 300 to 150 mm/year.
Nevertheless, during the 2010-2018 period, there was a recover in rainfall of 30-50 mm/year
throughout the region (Figure 8).
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Figure 8. The difference in average accumulated rainfall during 2010-2018 and 1981-2010.

Boukahzama 1, Agoueinit, and NGuiya are the northernmost communities and are most likely
to have rainfall of less than 150 mm. Conversely, the five communities on the border with Mali
(Drougal, Gnebett Ehel Heiba, Jrana, Mberey El Jedida, and Goubya Elmesjid) have a very low
probability of meteorological drought (Table 3).
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Table 3. Meteorological drought probability for 13 communities of the Hodh Chargui.

Community n. Years <150 mm Probability
Boukhzama 1 26 0.68
Agoueinit 14 0.37
NGuiya 14 0.37
Begou 4 0.11
Elkenar 4 0.11
Legaida 3 0.08
Legdur 2 0.05
Vani 2 0.05
Mberey El Jedida 1 0.03
Goubya Elmesjid 1 0.03
Jrana 1 0.03
Drougal 0 0.00
Gnebett Ehel Heiba 0 0.00

3.1.2. Hydrological Drought

Six ephemeral wetlands constitute the surface water resources of reference for the investigated
communities. These are semi-permanent and shallow water bodies of maximum extension between
6 and 30 km?. All are characterized by weak depth. Despite this, they are a fundamental resource for
human and pastoral water supplies, for fishery resources, and in the case of Agoueinit, for recession
agriculture. The flood regime is not the same. It is rare for a dry or wet year to affect all six ephemeral
wetlands. In 2003, the ephemeral wetlands reached, in total, 78% of the maximum surface, followed
by 2011 (70%), 2009 (57%), and 2012 (55%). In 1987, five ephemeral wetlands out of six had a surface
reduced to less than 10% of the maximum observed extension. In 2005, it was so dry that the average
surface of the ephemeral wetlands dropped to 1% of the maximum average. In 2014, a hydrological
drought was experienced by half of the ephemeral wetlands, while two out of six experienced a
hydrological drought in 2016. The two southernmost ephemeral wetlands have not suffered drought
in the last eight years, while the northernmost has been dry for six years out of eight, and the center-
south has been dry for one or two years out of eight (Figure 9).
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Figure 9. Minimal (left) and maximal (right) surface of six ephemeral wetlands in the Hodh Chargui,

Mauritania, 2001-2018.

According to the described methodology, which attributes the extension of six ephemeral
wetlands to rainfall, it is possible to establish the drought probability on the same period used to
estimate the meteorological drought probability. It follows that the ephemeral wetland of Agoueinit
is particularly prone to drying out compared to all the others (Table 4).
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Table 4. Hydrological drought probability for the six ephemeral wetlands in the Hodh Chargui.

Ephemeral Wetland Probability
Agoueinit 0.47
Elkenar 0.13
Vani 0.09
Goubye Elmesjid 0.09
Jrana 0.09
Legdour 0.06
Mberey El Jedida 0.06

3.1.3. Agricultural Drought

Agricultural drought occurs when drought affects agricultural and pastoral production. The 13
communities in question cultivate in rain-fed conditions, in the form of recession agriculture, and of
irrigated gardens. The first type of agriculture is influenced by the rainfall distribution. Pastoral
production, which plays a major role in the region’s economy, is influenced by the presence of
pastures for transhumant herds during the wet season. Biomass production is therefore relegated to
spontaneous herbaceous and shrub species, which are naturally very resistant to water stress
conditions. However, lengthy dry spells during the wet season can reduce the availability of fodder.
Using the CHIRPS dataset, the daily series of the different communities was extracted and the
maximum length of the dry spell during the season was assessed (Figure 10).

16

12)

8

()
| |
0

Figure 10. Maximum dry spell length in July, August, and September in Hodh Chargui using the
CHIRPS dataset.
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From 2006 onward, rainfall is favorable, although it is always below 300 mm/year. However,
there are three years with dry spells equal to or greater than ten days. The frequency of dry spells
follows a north-south distribution. Dry spells are more frequent in the northern communities of
Boukhzama 1, Agoueinit, and NGuiya, and are less frequent in the southern communities of Drougal,
Gnebett Ehel Heiba, Goubya Elmesjid, Jrana, and Mberey El Jedida (Table 5).
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Table 5. Agricultural drought probability expressed by dry spells frequency in 13 communities of
Hodh Chargui, 1981-2018.

Dry Spell of
Community 10 Consecutive Dry Days Probability
n. Years

Boukhzama 1 34 0.89
Agoueinit 28 0.74
NGuiya 28 0.74
Legaida 22 0.58
Begou 21 0.55
Elkenar 17 0.45
Legdur 16 0.42
Vani 16 0.42
Jrana 14 0.37
Mberey El Jedida 14 0.37
Goubya Elmesjid 13 0.34
Drougal 12 0.32
Gnebett Ehel Heiba 12 0.32

3.1.4. Heavy Precipitations

It is difficult to define heavy precipitation in Hodh Chargui. The data are scarce and only one
study has allowed for the definition of a threshold of extreme rainfall (37 mm/day) [51]. That value
does not necessarily involve the generation of conditions favorable to flash floods. Those phenomena
are linked to high rainfall intensity in periods of less than one day. As a consequence, the frequency
of three-hourly rainfall higher than 20 mm was verified by analyzing the extractions of the three-
hourly values from the Tropical Rainfall Measuring Mission (TRMM) dataset in the 1991-2014 period
for each of the 13 communities. It follows that Boukhzama 1, Drougal, and Gnebett Ehel Heiba exceed
this threshold more frequently than Elkenar, Jrana, and Mberey El Jedida. In this case, there is no
decreasing distribution of the frequency of the hazard as it proceeds from north to south (Table 6).

Table 6. Heavy precipitations (>20 mm in 3 h) probability according the Tropical Rainfall Measuring
Mission (TRMM) dataset, 1998-2014.

>20mmin3h

Community 1. of Years Probability
Boukhzama 1 7 0.41
Drougal 6 0.35

Gnebett Ehel

Heiba 6 0.35
Begou 5 0.29
Legaida 5 0.29
Legdur 5 0.29
Vani 5 0.29
Agoueinit 4 0.24
Goubya Elmesjid 4 0.24
NGuiya 4 0.24
Elkenar 3 0.18
Jrana 3 0.18
Mberey El 3 018

Jedida
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3.2. Exposure

The exposure to different hazards is represented by 11 indicators: Three for meteorological
drought (irrigated crops, residential livestock, and number of inhabitants per well), three for
hydrological drought (ponds, earth dams, and population), two for agricultural drought (bare land
rate, fenced fields) and three for heavy rains (earth embankments, houses, and wells in flood prone
area). The highest values of exposure to meteorological, hydrological, and agricultural drought and
to heavy rains are reached respectively in Agoueinit, Vani, Agoueinit, and Boukhzama 1. The
exposure to all hazards shows that Agoueinit and Legdur have the highest values and Mberey El
Jedida has the lowest value.

3.3. Vulnerability

The vulnerability to the different hazards is represented by 23 indicators: One for meteorological
drought (distance to pasture in dry season), eight for hydrological drought (electricity access,
distance to wells, borehole not working, diesel water pump broken down, irregularly functioning
fountain, wells water flow and quality, population growth rate), six for agricultural drought (wells
access for gardening, absence of gardening due to lack of water, gardens fencing, distance to market,
cropping for self-consumption, road interruptions), eight for heavy rains (mobile telephone signal
and use, earth embankment absence, leaking, lacking spillway, fence, wells flooded, unprotected
creek banks). The highest values of vulnerability to meteorological drought are reached by Legaida,
while those to hydrological drought are reached by Vani, those to agricultural drought by Goubya
Elmejid, and those to heavy rains by Legdur. The vulnerability to all hazards shows that Legaida and
Legdur have the highest values, while Agoueinit and Vani have the lowest values.

3.4. Adaptive Capacity

The adaptive capacity to the different hazards is represented by 10 indicators: Three for the
meteorological drought (herders/farmers radio programs, extension services for herders, fodder
stock), two for the hydrological drought (fountain and boreholes), two for the agricultural drought
(solar water pumps and small household farmer’s associations) and two for heavy rains (radio access,
and earth embankments provided with spillway). The highest values of adaptation to meteorological
drought are reached by Elkenar and NGuiya, those to hydrological drought by Agouenit, those of
adaptive capacity to agricultural drought by Boukhzama 1, and those of adaptive capacity to heavy
rains by Drougal, Elkenar, Gnebett Ehel Heiba, Goubya Elmesjid, Legaida, Legdur, Nguiya, and Vani.
The adaptive capacity to all hazards is highest in Goubya Elmesjid and lowest in Agoueinit, Begou
and Legaida.

3.5. Multi-Hazard Risk Level

The interval between the maximum and minimum value of the multi-hazard risk index (MHRI)
was split into four parts of the same breadth to represent the severe (0.83-1.09), high (0.56-0.82),
moderate (0.28-0.55), and low risk (0-0.27). It follows that NGuiya, Agueinit, and Begou are at severe
risk, Legdur, Boukhzama 1 and Legaida are at high risk, Gnebett Ehel Heiba, Jrana, and Elkenar are
at moderate risk, and all other communities are at low risk (Figure 11, Table 7). Therefore, it can be
said that the most northern communities tend to have the highest risk levels and the five
southernmost communities tend to have a low to moderate risk level. The value of the risk index was
substantially determined by that of agricultural drought and heavy rains (Table 7).

3.6. The Use of the Multi-Hazard Risk Index for the Identification of Risk Treatment Actions

The risk assessment was aimed at the official development aid active in the region and at the
regional administration. However, the method may also be of interest for other contexts exposed to
similar hazards. In addition to the ranking of the communities according to risk level, the assessment
process proposes thirteen risk treatment actions for the six communities at severe and high risk. These
actions were identified after a visit to the exposed items. This involves acting on the water supply
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(well deepening, building or raising the apron of the pastoral wells, covering them, equipping them
with pedals or solar-powered water pumps, water troughs for cattle watering, guaranteeing access
even in the wet season), protect crops from stray cattle (fencing in metal barbed weir), and reduce the
impact of heavy rains (repairing the earth embankments and equipping them with spillways or
repairing the existing spillway, locks and fencing in metal barbed wire, gabion wall to protect the
riverbank) (Figure 12, Table 8).

These measures, compared with those proposed by the literature, are more specific and directly
implementable (Table 9).

N x°0'b”w 7°0’b”W Communities:
1 Agoucinit
2 Begou
3 Boukhzama
4 Drougal
5 Elkenar
6 Gnebett Ehel Heiba
7 Goubiya Elmesjid
8 Jrana
N | 9 Legaida

.. ! 10 Legdur

e ! 11 Mberey El Jedida
12 NGuiya
13 Vani
Multi-hazard level
@ Severe
@ High
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.2 @ Low

9 :.; — 'Route of hope' - SR3
@ B — State Route 2

- --+ Upland border

T
1700I:0uN

\ 6
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50 km

Figure 11. Thirteen rural communities at multi-hazard risk in the Hodh Chargui, Mauritania.

Table 7. Multi-hazard risk index for 13 communities of Hodh Chargui, Mauritania.

Community Meteorological Hydrological  Agricultural  Heavy = MHRI
Drought Drought Drought Rain Score

12 NGuiya 0 0.06 1.13 0 1.09

1 Agoueinit 0.04 0.08 0.64 0.24 1

2 Begou 0 0.04 0.6 0.35 0.97

10 Legdur 0.03 0.04 0.49 0.19 0.78

3 Boukhzama 1 0 0.00 0 0.74 0.74

9 Legaida 0.1 0.09 0.35 0.16 0.7

6 Gnebett Ehel Heiba 0 0.06 0.3 0 0.36

8 Jrana 0.01 0.08 0.32 -0.12 0.29

5 Elkénar -0.05 0.12 0.29 -0.08 0.28

13 Vani -0.02 0.13 0.2 -0.13 0.17

11 Mberey El Jedida 0 0.02 0.15 0 0.16

7 Goubya Elmesjid 0 0.08 0.09 -0.12 0.14

4 Drougal 0 0.04 0.1 -0.16 0.02




Sustainability 2019, 11, 5063 17 of 23

Figure 12. Open well (1) showing low apron (2) and basement (3), water trough for cattle watering
(4), solar panels (5) in Boukhzama 1; a well provided with raised basement (6), a manual water pump
(7), and a broken water trough (8) ; an earth embankment (9) provided with spillway (10) and lock
(11) in Agoueinit.

Table 8. Risk treatment for the five communities at severe and high risk of the Hodh Chargui,

Mauritania.
Community Exposure Vulnerability Risk Reduction
NGuiya Borehole Diesel pump out of service  Solar powered water pump
Poor water flow Well deepening
No basement Basement
Wells
No pump Pedal powered pump
No water trough Water trough construction
Deteriorated Reshaping the earth embankment
Barth embankments No fence in barbed wire Fence in barbed wire

Spillway and lock construction

Agoueinit 1st earth embankment Lack of spillway and lock Fence in barbed wire

2nd earth
embankment
Begou Wells Wells flooded Well deepening

Spillway deteriorated Spillway reparation
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Elevating the apron
Solar powered water pump
Access to well in wet season

Covering the well

Legdur Wells Wells flooded Elevating the apron
Solar-powered water pump
Earth embankments  Lack of spillway, lock Spillway and lock
Boukhzama 1 House, wells Riverbank erosion Gabion walls
Wells No water trough Water trough for cattle
Well deepening

Apron construction
Legaida Wells Poor water flow P .
Water trough for cattle watering

Solar-powered water pump

Table 9. Comparison of risk reduction actions identified for Hodh Chargui with those suggested by
other assessments.

Hazard Hodh Chargui Assessment Other Assessments [Reference]
Meteorological drought -
Wells deepening
Hydrological drought Apron construction -

Water trough for cattle watering

Wells raised basement
Wells cover
Agricultural drought Pedal powered water pump -
Solar powered water pump
Wells access in wet season

Ground pad with pill way [10]
Dry stone cords [10]

Spillway Dry stone thresholds [10]
Pluvial flood Lock Tabias [10]
Fence in barbed wire Creek banks planting [13]

Increasing tree vegetation [4]
Avoid building in flood prone areas [14]
Dykes, embankments, ditches [6,13,21]
Resettlement [6,21]

Early warning [18,19,21,25]
Environmental education [6,24]
Land use planning [24]
Watershed management plan [19]

Fluvial flood Gabion wall to protect riverbank

Flood monitoring [24]
Emergency preparedness [19]

4. Discussion

This study reviewed the problems common to the majority of risk assessments published thus
far in tropical Africa. The study then proposed a multi-hazard vision, the integration of local and
scientific knowledge, a drought and flooding probability estimate, indicators representing the risk
determinants, and 12 actions to deal with the risk.

The objective was to define a replicable methodology that would allow us to produce a ranking
of the communities and to suggest actions for those that would have been at greatest risk. Therefore,
it was necessary to refer to specific communities with their own hazards, exposures, vulnerabilities,
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and adaptive capacities, rather than representing communities as points of a risk map constructed by
superposition of low-resolution information layers, as is often done in assessments at regional scale.

This holistic approach found little evidence in the literature consulted at the regional scale. Local
knowledge and visits to the exposed items facilitated the determination of the exposure,
vulnerability, and adaptive capacity.

Scientific knowledge was used to determine which of the four hazards pose the highest threat
to the sustainable development of livelihoods in the rural Hodh Chargui and considered the method
used to rank the communities. Contrary to the indications of the Sendai framework (2015) [2], the
integration of knowledge is still unusual on a regional scale. The systematic review highlighted that
only one assessment out of four published on tropical African regions estimated the probability of
flooding or drought [1,3,11,18,19,27]. This is likely to result from poor access to local data. In the case
of the Hodh Chargui, for example, the only surviving weather station with a continuous series of
more than 30 years of daily precipitation data is that of the airport of Néma, which is too little to
represent a vast territory such as that in which the 13 communities are distributed. The use of
estimated precipitation from satellite (CHIRPS dataset) and the surface area of the ephemeral
wetlands (Landsat images) allowed for the estimation of the probability of meteorological,
hydrological, and agricultural drought, and the TRMM dataset allowed for the estimation of the
probability of heavy precipitation. The low spatial resolution of the Landsat images used (30 m) was
adequate for the size of water bodies observed (6 to 30 km?).

The literature review ascertained that in risk assessments at the regional scale, the indicators are
chosen according to the information most easily accessible, rather than according to the information
that best represents the risk determinants. In particular, it is rare to find specific indicators for
meteorological, hydrological, and agricultural drought. Meeting with the communities and the visits
to the exposed items allowed for indicators specific to the context to be identified.

The considerable differences in the level of agricultural drought and heavy rains risks among
the 13 communities have generated a differentiated multi-hazard index. The northernmost
communities were found to have greater probability of agricultural drought risk, compared to the
five southern communities on the border with Mali. However, they are also closer to the large market
of Néma (22,000 inhabitants in 2013,) which demands many horticultural products in a region in
which they are scarce. Therefore, they would have greater opportunities to diversify their livelihood
with commercial gardening if they could improve their access to water. The communities at the foot
of the uplands (Boukhzama 1 and Begou) are more exposed to the risk of heavy rains and, therefore,
to flash floods.

The discussions with the communities and the visit to the receptors enabled the identification of
twelve actions for the six communities at severe and high risk, which are rarely found in literature
[11]. These first concern the improvement of access to water: Well deepening, apron elevation,
covering, providing a pedal or a solar water pump, a water trough for cattle watering, and facilitating
access in flood prone area during the wet season. Second, they concern earth embankments (creation
of spillways and locks, protection with metal barbed wire) and the protection of the riverbanks
(gabion wall).

The assessment methodology may be of interest for other semi-arid, agropastoral regions of the
Tropics.

The assessment presents four main limits. First, it was based on a review that has only
considered the published literature. Grey literature contains other assessments, but its dissemination
is ephemeral and it has a temporary inspiring effect on assessment practices. For these reasons, it was
not taken into consideration.

Second, the hydrological hazard was calculated in a very simplified manner, seeking to achieve
a result despite the scarcity of available information at local scale. The correlation between the
dynamics of the surface area of ephemeral wetlands and precipitations in a Sahelian context has been
questioned by literature, particularly due to the alteration of the vegetation cover and related erosive
processes that have increased the runoff over time [52-54]. However, in the specific context of
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southern Hodh Chargui, the almost flat orography may have limited the erosive processes compared
to other areas at the foot of the uplands as Boukhzama 1 and Begrou [54].

Third, the occurrence probability of heavy precipitations was calculated on a shorter series than
the conventional one (24 years instead of 38) due to the time limitations of the dataset used.

Fourth, water flow and the quality of the wells were appreciated qualitatively. Measuring these
parameters is possible and would give further solidity to the assessment. However, as the number of
investigations increases, the duration of the survey is extended and may risk limiting the comparison
between the first and the last investigated communities, which was instead the objective of the
assessment.

5. Conclusions

The recommendation of the Sendai framework (2015) to develop risk knowledge on a
subnational scale is having effects in tropical Africa. In the last four years, hydro-climatic risk
assessments on a regional scale have been increasingly practiced. However, the holistic approach, the
integration of local and scientific knowledge, the assessment of the hazard, and the recommendation
of specific actions are rarely practiced. The objective of this article was to propose a multi-hazard risk
assessment method replicable in other semi-arid contexts of the Tropics that adopted a holistic
approach by integrating local and scientific knowledge, ranking the communities according to the
risk level, and listing actions to reduce the risk.

Of the thirteen communities where the assessment was developed, six were found to be severe
and high risk according the relative intervals (low risk according the absolute intervals). The level of
multi-hazard risk varies significantly, as it is mainly influenced by the risk of heavy rains and
agricultural drought. The proposed actions are consequently detailed and largely differ from the
generic remedies proposed by the literature. They concern the improvement of water access for
agropastoral and human use, and the protection of hydraulic works and riverbanks from flash floods.

The proposed method can be extended to other Hodh Chargui communities and can be
replicated in semi-arid agropastoral regions of the Tropics. The methodology requires less time and
lower costs compared to assessments conducted exclusively through community surveys and
provides more precise and articulated results.

The assessment helps to prioritize the actions depending on the value of the MHRI and to
identify them in accordance with the prevailing risk. The assessment can also allow decisionmakers
to monitor and assess the changes in the risk level occurring over time.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: MHRI-Multi-
Hazard Risk Index; Table 52: Survey questions.

Author Contributions: Conceptualization, M.T.; Methodology, M.T. and M.B.; Investigation, M.T., M.B., S.B.
(Stefano Bechis) and S.B. (Sarah Braccio); Writing —original draft preparation, M.T. and M.B.; Writing—review
and editing, M.T., M.B., M.B. and S.B. (Sarah Braccio); Visualization, S.B. (Sarah Braccio); Funding acquisition,
M.T.

Funding: This research was funded by DIST-Politecnico and University of Turin.

Acknowledgments: We are grateful to the two anonymous reviewers who offered enormously helpful
comments to an earlier draft. We are, of course, responsible for any errors. We would like to thank Laura Alunno
(Terre Solidali), Yeslem Hamadi, Lebatt Moubark (RIMRAP project) for facilitating the field activities,
Souleymanou Cheikh Shed Bouh (Mayor of Agoueinit municipality) and Mohamed Lemine ould Abeid (Office
National de la Météorologie) for information.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Tiepolo, M.; Rosso, M.; Massazza, G.; Belcore, E.; Issa, S.; Braccio, S. Flood assessment for risk-informed
planning along the Sirba river, Niger. Sustainability 2019, 11, 1-18, d0i:10.3390/su11154003.



Sustainability 2019, 11, 5063 21 of 23

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

United Nations. Sendai Framework for Disaster Risk Reduction 2015-2030; UNISDR: Geneva, Switzerland,
2015.

Tiepolo, M.; Bacci, M.; Braccio, S. Multihazard risk assessment for planning with climate in the Dosso
region, Niger. Climate 2018, 6, 67, doi:10.3390/cli6030067.

Gebeyehu, A.; Teshome, G.; Birke, H. Flood hazard and risk assessment in Robe watershed using GIS and
remote sensing, North Shewa zone, Amhara region, in Ethiopia. ]. Humanit. Soc. Sci. 2010, 23,1441-1460,
doi:10.1007/s11269-009-9508-0.

Ibrahim, B.A; Tiki, D.; Mamdem, L.; Leumbe Leumbe, O.; Bitom, D.; Lazar, G. Multicriteria analysis (MCA)
approach and GIS for flood risk assessment and mapping in Mayo Kani division, Far North region of
Cameroon. Int. ]. Adv. Remote Sens. GIS 2018, 7, 2793-2808, do0i:10.23953/cloud.ijarsg.375.

Oriola, E.; Chibuike, C. Flood risk analysis of Edu local government area (Kwara State, Nigeria). Geogr.
Environ. Sustain. 2016, 9, 106-16, doi:10.15356/2071-9388_03v09_2016_07.

Sakakun, S.; Kussul, N.; Shelestov, A.; Kissul, O. Flood hazard and flood risk assessment using a time series
of satellite images: A case study in Namibia. Risk Anal. 2014, 34, 1521-1537, d0i:10.1111/risa.12156.
Wondim, Y.K. Flood hazard and risk assessment using GIS and remote sensing in lower Awash sub-basin,
Ethiopia. |. Environ. Earth Sci. 2016, 6, 69-85, ISSN 2225-0948.

Adeloye, A.J.; Mwale, F.D.; Dulanya, Z. A metric-based assessment of flood risk and vulnerability of rural
communities in the Lower Shire Valley, Malawi. Proc-IAHS 2015, 370, 139-145, doi:10.5194/piahs-370-139-
2015.

Sami, K.; Mohsen, B.A.; Afef, K.; Fouad, Z. Hydrological modeling using GIS for mapping flood zones and
degree flood risk in Zeuss-Koutine basin (South of Tunisia). ]. Environ. Prot. 2013, 4, 1409-1422.
doi:10.4236/jep.2013.412161.

Tiepolo, M.T.; Braccio, S.B. Flood risk assessment at municipal level in the Tillabéri region, Niger. In
Planning to Cope with Tropical and Subtropical Climate Change; Tiepolo, M., Ponte, E., Cristofori, E., Eds; De
Gruyter Open: Berlin, Germany, 2016; pp. 221-245. doi:10.1515/9783110480795-013.

Koumassi, D.H.; Tchibozo, A.E.; Vissin, E.W.; Houssou, C.S. SIG et télédétection pour I'optimisation de la
cartographie des risques d’inondation dans le bassin de la Sota au Bénin. Rev. Ivoir. Sci. Technol. 2014, 23,
137-152, ISSN 1813-3290

Leumbe Leumbe, O.; Bitom, D.; Mamdem, L.; Tiki, D.; Ibrahim, A. Cartographie des zones a risque
d’inondation en zone soudano-sahelienne: Cas de Maga et ses environs dans la region de 1'extréme-nord
Cameroun. Afr. Sci. 2015, 11, 45-61, ISSN 1813-548X

Bachir Saley, M.; Kouamé, F.K.; Penven, M.].; Biémi, J.; Kouadio, H.B. Cartographie des zones a risque
d’inondation dans la région semi-montagneuse a 1'Ouest de la Cote d’Ivoire: Apports des MNA et de
I'imagerie satellitaire. Télédétection 2005, 5, 53-67.

Bachir Saley, V.H.N.B.; Wade, S.; Valere, D.E.; Kouame, F.; Affian, K. Cartographie du risque d’inondation
par une approche couplée de la télédétection et des systemes d’informations géographiques (SIG) dans le
département de Sinfra (centre-ouest de la Cote d’Ivoire). Eur. Sci. ]. 2014, 10, 170-191, ISSN 1857-7431.
Okoro, B.C,; Ibe, O.P.; Ekeleme, A.C. Development of a modified rational model for flood risk assessment
of Imo State, Nigeria using GIS and Rs. Int. J. Eng. Sci. 2014, 3, 1-8, ISSN 2319-1813

Bunting, E.; Steele, J.; Keys, E.; Muyengwa, S.; Child, B.; Southworth, J. Local perception of risk to
livelihoods in the semi-arid landscape of southern Africa. Land 2013, 2, 225-251, doi:10.3390/1and2020225.
Ntajal, J.; Lamptey, B.L.; Mahamadou, I.B.; Nyarko, B.K. Flood disaster risk mapping in the lower Mono
river basin in Togo, West Africa. Int. ]. Disaster Risk Reduct. 2017, 23, 93-103. doi:10.1016/j.ijdrr.2017.03.015.
Alfa, M.L; Ajibike, M. A.; Daffi, R.E. Application of analytic hierarchy process and geographic information
system techniques in flood risk assessment: a case of Ofu river catchment in Nigeria. J. Degrad. Min. Land
Manag. 2018, 5, 1363-1372, doi:1015243/jdmlm.2018.054.1363.

Behanzin, 1.D.; Thiel, M.; Sarzynski, J.; Boko, M. GIS-based mapping of flood vulnerability and risk in the
Benin Niger river valley. Int. |. Geomat. Geosci. 2015, 6, 1653-1669, ISSN 0976-4380.

Mayomi, I; Dami, A.; Maryah, U.M. GIS based assessment of flood risk and vulnerability of communities
in the Benué floodplains, Adamawa State, Nigeria. ]. Geogr. Geol. 2013, 5, 148-160, ISSN 1916-9787.

Nkeki, F.N.; Henah, P.J.; Ojeh, V.N. Geospatial techniques for the assessment and analysis of flood risk
along the Niger-Benue basin in Nigeria. ]. Geogr. Inf. Syst. 2013, 5, 123-135, doi:10.4236/jgis.2013.52013.
Olatona, O.0.; Obiora-Okeke, O.A.; Adewumi, ].R. Mapping of flood risk zones in Ala river basin Akure,
Nigeria. Am. |. Eng. Appl. Sci. 2018, 11, 210-217, doi:10.3844/ajeassp.2018.210.217.



Sustainability 2019, 11, 5063 22 of 23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Udo, E.A.; Eyoh, A. Spatial analysis of river inundation and flood risk potential along Kogi state river
Niger-Benoue basin using Geospatial techniques. J. Environ. Sci. Comput. Sci. Eng. Technol. 2017, 6, 351-364,
doi:10.24214/jecet.A.6.4.35164.

Komi, K.; Neal, J.; Trigg, M.A.; Diekkriiger, B. Modeling of flood hazard extent in data sparse areas: a case
study of the Oti river basin, West Africa. J. Hydrol. Reg. Stud. 2017, 10, 122-132,
doi:10.1016/j.ejrh.2017.03.001.

Gedif, B.; Hadish, L.; Addisu, S.; Suryabhagavan, K.V. Drought risk assessment using remote sensing and
GIS: the case of southern zone, Tigray region, Ethiopia. J. Nat. Sci. Res. 2014, 4, 87-94, ISSN 2225-0921.
Edossa, D.C.; Babel, M.S.; Gupta, A.D. Drought analysis in the Awash river basin, Ethiopia. Water Resour.
Manag. 2010, 24, 1441-1460, doi:10.1007/s11269-009-0508-0.

Forsyth, T. Community-based adaptation: A review of past and future challenges. WIREs Clim. Change
2013, doi:10.1002/wcc.231.

Nyong, A.; Adesina, F.; Elasha, B.O. The value of indigenous knowledge in climate change mitigation and
adaptation strategies in the African Sahel. Mitig. Adapt. Strat. Glob. Change 2007, 12, 787-797,
doi:10.1007/s11027-007-9099-0.

Mercer, J.; Kelman, I; Taranis, L.; Suchet-Parson, S. Framework for integrating indigenous and scientific
knowledge for disaster risk reduction. Disasters 2010, 34, 214-239, doi:10.1111/j.0361-3666.2009.01126.x.
Walshe, R.A_; Nunn, P.D. Integration of indigenous knowledge and disaster risk reduction: a case study
from baie Martelli, Pentecost island, Vanauatu. Int. |. Disaster Risk Sci 2012, 3, 185-194, d0i:10.1007/s13753-
012-0019-x.

Hiwasaki, L.; Luna, E.; Syamsidik; Shaw, R. Process for integrating local and indigenous knowledge with
science for hydro-meteorological disaster risk reduction and climate change adaptation in coastal and small
island communities. Int. ]. Disaster Risk Reduct. 2014, 10, 15-27. d0i:10.1016/.ijdrr.2014.07.007.

United Nations Office for Disaster Risk Reduction. Global Assessment Report on Disaster Risk Reduction 2019;
UNDRR: Geneva, Switzerland, 2019.

Dinku, T.; Hellmuth, M. Informing Climate-Resilient Development in Data Sparse Regions; Working Paper;
USAID: Washington, USA, 2013.

IPCC. Glossary. In Climate Change 2014: Synthesis Report. Contribution of Working Groups 1, II and 111 to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Mach, K.J., Planton, S., Von Stechow,
C., Eds. IPCC: Geneva, Switzerland, 2014; pp. 117-130.

Crichton, D. The risk triangle. In Natural disaster management; Ingleton, J. Ed.; Tudor Rose: London, UK,
1999; pp. 102-103.

Office National de la Statistique-ONS. Recensement Général de la Population et de I’Habitat (RGPH 2013),
Localités Habitées en Mauritanie; ONS: Nouakchott, République Islamique de Mauritanie, 2015;
www.ons.mr.

Apolloni, A.; Nicolas, G.; Coste, C.; El Mamy, A.B.; Yahya, B.; El Arbi, A.S.; Gueya, M.B.; Gilbert, M.;
Lancelot, R. Towards the description of livestock mobility in Sahelian Africa: Some results from a survey
in Mauritania. PLoS ONE 2016, 13, e0191565, doi:10.1371/journal.pone.0191565.

Kappes, M.S.; Keller, M.; von Elverfeldt, K.; Glade, T. Challenges of analyzing multi-hazard risk: a review.
Nat. Hazards 2010, 64, 1925-1958, doi:10.1007/s11069-012-0294-2.

International Electrotechnical Commission/International Organization for Standardization. 31010 Risk
management—Risk assessment techniques, 1st ed.; IEC: Geneva, Switzerland, 2009.

Sivakumar, M.V .K. Agroclimatic Aspects of Rainfed Agriculture in the Sudano-Sahelian zone; in International
workshop on soil, crop, and water management systems for rainfed agriculture in the Sudano-Sahelian
zone, 7-11 Jan., 1987, ICRISAT: Niamey, Niger, 1989.

Nicholson, S.E.; Tucker, C.J.; Ba, M.B. Desertification, drought, and surface vegetation: An example from
the West African Sahel. Bull. Ame. Meteorol. Soc. 1998, 79, 815-830.

Le Houerou, H.N. The Grazing Land Ecosystems of the African Sahel; Springer—Verlag: Berlin-Heidelberg,
2012.

UNESCO. Map of the World Distribution of Arid Regions. Map at Scale 1:25,000,000 with Explanatory Note;
UNESCO: Paris, France, 1979; p. 54, ISBN 92-3-101484-6.

Svoboda, M.; Fuchs, B.A. Handbook of Drought Indicators and Indices; World Meteorological Organization:
Geneva, Switzerland, 2016; ISBN 978-91-87823-24-4.



Sustainability 2019, 11, 5063 23 of 23

46.

47.

48.

49.

50.

51.

52.

53.

54.

McFeeters, S.K. The use of the Normalized Difference Water Index (NDWI) in the delineation of open water
features. Int. |. Remote Sens. 1996, 17, 1425-1432, doi:10.1080/01431169608948714.

European Commission, Joint Research Centre. Global Surface Water-Data Access 1984-2018. Available
online: https://global-surface-water.appspot.com/download (accessed on 10 July 2019)

Sivakumar, M.V.K. Empirical analysis of dry spells for agricultural applications in West Africa. J. Clim.
1992, 5, 532-539, d0i:10.1175/1520-0442(1992)005,0532:EAODSE.2.0.CO.

Janke, H.E. Livestock production system. In Livestock Development in Tropical Africa; Kieler
Wissenschaftsverlag Vauk: Kiel, 1982.

Cardona, O.D.; Van Aalst, M.K,; Birkmann, J.; Fordham, M.; McGregor, G.; Perez, R.; Pulwarty, R.S.;
Schipper, E.L.E.; Sinh, B.T. Determinants of Risk: Exposure and Vulnerability in Managing the Risks of Extreme
Events and Disasters to Advance Climate Change Adaptation; Field, C.B., et al. Eds. A special report of working
groups I and II on the IPCC; Cambridge University Press: Cambridge, UK, 2014; pp. 66-108,
doi:10.1017/CBO9781139177245.005.

Ozer, P.; Hountondji, Y.C.; Gassani, J.; Djaby, B.; De Longueville, F. Evolution récente des extrémes
pluviométriques en Mauritanie (1933-2010). In Proceedings of the XXVIle colloque de 1’Association
internationale de climatologie, Dijon, France, 2-5 July 2014

Gardelle, J.; Hiernaux, P.; Kergoat, L.; Grippa, M. Less rain, more water in ponds: a remote sensing study
of the dynamics of surface waters from 1950 to present in pastoral Sahel (Gourma region, Mali). Hydrol.
Earth Syst. Sci. 2010, 14, 309-324, doi:10.5194/hess-14-309-2010.

Gal, L.; Grippa, M,; Hiernaux, P.; Peugeot, C.; Mougin, E.; Kergoat, L. Changes in lakes water volume and
runoff over ungauged Sahelian watersheds. ] Hydrol. 2016, 540, 1176-1188,
doi:10.1016/j.hydrol.2016.07.035.

Gal, L.; Grippa, M.; Hiernaux, P.; Pons, L.; Kergoat, L. Modeling the paradoxical evolution of runoff in
pastoral Sahel. The case of the Agoufou watershed, Mali. Hydrol. Earth Syst. Sci. Discuss 2016, 623,
doi:0.5194/hess-2016-623.

© 2019 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
|@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



