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Abstract: In Kenyan rural areas belonging to the Arid and Semi-Arid Lands (ASALs), water quantity
and water quality are major issues for the local population. In North Horr Sub-County water quality
is threatened by nitrate contamination due to fecal matter pollution. This research, hence, aims
at assessing the vulnerability of open shallow water sources to nitrate contamination due to fecal
intrusion following flooding events and nitrate percolation in groundwater. The present research,
indeed, provides, on one hand, new insights into the analysis of the vulnerability in a scant data
context; on the other hand, it assesses the adaptation measures contained in the local development
plan. Applying the reference definition of the Intergovernmental Panel on Climate Change (IPCC),
the results demonstrate that the open shallow water sources in the northern part of the sub-county
are more vulnerable to nitrate contamination. Furthermore, the consistency of the results proves
the suitability of the methodology selected. Understanding the vulnerability at the local scale is key
to planning risk-reduction strategies as well to increasing the local population’s knowledge about
flood-related risks and water quality.

Keywords: vulnerability; rural area; scant data; nitrate contamination; water; flood

1. Introduction

In Kenyan rural areas belonging to the Arid and Semi-Arid Lands (ASALs), water quantity and
water quality are major issues for the local population [1-3]. Although access to water is the main
livelihood concern, water quality has an important impact on health. Therefore, the issue of access to
clean and safe water has garnered increased attention.

In North Horr Sub-County, in northern Kenya, water quality is threatened, among others, by nitrate
contamination after flooding events.

Flood-related hazards, in fact, are posing serious threats to the local population and are worthy
of further study. However, flood-related hazards in Kenya are poorly addressed in the literature.
In particular, there is a lack of quantitative flood-related risk and vulnerability assessment, mainly
due to scant data issues [4], namely the absence or the difficulty of getting access to data in African
countries [5-7] as well as problems with data quality (sustainable, continuous, credible, publicly
accessible, quality assured dataset) [8]. The most relevant studies are conducted in the framework of
vector-borne infectious diseases [9-12] or water-borne diseases, especially fecal-oral diseases [13,14].

This study focuses on nitrate contamination of water in open shallow water sources due to fecal
intrusion following flooding events and nitrate percolation in groundwater. This work evaluates the
vulnerability of nitrate (NO3~) contamination in open shallow water sources for human and livestock
consumption in a scant data context. Understanding the vulnerability to nitrate contamination is
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pivotal since the consumption of contaminated water can have severe outcomes in humans, such as
methemoglobinemia, hypertension, increased infant mortality, central nervous system birth defects,
diabetes, spontaneous abortions, respiratory tract infections and changes to the immune system [15-19],
as well as methemoglobinemia, spontaneous abortion and even death in livestock [20-22].

River and groundwater contamination is generally caused by chemical fertilizer, manure and
nitrogenous waste products, all containing nitrogen, used for both agricultural and industrial
purposes [23]. Therefore, contamination can affect rural, semi-urban and industrialized areas. In the
case here analyzed, the source of nitrates is the deposit of fecal matters. As a consequence of dry
climate conditions and pastoralist-related livelihoods, northern Kenya mostly features the availability
of open shallow water sources, sometimes found exactly in the riverbed (e.g., open shallow wells) [24].
The seasonal rainfall pattern causes the activation of nitrate contamination hazard. In the case of
shallow wells, seasonal streams have an intermittent runoff and pastoralists can let their livestock
graze near the well while waiting for watering, allowing the deposit of fecal matter directly into
the watercourse. For this reason, there may be direct or indirect contamination of the water source
depending on whether “fecal matter is deposited directly into waterways or so close that the potential
for wash-in is very high, or via surface runoff and subsurface seepage or drainage” [25]. Although
there is certainly a direct pathway of fecal matter in the well during the wet season, it is probable that
another means of contamination is nitrate percolation through the permeable surface to the subsurface
water reservoir. Nitrate percolation activates during rain events without adequate soil contact time
for efficient denitrification and retention [26]. Therefore, soil characteristics modelling is crucial for
nitrate vulnerability assessment, but its role in contamination dynamics is not known due to the
uniqueness of this means of contamination. Studies in New Zealand focus on nitrate movements
along a shallow groundwater flow path in a riparian wetland [26] and on estimating fecal yields from
agricultural catchments for water quality purposes [27-29]. Another study in Minnesota assesses
private wells vulnerability to nitrate leaching, focusing on future extreme rainfall estimates and flood-
and nitrate-sensitive well identification [30]. Optimal tools for shallow groundwater risk assessment
are the DRASTIC and GOD methods, widely applied in arid contexts [31-35]. The DRASTIC method
is considered as one that does not need extensive, site-specific pollution data, but able to provide a
solution for evaluating the vulnerability to pollution of groundwater based on known hydrogeological
parameters (depth to groundwater, net recharge, aquifer media, soil media, general topography or
slope, vadose zone and hydraulic conductivity of the aquifer). The GOD model, indeed, is based
on only three parameters (groundwater confinement, overlying strata, and depth to groundwater.
However, data availability in a developed context, where the research on nitrate pollution of shallow
groundwater is well-developed, is different from a Global South context. In Kenya, these types of
data are not available or partially available from project output (difficult to find and obtain) or from a
global dataset (based on estimations and not fully reliable). Alternative methods [36,37] require the
characteristics of the hazard, i.e., nitrate source yields which are also unknown. In general, therefore,
in North Horr Sub-County high spatial and high temporal resolution data, as well as point data,
are scarce. Thus, in this paper, a flexible methodology was applied focused on the vulnerability
assessment in a scant data context. Since the vulnerability is multidimensional, it is almost impossible
to define a universal measurement methodology [38] as well as a finite set of potential indicators [39].
Therefore, using the indications of the Intergovernmental Panel on Climate Change (IPCC) [40,41],
nitrate contamination specific sub-indicators of exposure, sensitivity and adaptive capacity were
identified and combined in order to obtain the indicator of vulnerability for nitrate contamination
hazard in the area. The quantitative approach used in this research to evaluate the vulnerability in
the North Horr area is based on a tested methodology [42] applied, for the first time, in a scant data
context. Although both qualitative and quantitative methods for the evaluation of the vulnerability
from nitrate in open shallow water sources are possible, few studies have tried to tackle the issue
with a quantitative approach. The flexible methodology [42] applied aims at linking a quantitative
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approach with the socio-economic aspect evaluation [40]. This innovative approach introduces new
results about the analysis of the water sources’ vulnerability in North Horr Sub-County.

The result of this research may be relevant for other researchers, since this methodology applies to
different types of scant data contexts and risks, as well as to decision makers in Marsabit County as an
evaluation tool for the measures undertaken to face water issues contained in the development plan.

The remaining part of the paper proceeds as follows. Section 2 gives an overview of the study area
and specific key information on the context on which the analysis is based, as well as information on the
materials used; Section 3, separated for clarity reasons from Section 2, addresses the methodology of
the analysis and the specific issues regarding the construction of sub-indicators of exposure, sensitivity
and adaptive capacity. In Section 4, the main results are analyzed and discussed. Section 6 presents the
conclusion of this research.

2. Materials

In a scant data context, like in the northern part of Kenya, availability of data is a pivotal issue.
The materials here used have two different types of source: public structured data, i.e., climatic
data, demographic data, spatial data, and planning strategies and data collected in the framework of
projects. In particular, data on water sources are retrieved from the One Health platform, developed by
the Italian start-up TriM (at the moment only for internal use) in the framework of the One Health
project (http://www.ccm-italia.org/one-health-uomo-animale-ambiente-north-horr-2) and from the
international organization Concern Worldwide (https://www.concern.net/) which shared data collected
in a joint campaign with governmental institutions. Except for soil-related data, the data collected
were post-processed to construct geo-referenced data in the form of a point vector defined at village or
water-source level.

In addition, the limiting factors regarding nitrate behavior, mainly due to scant data context,
are identified and assessed. Nitrate behavior in soils, indeed, is dependent on soil characteristics of
drainage and texture to consider its transport to groundwater. The role of nitrate degradation was
intentionally left out. Attenuation factors like denitrification processes and dilution can occur in the
aquifer and influence nitrate concentration [43]. However, the kinetic of nitrate reduction is likely
a zero-order reaction and estimations are very low (uM/L per year) [44]. For this reason and for a
precautionary hypothesis, denitrification processes are not taken into consideration. Dilution processes
are already assessed through the sub-indicators of physical drought exposure and catchment area.

2.1. Study Area: Geographic Positioning and Climatic Context

The area covered by this study (Figure 1) is North Horr Sub-County (Marsabit County) in the
northeastern region with a particular focus on the surrounding area of eight main villages.

This region is considered as part of the ASALs since the area is mostly desert and partially covered
by a shrub savannah. Local communities are mostly nomadic pastoralists breeding camels, sheep,
and goats with traditional extensive livestock practice. This practice relies only on naturally available
resources of pastures and water and requires energy-intensive movements of herds. From the onset of
the dry season, pastoralists move to the so-called fora pastures and can walk distances up to 40 km to
reach the watering points.

Rainfalls have a bimodal pattern (two rainy seasons alternated with two dry seasons) and a high
variability of rainfall due to cycles of wet periods and droughts, although the variations of these events
are not well known [45-47].

For clarity reasons, we will here refer to the example of shallow wells. However, the existence
of other shallow water sources is based on similar characteristics. In this region, due to the bimodal
rainfall pattern, watercourses have a seasonal pattern and runoff can appear once or twice a year [24].
During the rainy season, the seasonal stream’s flow is restored and the wells in the riverbed are
completely inundated. During the dry season, the water supply is provided by wells dug exactly in
the streambed. However, the water extracted is not withdrawn from subsurface runoff, but from the
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porosity of sand substrates or cones of depression trapped between upward dykes formed of clay
soil [24,48]. Those water sources are used both for human and livestock consumption and water can be
extracted by hand or by means of motor pumps. For watering purposes, herds of livestock descend
the riverbank and wait for their turn, also for hours, close to the well. Therefore, fecal matter can be
left directly in the riverbed while waiting for watering. When the stream’s flow is restored, nitrate
contamination occurs through direct invasion of the fecal matter in the well, added to an indirect
component of nitrate percolation in the ground. Thereby, settling water is infected when the water
level decreases under the ground level. Then, after the onset of the dry season, water withdrawal and
evapotranspiration cause water reduction in the well. Therefore, the concentration of nitrates increases.
This process recurs at each season change from wet to dry season.

Dukana
£ Hadi
Balesa
y North Hor El[Gadhe
/\oRTHHORR B ‘ Vaiabt” JERENN
%SUB-COUNTY ; Gus aen
'l,/////////// ! ﬁ.’
//// o NG,
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Marsabit County
Area 40557 km2 — %
Total pop. ; ® Main villages o,
(units) 71447 £1 T North Horr Subcounty |
Mean Temp. . et
(Min-Max) 24°C-36°C 0 25 50 75 100km s -ae
Annual Total 544 460mm
Precipitation

Figure 1. Study area framework. The main figure represents the study area focused on the surroundings
of the main eight villages (Dukana, E1 Hadi, Balesa, El Gadhe, North Horr, Gus, Malabot, Kalacha).
The study area is comprised in North Horr Sub-County (Marsabit County) in northern Kenya.

2.2. Climatic Data

Precipitation data are the result of a quantile mapping bias correction applied to the Kenya
Meteorological Department precipitation gridded dataset [49]. Precipitation data cover the study
area with high resolution (0.0375 x 0.0375 degrees) for the period 1983-2014 with a decadal
temporal resolution.

2.3. Demographic Data

Population data are derived from the National Census 2019 [50]. However, there may have
been underestimation bias due to severe difficulties in taking a census in an area where people are
mainly nomadic with very low population density of about 4 persons per square kilometer. The Kenya
National Bureau of Statistic itself declared that the enumeration of nomadic pastoralist population is
complex and therefore may lead to population underestimation in ASALs.
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2.4. Water Sources

Water sources in the area are mainly represented by boreholes, shallow wells and pans [51], while
piped coverage remains limited [52]. Moreover, 66% of sources have contaminated water, which must
be treated before drinking [53].

Water resources and allocation data of all kinds are theoretically available for purchase from
Kenya governmental agencies, but in reality these data are often difficult or impossible to obtain [54].

Therefore, water source data, the categories of shallow wells, earth pans and rock catchments are
retrieved by the One Health platform and through the Concern Worldwide survey. The Second County
Integrated Development Plan for Marsabit establishes the presence of 220 shallow wells, 50 pans and
10 rock catchments in the whole North Horr Sub-County. Through the One Health platform and
through Concern Worldwide survey, 54 shallow wells, 6 earth pans/dams and 2 rock catchments are
identified and analyzed for nitrate contamination vulnerability in the study area (Table 1). Even if
shallow wells are the target for the analysis of nitrate contamination vulnerability, earth pans/dams
and rock catchments are also taken into consideration as they are subjected to the same conditions of
openness, lack of area protection and confinement.

Table 1. Water Source Data in the Study Area.

Shallow Wells Earth Pans/Dams Rock Catchments  Total Water Points

One Health 1 3 0 14
platform
Concern
Worldwide 43 3 2 48
54 6 2 62

2.5. Hydraulic Conductivity

The factors that influence the transport and accumulation of nitrate from the land surface
to ground water include sediments, rock type and landscape characteristics [43]. However, land
characteristics (land use and slope) are here considered negligible factors. The transport capacity of an
aquifer is introduced and defined by the fundamental property of hydraulic conductivity (HC) [55].
In fact, the greater the hydraulic conductivity related to the permeability and porosity of the soil,
the higher the resulting nitrate infiltration to shallow underground reservoir. The variables taken into
consideration are:

e  Vertical HC or texture: Texture class (USDA system [56]) at 7 standard depths predicted using the
global compilation of soil ground observations (available at www.isric.org/explore/isric-soil-data-hub).
e Lateral HC or drainage: Drainage classes are defined according to the Guidelines for Soil
Description [56] predicted using the Africa Soil Profiles Database: Very poor, Poor, Imperfect,

Moderate, Well, Somewhat Excessive, Excessive (available at www.isric.org/explore/isric-soil-
data-hub).

2.6. Civil and Hydraulic Structures

The proposed analysis investigates the vulnerability at water-source level. In order to understand
future changes in water source density, attention is drawn to the actions contained in the Marsabit
Second County Integrated Development Plan 2018-2022 (SCIDP) [53]. Among the measures that will
be undertaken, only new water sources or rehabilitation of existing water sources contained in the
SCIDP are taken into consideration.

3. Methods

This study on spatial vulnerability assessment for nitrate contamination of shallow wells in
riverbed is based on the identification of the IPCC approach [40,41]. In particular, the concept of
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vulnerability refers to “the propensity of exposed elements such as human beings, their livelihoods, and
assets to suffer adverse effects when impacted by hazard events” and can be seen as a situation-specific
determinant of risk [41].

Therefore, considering the context and the hazard, the model used is [42]:

_ ExS

V=7c

@

Both the Exposure (E) and the Sensitivity (S) represent the negative effects of the changing
conditions, while the indicator of Adaptive Capacity (AC) is the parameter which may counteract the
negative effect of the impact and therefore improves the vulnerability.

Figure 2 presents an overview of the vulnerability assessment model describing the sub-indicators
taken into consideration for the construction of this quantitative vulnerability analysis. As previously
mentioned, nitrate contamination of open shallow water sources is a climate-driven issue since the
wet periods activate contamination pathways and dry periods reduce the contaminant-to-solution
ratio (1). The maximum number of settlements, potentially using the water source, is introduces as
a two-way sub-indicator considering the exposure of these settlements and the pressure they bring
on water sources (2). Moreover, as highlighted by the literature on the topic, nitrate contamination
can occur through direct or indirect pathways (3), therefore sub-indicators of lateral and vertical
hydraulic conductivity are taken into consideration. The location of the open shallow water sources
(inside, outside or near the stream) (4) is introduced as a sensitivity factor while the adaptation
strategies are evaluated through the water sources density (5).

[ VULNERABILITY ]

1
[ EXPOSURE ] [ SENSITIVITY ] [ ADAPTIVE ]

CAPACITY

o e Hc | [ ps AS
INDIRECT [3 PATHWAY PERIOD) P

PATHWAY v

| "

H-——- DRY

PERIOD

WATER SOURCES
DENSITY

IMPERMEABLE LAYER |

& SETTLEMENT

8 WATER SOURCE

Figure 2. Vulnerability assessment model. The reference numbers in the red boxes are used in the text
to refer to nitrate contamination dynamics in association with the related sub-indicators.

Technical details on the sub-indicators of Exposure, Sensitivity and Adaptive Capacity are
provided in Table 2.
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Table 2. Indicators and Sub-Indicators of the Vulnerability to Nitrate Contamination.

Indicator Sub-Indicators Data Source o‘;‘%lsn:‘ll;l;};pe Dimensci)::\g/llzl:sloluﬁon Projection
. WGS
Physical droughtand ;01,04 ST indices BCKMD [49] Point vector Village level 84/UTM
flood exposure (Ep) zone 37N
Exposure (E) Weighted maximum WGS
Demographic number of settlements Kenya Population Point vector Water-source level 84/UTM
Exposure (Eq) potentially using the Census 2019 (KNBS) zone 37N
water source
. . ISRIC http://www.
qurz{ullc Drainage and isric.org/explore/ Raster 0.002° x 0.002° WGS 84
conductivity (HC) texture . .
. isric-soil-data-hub
Sensitivity (S) WGS
Presence of the Water source distance Point vector Water-source level 84/UTM
stream (PS) from the stream Jone 37N
Second County WGS
Adaptive Adaptive strategies Density of water Integrated Point vector Water-source level 84/UTM
Capacity (AC) (AS) sources Development Plan Jone 37N

2018-2022

The indicators of Exposure, Sensitivity, Adaptive Capacity and Vulnerability are represented with
a pixel-based visualization with a resolution of 230 m (based on the highest resolution represented by
the Drainage and Texture sub-indicators’ raster resolution), depending on the location of water points,
with the aim of providing a local scale vulnerability analysis.

3.1. Exposure

3.1.1. Physical Exposure: Standardized Precipitation Index (SPI) for Drought and Flood Assessment

The SPI [57] is recommended as the main meteorological drought index from the World
Meteorological Organization (WMO) [58]. The SPI is used to measure the degree of drought and
flood stress through a quantitative description method [42,59,60]. The contamination process, indeed,
is influenced both by wet and dry periods. The nitrates contained in fecal matter deposited by
livestock contaminate the water through direct and indirect pathways that activate in the wet season.
The degree of intensity of the dry period influences the water level in the water source, thus,
the contaminants-to-solution ratio. Using the SPI, it is possible to detect the susceptibility of the area to
wet and dry conditions.

The single parameter required for its calculation is the precipitation (Equation (2)) and it is
generally used as an effective and simple tool for drought assessment. The SPI index can be calculated
for different time scales (from 1 to 24 months) in order to assess different drought types and wetness
conditions [61,62]. Short time scales (1 to 3 months) are mainly related to soil water content and river
discharge in headwater areas; medium time scales (3 to 12 months) are related to reservoir storages
and discharge in the medium course of the rivers; long time scales (12 to 24 months) are related to
variations in groundwater storage.

pP-P
9p

SPI = 2)
where P is the monthly precipitation (in mm), P* is mean monthly precipitation (in mm) and o, is the
standard deviation of precipitation.

The SPI index was calculated at village level and for the three existing stations present in a
250 km radius (Lodwar, Marsabit and Moyale town) using the SPI program (available online at
www.drought.unl.edu/droughtmonitoring/SPI/SPIProgram.aspx). The SPI index is calculated using
the BCKMD dataset, a bias-corrected satellite-derived precipitation dataset based on the KMD dataset
(issued by the official national meteorological service dataset, available at http://kmddl.meteo.go.ke:
8081/SOURCES/. KMD)) corrected with the GPCC [49].

The SPI index was computed for different time scales depending on the target. For drought
detection the 3-month, 6-month and 12-month time scales were computed, while for flood detection the
1-month and 3-month time scales were detected. Specific weight and ranking values were calculated for


http://www.isric.org/explore/isric-soil-data-hub
http://www.isric.org/explore/isric-soil-data-hub
http://www.isric.org/explore/isric-soil-data-hub
www.drought.unl.edu/droughtmonitoring/SPI/SPIProgram.aspx
http://kmddl.meteo.go.ke:8081/SOURCES/.KMD/
http://kmddl.meteo.go.ke:8081/SOURCES/.KMD/

Sustainability 2020, 12, 6024 8 of 23

drought or flood severity and drought or flood frequencies following the method proposed by [63] for
drought risk assessment and already applied in risk assessment studies [42]. Using this methodology;,
the value of the weighted SPI can range from a minimum of 0 to a maximum value of 24.

A known limit of the proposed approach is the presence of many zero rainfall accumulations due to
the arid climate. However, if there are many historical zero rainfall accumulations, the estimated gamma
distribution may not adequately fit the frequency distribution of the historical rainfall. Therefore,
in arid regions, the SPI indicator should be interpreted with care [64]. Despite this, the use of monthly
cumulative precipitation in this research significantly reduces the number of zero rainfall accumulations
and the analysis of SPI is reliable.

3.1.2. Demographic Exposure

Nitrate contamination affects human and animal populations. However, statistics on animal
population are only partially or not at all available. For this reason, since the local population is mainly
part-devoted to pastoralism, we can estimate a proportion between human and animal population
and we could assume that the greater the human population is, the greater the number of animals
would be. However, due to the low population density of the area, the number of settlements was
used instead. To understand the sensitivity of the water sources, the demographic exposure was
quantified as the potential maximum number of settlements relying on a single water source. In this
area, the pastoralists can walk up to 40 km to water their animals. The people in each settlement in a
radius of maximum 40 km can potentially reach the water source. However, they would prefer the
nearest sources and then gradually move to farther sources. Therefore, the counting of settlements
relying on the water source (Nsttements) is weighted using the inverse of the distance between each
settlement and the water source (dy).

n
1
Nsettlements: E d_ (3)
x=1 7%

Thus, settlements that are closer to the water source have higher weights, while the farther ones
have lower weights. The values of the weighted maximum number of settlements potentially using
the water source range from 1.2 (minimum value) to 480 (maximum value).

3.2. Sensitivity

3.2.1. Presence of the Stream

The presence of the stream constitutes a sensitivity sub-indicator due to the already explained
contamination dynamics. In fact, the water points situated in the riverbed are highly sensitive, the water
points near the stream are moderately sensitive, the water points and springs far from the riverbed
show a low sensitivity (classified as “outside”). The inside/near/outside classification of the different
water sources is made through the direct comparison of satellite images and the geo-referenced water
sources since this operation would not have been possible with automatic processes. The sensitivity is
then expressed through quantitative weights (adapted from [65]) (Table 3).

Table 3. Weights Assigned for the Presence of the Stream.

Presence of the Stream Weight

Inside 1
Near 0.6
Outside 0.2
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3.2.2. Hydraulic Conductivity

Soil texture and soil drainage classes were reclassified according to coefficients of vertical [66] and
lateral [67] hydraulic conductivity respectively (Tables 4 and 5). The soil texture sub-indicator was
then averaged across the seven layers to obtain a single vertical HC layer.

Table 4. Texture Classes Classifies According to the Coefficients of Vertical Hydraulic Conductivity.

Soil Texture

Soil Texture Class Vertical HC (m/Day)

Sand 15.206
Loamy Sand 13.504
Sandy Loam 2.998
Silt Loam 0.622
Loam 0.605
Sandy Clay Loam 0.544
Silty Clay Loam 0.121
Clay Loam 0.216
Sandy Clay 0.190
Silty Clay 0.086
Clay 0.112

Peat 0.691

Table 5. Drainage Classes Classified According to the Coefficients of Lateral Hydraulic Conductivity.

Soil Drainage

Drainage Class Lateral HC (m/Day)
Very poor 10
Poor 15
Imperfect 20
Moderately well 25
Well 30
Rapid 40
Excessive 50

3.3. Adaptive Capacity

The evaluation of the adaptation strategies focused on adaptation actions rather than the
development or improvement of the institutional framework since they are long-period approaches or
other strategies like risk-transfer methods since they are not problem-solving oriented. Other strategies
to avoid vulnerability issue like local and conventional actions were discarded. In fact, local strategies
in the ASALs against water scarcity mostly rely on traditional adaptation mechanisms, above all,
the adoption of nomadic life or increase of watering distance as closer waterpoints are depleted [68].
Conventional adaptation strategies, such as restriction of water use in pans and boreholes during rainy
season until surface runoff has been exhausted, controlling the number of livestock that access the pans
and boreholes, and paying infrastructure maintenance fees to help increasing water availability for
longer periods, are sparsely adopted. However, a more sedentary life and demographic increase are
threatening water availability in inhabited areas [69]. For these reasons, the limits of local adaptation
capacity must be overcome through the adaptive actions set in place by local governmental institutions.
Based on the SCIDP [53], there are eight actions that contribute to the improvement of water sources:
installation of gensets and solar panels, construction of shallow wells, supply of fresh and clean
piped water, drilling of boreholes, installation of water towers, construction of a dam, installation of
underground tanks piped water filled, water trough (Table 6).
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Table 6. Adaptation Actions (Installation of Gensets and Solar Panels, Construction of Shallow Wells,
Supply of Fresh and Clean Piped Water, Drilling of Boreholes, Installation of Water Towers, Construction
of a Dams, Installation of Underground Tanks Piped Water Filled, Water Trough) Divided According to
the Intervention Areas.

Place Name Gensets and Construction of  Piped Drilling of Water Dam Underground Water
Solar Panel Shallow Wells Water Borehole Towers Tanks Trough
Durte . °
Barambate .
Khob dertu .
Elbeso . . . .
Konon Gos o
Qorga Gudha .
El-Isacko Mala . .
El-Gufu .
Barambate
El-Buka °
Boji .
Goricha village . ° o
Malabot . . .
North Horr . .
Galas . . .
El Boru Magado . .
Eredheri .
Lag Balal .
Tiniqo . .
Qorqa Diqa . .
Hurri Diga .
Elmuda .
Wanno o
Bara .
Ruso . .
Horri Gudha . .

Compared to the current adaptation scenario (ACy), the implementation of the actions stated in
the SCIDP will move to a future adaptation scenario (AC;). Therefore, two adaptation scenarios were
constructed (ACy and AC;) where the water sources density in the project area is used as proxy of the
sub-indicator of the walking distance to water sources as suggested by [70]. The AC scenario, thus,
represents water source density ante-SCIDP and the AC; scenario represents water source density
(i.e., ante-SCIDP water sources plus new water sources planned) post-SCIDP.

3.4. Vulnerability

The vulnerability is the summary indicator obtained from the combination, based on Equation (1),
of the previously analyzed indicators and sub-indicators. Each indicator (Exposure, Sensitivity and
Adaptive Capacity) was rasterized (WGS 84/UTM zone 37 N, 230 m X 230 m) and normalized in the
range 0-10 to be comparable. Then, Exposure and Sensitivity were multiplied together obtaining the
potential impacts and finally divided by the Adaptive Capacity counteracting the negative effects of
the impacts. As per the scale interpretation, high values correspond to high values of each indicator
and of vulnerability.

4. Results
4.1. Exposure

4.1.1. Demographic Exposure

The water sources in the surroundings of Dukana show a higher weighted number of settlements
and therefore these are the most exposed areas in North Horr Sub-County (see Figure 3a). Some water
sources in the western part of the sub-county have a medium demographic pressure. The rest of the
water sources are less stressed.
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4.1.2. Weighted SPI Index

Although there is a suitable timescale for each specific context, it may be helpful to present results
for alternative timescales [71] to observe the variability of the index. SPI index weighted for each main
village and station shows different performance according to the time scale (Table 7).

Table 7. SPI Index at 3-, 6- and 12-Month Timescales for All the Facilities.

Physical Exposure (Ep)
Flood Drought
SPI1 SPI3 SPI3 SPI6  SPI12

Facilities
Balesa 18 13 9 21 20
Dukana 16 15 11 15 17
El Gadhe 16 13 6 19 21
El Hadi 18 11 12 19 20
Gus 17 19 6 21 15
Kalacha 21 14 3 5 15
Malabot 17 15 3 13 19
North Horr 22 15 6 15 17

Stations
Lodwar 16 12 6 18 15
Marsabit 17 15 6 12 18
Moyale 15 17 6 18 15

The following considerations on the choice of the timescale for detecting flood and drought spells
are since, at this latitude, rainfalls are concentrated into two seasons of three months each. Rain events
that trigger fecal matter intrusion in shallow water are extreme events. The 1-month SPI can assess
deviation from normal monthly cumulated precipitation better than the 3-month SPI, which can better
assess seasonal deviations. Therefore, the 1-month SPI was used as a sub-indicator for physical flood
exposure, as it can detect areal susceptibility to wetness conditions (see Figure 3b). The 6-months
SPI was preferred to the 3- and 12-month timescale as it can detect two consecutive dry seasons and
potentially the onset of a drought period. Therefore, we used it as the sub-indicator for physical
drought exposure as it can be very effective in showing reduced streamflow and reservoir levels
(see Figure 3c).

4.2. Sensitivity

4.2.1. Presence of the Stream

The greatest number of water sources that are situated exactly in the riverbed is found in the
North and in the East of the sub-county. Therefore, this is where it is possible to find the open water
sources that are more sensitive to nitrate contamination (see Figure 4a).
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4.2.2. Hydraulic Conductivity

The two sub-indicators of hydraulic conductivity (vertical and lateral hydraulic conductivity)
describe the permeability to contaminants in the area. In the lowlands in the central-southern part of
the North Horr Sub-County there are the greatest rate of vertical hydraulic conductivity due to the
presence of the northern part of the Chalbi desert. In the northern part of the sub-county, the vertical
hydraulic conductivity decreases with the increase of the altitude (see Figure 4b).

Regarding the lateral hydraulic conductivity, higher values of drainage are found along the
watercourses and in the highlands at the starting points of the watersheds (see Figure 4c).

4.3. Adaptive Capacity

Among the eight actions that contribute to the improvement of water sources, only four contribute
significantly to the reduction of the walking distance to safe water sources. These are construction of
shallow wells, supply of fresh and clean piped water, drilling of boreholes, installation of underground
tanks filled with piped water. Therefore only the following water sources were taken into consideration
for the water sources density (Table 8).

Table 8. Number and Distribution According to the Type of Water Sources Taken into Consideration
for the Water Sources Density in ACy and AC;.

Boreholes Earth Hand-Dug  Shallow Piped Rock Sprines (Undoet?errosun d
Pans/Dams Wells Wells Water Catchments pring 8

Tanks, Tanks)
ACy 10 6 13 54 0 2 11 14
ACy 16 6 13 59 10 2 11 16

The increase of the number of safe water sources in the study areas is considered as an improvement
of the adaptation capacity. It lowers the animal gatherings at water sources, it reduces the exploitation
of water sources themselves and improves access to water.

The scenario ACy, as said, is the current state of density of water sources, while the scenario
AC; is the possible future scenario if all the planned measures are set in place by the end of 2022.
In both scenarios, North Horr and El Hadi are the inhabited centers with the higher concentration of
water sources.

4.4. Vulnerability

The vulnerability is the resulting combination of normalised indicators: Normalised Exposure
(see Figure 5), Normalised Sensitivity (see Figure 6) combined with the Scenarios ACy and AC; (see
Figure 7) after their normalization in Normalised ACy (Figure 8a) and Normalised AC; (Figure 8b).
The vulnerability analysis has a major outcome: both in Scenario 0 and Scenario 1 (Figure 9) the northern
part of the sub-county is more vulnerable compared to the rest of area. After the implementation of
adaption measures there is a timid improvement in vulnerability values in the southern sub-county
(whitish spots). In Scenario 1 (Figure 9b), where there are no new adaptation measures (northern part),
the values of vulnerability show no change.
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5. Discussion

The result showed that the values of vulnerability in Scenarios 0 and 1 are greater in the northern
part of the sub-county (dark red areas) with respect to the southern part (white to light red areas).
Very few changes occurred from Scenario 0 to Scenario 1.

In fact, compared to Scenario 0, with the implementation of the adaptation measures—concentrated
in the southern and central part of the sub-county—only the areas surrounding Gus, Malabot, North
Horr, Kalacha, El Gadhe, Balesa and El-Hadi reduces their vulnerability. The area in the North do
not benefit from the adaptation actions. Indeed, the areas in the North that were more vulnerable
in Scenario 0 remain the most affected also in Scenario 1, while the areas in the South improve their
capacity to adapt to nitrate contamination risk.

The measures contained in the SCIDP that aim to improve water access are concentrated in the
southern-central part of the sub-county around the main town of North Horr (Figure 10a). Indeed,
it seems possible to observe a radial pattern distribution of the areas of intervention starting from
North Horr. As a matter of fact, North Horr is the chief town of the sub-county. Although it is difficult
to reach North Horr from Marsabit town passing through the Chalbi desert, the areas in the North are
way more difficult to get to and very close to the border with Ethiopia. The organization of similar
interventions in the northern area could be challenging from a logistic point of view. Therefore, North
Horr seems to be prioritized in the decision-making process. Moreover, the availability of funds is
hardly employed in remote areas where the population density is one of the lowest in all of Kenya
(about four inhabitants per km?) [50]. In fact, at the moment, funds of sustainable growth are preferably
diverted in the areas along the Great North Road (the road going from El Cairo to Cape Town passing
through Marsabit County), where a rapid population influx is expected [53].

SCENARIO 0 SCENARIO 1

370 373

kol 730

Vulnerability (0-68) » AREAS OF INTERVENTION Vulnerability (0-68) DEMOGRAPHIC PRESSURE
0 ®  Main villages 0 0-20
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19 6 * 80-100
s s * 100-120
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N 105 105 ® 140-152
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Figure 10. (a) Scenario 0 and the planned areas of intervention; (b) Scenario 1 and the demographic exposure.
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Besides the low population density in the northern part of the sub-county, the demographic
pressure on few water sources is an issue. In fact, a great number of settlements rely on few water
sources creating significant stress for water supply dynamics (Figure 10b).

Therefore, remoteness of the northern part of the sub-county, security problems, scarce interest,
and high demographic pressure on the scarce number of water source create suitable conditions for
water scarcity and low water quality. Despite the SCIDP’s intention to promote the development of the
area for the period 2018-2022, the plan will not be able to rectify the asymmetries and enhance the
easiest access to quality water. If not addressed soon, the associated consequences could be an increase
in migration sometimes identified as urbanization processes and conflict escalation in the area over
water resources. Moreover, worsening consequences could be deteriorated by climate changes and,
in particular, by more hydro-climatic variability in space and time [72].

To prevent social inequalities in access to clean and safe water, a broader understanding of
the existing water quality in Kenya is necessary. However, poor knowledge and application of the
Groundwater Vulnerability Assessment are found [73], even if contamination are common problems
that affect groundwater quality [74].

These results and the related discussion confirm that the adopted methodology solves the issue
of vulnerability assessment in a scant data context. In fact, the methodology proposed can identify
the most vulnerable areas of the sub-county, together with most vulnerable shallow water sources,
considering a selection of specific available data. Thus, the scant data limit is overcome and addressed.
A limitation could be a lack of groundwater NO3 concentration data; however, an in-situ extensive
data collection campaign would be a major effort for the abovementioned logistics issues. Thanks
to the methodology proposed, more vulnerable areas are identified and a more narrow group of
water sources to be analyzed could be selected, as done by [75]. Alternative applications of this
methodology could be useful to assess the vulnerability in other scant data contexts as support for
decision making or as preliminary assessment for more in-depth analysis of the water sources regarding
nitrate contamination processes.

6. Conclusions

This research aimed at assessing the vulnerability of the area to nitrate contamination of water in
open shallow water sources due to fecal intrusion following flooding events and nitrate percolation in
groundwater. The vulnerability indicator was constructed according to two different scenarios pre- and
post-interventions contained in the SCIDP, respectively Scenario 0 and Scenario 1. The result obtained
shows the partial inefficacity of the interventions since they are concentrated in the central part of the
sub-county, where it is already possible to find most of the water sources of the area. The northern part
of the sub-county is remote, insecure, and scarcely populated, therefore, there is limited ability and
low interest in improving water access in these areas.

Since the adaptation measures planned do not intervene in the most vulnerable areas, at least
until 2022, the reduction of nitrate levels in the water supplied may rely on different control methods
based on the acceptable level of human health risk, nitrate-control cost and technical feasibility.
These methods include nitrate source control, blending of two or more water supplies and direct
treatment of nitrates [76]. These methods of nitrates control should be coupled with an awareness
campaign on nitrate contamination control.

Moreover, the consistency of the results confirms the goodness of the proposed methodology
for scant data context based on the selection of specific quantitative sub-indicators, combining
socio-economic aspects with physical features.

In conclusion, the present study contributed to the understanding of the present and near-future
vulnerability of the area, as well as of the limitations of the SCIDP in contrasting the risk of nitrate
contamination of shallow water sources. Policymakers should be aware of the existing imbalances
between the North and South of the sub-county and try to incorporate these findings, albeit achieved in
a scant data context, for future policy planning. At the same time, it is demonstrated that a quantitative
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approach can be easily used to evaluate the vulnerability to climate changes also in a scant data
situation and in remote areas.
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