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ARTICLE INFO ABSTRACT
Keywords: Africa faces numerous challenges related to rainfall variability, droughts, water scarcity, and climate change.
Africa Managed Aquifer Recharge (MAR)- groundwater recharge and underground water storage for later use or

GIS-MCDA

Managed aquifer recharge
MAR feasibility mapping
MAR suitability mapping

environmental support presents a viable alternative for water storage and may provide an effective tool for
coping with such challenges. However, the potential area where MAR can be feasibly implemented has not been
identified. This study mapped MAR feasibility using a Geographic Information System-based Multi-Criteria
Decision Analysis (GIS-MCDA) and assessed MAR potential in Africa. The methodology focused on three key
pillars of MAR feasibility: intrinsic suitability based on biophysical parameters, water source availability, and
water demand. Maps responding to these pillars were developed and combined to create a composite MAR
feasibility map. Results show that 18% of the continental area falls into the low feasibility class, 73% into the
moderate feasibility class, and 7% into the high feasibility class. The feasibility map was validated against 17
existing MAR schemes in Africa, demonstrating a good correlation between their locations and areas with MAR
potential. Results of sensitivity analysis of criteria weights of the biophysical parameters show that geology is the
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most influential criterion, followed by slope. In general, this first feasibility assessment shows good potential for
MAR implementation in Africa. Therefore, MAR should be considered prominently among other water storage
options for resilience building in Africa and policymakers should ensure adequate resource allocation for its
implementation. The feasibility map can be used to guide MAR planning and investment decisions.

1. Introduction

Groundwater is a vital resource for billions of people worldwide. It
provides drinking water, supports agriculture, and buffers against
climate change. Besides that, it is important for securing the biodiversity
of ecosystems. Globally, groundwater supplies half of the domestic
water supply (UN, 2022) and 40% of the water used for irrigated agri-
culture (GEF, 2024; Jasechko and Perrone, 2021; Siebert et al., 2010). It
also supplies 24% of industrial water (GEF, 2024) and buffers rainfall
variability, providing a reliable water supply during extended periods of
drought (Burke et al., 2023; Vaux, 2011). The rising pressures of pop-
ulation growth, climate change, and economic development are strain-
ing groundwater resources worldwide, resulting in unsustainable
extraction levels (Gleeson et al., 2010) and potentially harming aquatic
ecosystems (de Graaf et al., 2019). Groundwater depletion is a signifi-
cant issue in many parts of the world, particularly in North Africa, the
Middle East, South and Central Asia, North China, North America, and
Australia (Konikow and Kendy, 2005). This depletion is affecting many
vital agricultural regions worldwide, threatening food security and
livelihoods (Wada et al., 2010).

Groundwater is a critical resource for many Africans, especially in
dryland regions, where it may be the only reliable water source for
growing cities (World Bank, 2018). Over 75% of the African population
depends on groundwater for drinking water (Braune and Xu, 2010;
Carter and Parker, 2009). However, rapid urbanization and pollution
are posing significant threats to groundwater resources across the
continent (Gaye and Tindimugaya, 2019; Giordano, 2009; Oiro et al.,
2020). As cities expand and populations grow, increasing water demand
depletes groundwater levels. Simultaneously, various pollutants are
contaminating groundwater supplies, jeopardizing the sustainability of
water resources for millions of people across the continent (Braune and
Xu, 2010; Gaye and Tindimugaya, 2019; Ouedraogo et al., 2016).
Coastal aquifers in Africa are threatened by saltwater intrusion, while
groundwater contamination by fluoride and nitrate is widespread.
Saltwater intrusion is particularly affecting coastal areas, contaminating
freshwater supplies (Steyl and Dennis, 2010). Additionally, 15% of
Africa’s landmass faces a high risk of excessive fluoride levels in
groundwater, exceeding safe drinking water standards (Podgorski and
Berg, 2022). Furthermore, nitrate pollution is a significant problem in
many African countries, contaminating groundwater sources (Abascal
etal., 2022). The Cape Town water crisis of 2018 is a typical urban water
crisis that resulted in a “Day zero’’ municipal water supply (Olivier and
Xu, 2019). The city’s exclusive reliance on a surface reservoir, exacer-
bated by severe drought, resulted in a Day of zero municipal water
supply. Investing in groundwater could have been a crucial solution to
mitigate the crisis (Olivier and Xu, 2019).

Africa is particularly vulnerable to climate change due to its heavy
reliance on rainfed agriculture and limited adaptation capacity (Ayugi
et al., 2022; Collier et al., 2008; MacDonald et al., 2009; Praveen and
Sharma, 2019). As climate change intensifies, the continent is likely to
experience more frequent and severe droughts and floods (Gizaw and
Gan, 2017; Serdeczny et al., 2017; Trisos et al., 2022). These extreme
weather events, combined with climate change impacts, pose a signifi-
cant threat to food security in Africa (Connolly-Boutin and Smit, 2016;
Gregory et al., 2005; MacDonald et al., 2009). In the face of increasing
rainfall variability and climate change, irrigation is key to increasing
resilience in Africa. However, in areas where surface water resources are
scarce, water availability is becoming a limiting factor in intensifying
irrigation (Iglesias et al., 2018; Koech and Langat, 2018). More

importantly, river runoff is typically unevenly distributed within years
and across years, requiring interventions to regulate and store flows to
improve the reliability of water availability over time and space (Balek,
2011; Mahé et al., 2013; Oyebande, 2001). While climate change will
influence all water resources, groundwater systems will exhibit a slower
response compared to surface water, potentially providing a buffer to
support adaptation efforts (MacDonald et al., 2011). However,
increasing water demand due to climate change and population growth
increases the pressure on groundwater sustainability (Wada and Bierk-
ens, 2014). Therefore, groundwater management interventions like
Managed Aquifer Recharge are vital for ensuring water security and
meeting growing water demands.

Managed aquifer recharge (MAR) is a potential solution for
addressing groundwater management challenges (Dillon et al., 2009,
2019). MAR is increasingly important in arid and semi-arid regions with
low natural recharge and high evaporation. If implemented correctly, it
is one of the strategies that can contribute to water security. MAR is a
nature-based approach to water management that is often overlooked
(Seidl et al., 2024; Water, 2018). It offers a solution for water storage by
using treated wastewater and surface water to replenish aquifers. Stor-
ing water in the aquifers when there is excess water or treated waste-
water during the wet periods for use during dry periods is considered a
viable water resource management option (Dillon et al., 2019; Stefan
and Ansems, 2018). MAR can improve water storage and is useful for
water reuse and improving water quality in soil aquifer treatment fa-
cilities (Grinshpan et al., 2021). Due to these benefits, MAR is consid-
ered an innovative approach to water reuse (Miller, 2006), enhancing
water security (Dillon, 2005), and climate change adaptation (Tuinhof
et al., 2011). Other benefits of MAR include flood control, preventing
saltwater intrusion, and the safeguarding of ecosystems (Dillon, 2005).
Further, the reduced energy demand for pumping may reduce carbon
emissions and mitigate climate change (Escalante et al., 2019).

MAR in Africa contributes nearly 158 Mm?>/year of additional water
storage to enhance water supply (Ebrahim et al., 2020). Although it
represents a small fraction (0.4%) of total groundwater use across the
continent, it plays a critical role in water security (Ebrahim et al., 2020).
While MAR has been adopted in Africa for over three decades (Bouri and
Dhia, 2010; Tredoux and Cain, 2010), its prevalence is notably lower
than in other continents (Stefan and Ansems, 2018). There are none-
theless good examples that have more than 30 years of MAR practice in
Southern Africa (e.g., Atlantis case study in South Africa (Tredoux and
Cain, 2010)) and Northern Africa (e.g., Soukra case study, Tunisia
(Chaieb, 2014)). The Atlantis scheme, South Africa, contributes
approximately 25-30% of the water supply of Atlantis Town (Tredoux
and Cain, 2010). The Windhoek case in Namibia is expected to provide a
drought buffer of up to three years for the Windhoek city (Murray,
2017). By building upon these successful cases, the benefits of MAR can
be further developed and scaled up, ultimately strengthening water se-
curity across the continent. However, MAR requires careful design and
implementation and may not be feasible everywhere due to various
constraints such as hydrogeological, water source, water quality, and
cost limitations (Seidl et al., 2024). Therefore, identifying potential sites
is the first step in MAR project planning (Government of India, 2007).

The application of GIS-based Multi-Criteria Decision Analysis (GIS-
MCDA) with freely accessible remote sensing and surficial data has
made it easier to identify suitable locations for MAR sites. This approach
leverages readily available data to create maps that visualize regional
MAR potential. The integration of GIS and MCDA has revolutionized site
suitability analysis, offering a more comprehensive and accurate
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approach than traditional map overlay methods (Rahman et al., 2012).
Several studies used GIS-MCDA to map potential groundwater zones
(Abdo et al., 2024; Ehsan et al., 2024; Magesh et al., 2012). However,
existing literature on MAR potential (Bonilla Valverde et al., 2016;
Daher et al., 2011; Ebrahim et al., 2017; Fathi et al., 2020; Ghayoumian
et al., 2005, 2007; Rahman et al., 2012; Russo et al., 2015; Yosef et al.,
2024) focuses mainly on intrinsic suitability.—i.e., the general capacity
of an aquifer to be recharged, both naturally and through human
intervention. While some studies used drainage density (Bonilla Valve-
rde et al., 2016; Fathi et al., 2020), distance to a river or canal water (Xu
et al., 2021), and distance to wastewater treatment plants (Riad et al.,
2011) as a proxy for water availability, only Martins et al. (2024),
Panagiotou et al. (2024), Aloui et al. (2022), Marwaha et al. (2021), and
Goode (2021) considered the critical role of water availability and de-
mand in determining MAR potential. This study, however, was
geographically focused on the Mediterranean Basin and North America.
There is no African-scale assessment of MAR potential that includes
water availability and demand.

Within this context, the main objective of this study is to assess MAR
potential in Africa using GIS-MCDA by explicitly considering the
intrinsic suitability of aquifers, water source availability, and water
demand. To generate the MAR feasibility map, we combined maps of
intrinsic parameters (slope, soil, land use/cover, and geology) with
maps of water source availability (surface runoff) and water demand
(baseline water stress, seasonal and interannual variability in water
availability). To generate the intrinsic suitability map, we combined
slope, soil, land use/cover, and geology maps using mean criteria weight
calculated using ranking, AHP (Analytic Hierarchy Process), and MIF
(The Multi-Influencing Factor method). The water availability map was
generated using surface runoff data from the Global Runoff Data Center
(GRDCQ), and the water demand map was based on baseline water stress,
seasonal variability in water availability, and interannual variability in
water availability using equal weight. Finally, these maps were com-
bined to create a composite MAR feasibility map using equal weights.
This approach offers a holistic perspective, providing a more practical
assessment of the potential benefits of incorporating MAR into local
water resource management. This study separates MAR suitability from
MAR feasibility by defining them as follows: MAR suitability refers solely
to the aquifer’s natural capacity for recharge and storage. MAR feasibility
encompasses a broader perspective, considering the aquifer’s suitability,
the availability of water for recharge, and the existing water demand.

By establishing a continental perspective, we provide a framework
for decision-makers to develop more targeted national or regional
studies. In addition, policymakers can use this information to make
informed decisions about MAR implementation, prioritize investments
in infrastructure, and increase awareness of its potential for enhancing
water security and resilience.

2. Methodology
2.1. Geographic Information System-based multi-criteria decision analysis

Geographic Information System based Multi-Criteria Decision Anal-
ysis (GIS-MCDA) offers a more comprehensive, efficient, and cost-
effective approach to MAR potential mapping than conventional
methods. Conventional methods, such as hydrogeological surveys,
geophysical surveys, and well drilling, can be time-consuming and
expensive (Abdo et al., 2024; Doke et al., 2021). In contrast, GIS-MCDA
relies primarily on existing data and analytical tools, reducing the need
for extensive fieldwork and associated costs (Bhuyan and Deka, 2022).
Additionally, GIS-MCDA is easy to understand and intuitively appealing
to decision-makers (Malczewski, 2004). It generates visually appealing
maps that can be easily understood and communicated to stakeholders,
facilitating informed decision-making. The rapid growth of digital
spatial data and advanced GIS tools has made GIS-MCDA increasingly
attractive (Malczewski, 2004). GIS-MCDA consists of seven steps:
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defining the problem, excluding infeasible sites, selecting criteria, clas-
sifying and standardizing criteria, assigning weights, combining criteria
based on assigned weights, and sensitivity analysis. Subsequent sections
describe each step.

2.1.1. Defining the problem

Africa, a continent characterized by diverse climates, rapid popula-
tion growth, and urbanization (Chirisa, 2008; Hall et al., 2017), faces
significant challenges in water resource management. In many arid and
semi-arid regions of Africa, rainfall distribution is uneven, and most
runoff is generated during the wet periods. Droughts are more common
than elsewhere. Groundwater, a crucial resource for many communities,
is increasingly stressed due to over-extraction, pollution, and climate
change. Managed Aquifer Recharge offers a promising nature-based
solution to these challenges. By strategically replenishing groundwater
aquifers, MAR can help mitigate water scarcity, improve water quality,
and enhance community resilience to drought.

Given its low cost, ease of maintenance, and reliance on readily
available GIS data, surface spreading methods represent a common MAR
approach in Africa (Ebrahim et al., 2020). These methods can be applied
to various recharge techniques, including infiltration basins and
controlled flooding. Surface runoff, captured through distributed water
harvesting ponds, is a suitable water source for MAR in most watersheds.
Unlike treated wastewater, primarily available in urban areas, surface
runoff is accessible across a broader range of regions.

2.1.2. Exclusion of infeasible sites

Exclusion of infeasible sites that are not feasible for MAR application
can be performed using boolean logic: if a location is considered suit-
able, it is assigned a value of 1; otherwise, it is assigned a value of
0 (Malczewski, 2004). This step is also known as constraint mapping.
Using the spreading method, two criteria, slope threshold and land
use/land cover, were used to eliminate areas deemed unsuitable for
MAR. When the hydraulic gradient is large, the recharged water rapidly
moves away from the recharge area, compromising the recovery of
recharged water. Densely developed urban areas or locations with
limited vacant land may not have the space to accommodate an infil-
tration pond and are unsuitable. Similarly, waterbodies are not suitable
and are excluded.

Rahman et al. (2012) and Agarwal et al. (2013) used a 5% slope as a
threshold where MAR using the surface spreading method is not feasible.
Fathi et al. (2020) and Bonilla Valverde et al. (2016) adopted a slope
threshold of 30%, and Massmann (2003) used a 15% slope as a
threshold. This study used a slope threshold of 10%, a very conservative
assumption compared to previous studies. Additional information can
be found in section S1 of the Electronic supplementary material (ESM).

2.1.3. Criteria selection

The selection of criteria involves the choice of appropriate thematic
maps as criteria for GIS-MCDA. Each selected criterion has to be quan-
tifiable and non-redundant (Dodgson et al., 2009). The criteria for this
study were selected based on literature review and data availability. The
selected criteria and data sources are presented in Table 1. The selected
criteria were grouped into three categories: criteria for intrinsic suit-
ability analysis, criteria used for water source availability for MAR, and
criteria for water demand analysis (Figs. 1 and 2). Four biophysical
parameters, which include slope, soil, land use/land cover, and geology,
were used for intrinsic MAR suitability mapping.

Water availability for MAR was evaluated using surface runoff data
obtained from the Global Runoff Data Centre (GRDC). While rainfall and
surface runoff are important factors in water availability, surface runoff
often provides a more accurate and comprehensive indicator. Rainfall
alone can be misleading, as it does not account for factors like soil type,
slope, vegetation, and land use, which all influence how much rainfall
becomes surface runoff. Surface runoff, on the other hand, represents the
actual amount of water available for potential use, making it a better
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Table 1
Selected criteria and source of data and their resolutions.
Categories Thematic layers Source Resolution ~ Reference
Intrinsic suitability Slope Derived from Africa DEM 30 arc-second, HydroSHEDS 1 km Consbio (2010)
analysis (USGS)
Soil texture at 2 m depth ISRC-World Soil Information 250 m ISRIC (2018)
Geology African Geological map from the British Geological 30 km (BGS, 2017; MacDonald et al.,
Survey 2012)
Land use/Landcover European Space Agency (ESA) 20 m ESA (2021)
Water source Surface runoff Global Runoff Data Center (GRDC) 55 km Fekete et al. (2002b)
Demand Baseline water stress Aqueduct Global Maps 4.0 30 km Kuzma et al. (2023)
Seasonal variability in water Aqueduct Global Maps 4.0 30 km Kuzma et al. (2023)
availability
Inter-annual variability in water Aqueduct Global Maps 4.0 30 km Kuzma et al. (2023)
availability
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Fig. 1. Intrinsic criteria used for suitability mapping: slope in percent (a), soil texture classes (b), white color represent areas with no data, which are specifically
water bodies, land use/land cover classes (c), and type of geology (d). Abbreviations used in the geology map legend represent dominantly fractured flow (F),
dominantly intergranular flow (I), and mixed flow (IF). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

indicator of water availability. Incorporating both rainfall and surface
runoff would be redundant, as surface runoff already encapsulates the
influence of rainfall. We used annual surface runoff data at a 30 x 30 arc
min (~55 km) spatial resolution obtained from the Composite Runoff
V1.0 database of Fekete et al. (2002a) to represent water availability.

The runoff data was produced by combining observed river discharge

1,000 2,000 Km
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Fig. 2. Additional criteria used for feasibility mapping: surface runoff (a), seasonal variability in water availability (b), baseline water stress (c), and inter-annual
variability in water availability (d). White colors (b, ¢, and d) represent areas with no data, which are specifically water bodies. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

information from the GRDC with a climate-driven water balance model*
(Fekete et al., 2002a).

Baseline water stress and seasonal and interannual variability in
water availability data obtained from Aqueduct 4.0 global datasets®
(WRI, 2023) were used as a proxy for water demand. Baseline water
stress is the total water withdrawal divided by total renewable surface
and groundwater supplies (Hofste et al., 2019a). The total available
renewable water supplies are calculated as the total available water
minus upstream water uses, which include consumptive water uses and
water stored in dams. Seasonal variability in water availability measures
how much a region’s available water supply, including renewable sur-
face and groundwater, changes within a year. Interannual variability in
water availability measures how much a region’s available water sup-
ply, including surface water and groundwater, fluctuates from the
year-to-year. Water storage through MAR is essential to manage sea-
sonal and inter-annual variability in water availability.

Baseline water stress, water depletion, seasonal variability, and

! https://grdc.bafg.de/GRDC/EN/03_dtprdcts/33_CmpR/unh_grde.html?
nn=201568.
2 https://www.wri.org/data/aqueduct-global-maps-40-data.

interannual variability obtained from the Aqueduct global model were
calculated using PCR-GLOBWB 2°, the global, gridded hydrological
model developed at Utrecht University, which has a grid resolution of 5
% 5 arc minutes. This equates roughly to 10 km x 10 km grids. Baseline
water stress, water depletion, seasonal variability, and interannual
variability indicators were aggregated at a spatial unit of hydrological
sub-basins based on the model output for 1979-2019. The HydroBASINS
level 6 hydrological sub-basins were used as spatial aggregation units.
On average, a sub-basin in HydroBASINS level 6 covers roughly 5318
km? (WRI, 2023). For groundwater table decline, aquifers were used as
spatial aggregation units. Since We developed the water demand map
based on PCR-GLOBWB 2’s baseline water stress data and season-
al/interannual variability information, limitations inherent to this
global hydrological model, notably coarse grid resolution and a limited
number of locations for model calibration, apply to these indicators. This
highlights the importance of considering these limitations when inter-
preting the results, particularly at finer spatial scales.

All spatial datasets were projected using the Africa Sinusoidal (D-
WGS_1984) projection system. Soil and land use/land cover data were

3 https://globalhydrology.nl/research/models/pcr-globwb-2-0/.
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resampled to 30 km using the nearest neighbor algorithm to match the
other dataset. Slope and surface runoff were resampled to 30 km reso-
lution using the bilinear technique that involves continuous data sam-
pling. Resampling to the average resolution was used as it offers an
option to resample all data layers to an average resolution so that all
data layers contribute some information. The 30 km resolution was
decided based on the critical information geology and demand map
holds to the overall feasibility map. The no-data values in the seasonal
and inter-annual variability map were replaced with values of their
nearest neighbor using the Nibble tool in ArcGIS.

2.1.4. Classification and standardization of criteria

Since criteria maps are in different units, each criterion needs to be
expressed in the same measurement scale, which in this study is a scale
from zero to one, with the highest value marking the most preferred
areas (Jafari and Zaredar, 2010). This was undertaken by a step-wise
standardization approach (Bonilla Valverde et al., 2016).

For surface infiltration MAR schemes, a high infiltration capacity is
preferable as recharge is controlled by gravity-driven water flow into the
soil. With a higher infiltration capacity, larger volumes can be
recharged. Steeper slopes will result in more runoff, less infiltration, and
a high hydraulic gradient that will influence the recovery of recharged
water. Thus, slopes above 10% have been used as a constraint, and
slopes from 0 to 2% are classified as having a suitability value of one.
This study defined soil texture classes based on their hydrologic soil
group classification and infiltration capacity (FAO, 1979; USDA, 1986).
Generally, the lower the clay content in the soil, the higher the infil-
tration capacity. Land use/cover standardization was accomplished
considering the ease of site clearing and preparation requirements
necessary to implement surface infiltration MAR schemes. Hence, areas
with dense vegetation are less preferred. Geology was standardized
based on the information from MacDonald et al. (2010) and MacDonald
and Davies (2000). Aquifers with high storage coefficients are the most
suitable for MAR as they can store large amounts of water. Unconsoli-
dated sedimentary aquifers are often targeted for MAR as they can hold a
large volume of water due to the large volume of pore spaces (Dillon and
Pavelic, 1996). In Africa, crystalline basement aquifers comprise
approximately 40% of the land area (MacDonald and Davies, 2000).
Storage in basement aquifers depends on the degree of fracture and
interconnection of fractures (Kresic, 2006) and is usually characterized
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implementation to meet the high water demand and bridge the water
availability gap during dry seasons and droughts.

All datasets were reclassified into six MAR suitability classes. Table 2
presents the reclassified values for the four biophysical parameters,
water availability, and water demand; for supporting evidence for
criteria classification and standardization, see section S2 of the ESM.

2.1.5. Assigning relative criteria weights

Assigning relative weights entails allocating weights for each crite-
rion based on their importance to the problem definition. There are
several methods for determining weights for GIS-MCDA. These include
the equal weight method (Roszkowska, 2013), ranking methods
(Roszkowska, 2013), the Multi-Influencing Factor (MIF) method
(Bonilla Valverde et al., 2016; Fathi et al., 2020; Magesh et al., 2012),
and the Analytic Hierarchy Process (AHP) technique (Saaty, 2008). In
the equal weight method, weights are uniformly distributed, whereas in
the ranking method, criteria are ranked based on their importance, and
the weights are the individual ranks normalized by dividing by the sum
of the ranks. The criteria weight in the equal weight’s method is defined
as one over a number of criteria (1/n). The method requires minimal
knowledge from the decision-maker (Wang et al., 2009). The equal
weights method has also been criticized because it ignores the relative
importance of criteria (Wang et al., 2009). In the MIF technique, weights
are determined based on cause-and-effect relationships between the
criteria, and the weights are calculated by adding the major and minor
effects score for each criterion and dividing this into the total score. The
AHP technique (Saaty, 2004) involves the construction of a pairwise
comparison matrix in which the weights of each parameter are deter-
mined by the relative importance of each parameter to the specific
context (Bhuyan et al., 2024). The intrinsic MAR suitability map was
created by averaging the weights calculated using three methods:
ranking, MIF, and AHP (Table 3). See section S3 of the ESM for further
details. For the water source, we used only one criterion: surface runoff
potential. The water demand map was built by combining three ele-
ments: baseline water stress and seasonal and interannual variability in
water availability. All three factors were weighted equally. Similarly,

Table 3
Criteria weights used for intrinsic MAR suitability mapping.

. . iteri ki thod AHP MIF A ight
by low storage potential (Titus et al., 2009). Larger runoff volumes are Criteria Ranking metho verage wels
advantageous as they indicate a higher potential for water availability. Soil 0.3 0.40 0.25 0.31
High values of water stress indicate more competition among water Geology 0.4 0.40 0.50 0.43

G al. 2014). S 1 and i 1 iabili h Land use/cover 0.1 0.04 0.13 0.09
USEI'S.( assert et al., ) easonal an 1f1terannua variability char- 5 1.00 1.00 1.00 1.00
acterizes a strong demand for water, which would encourage MAR
Table 2
Selected criteria and their classified and standardized values.

Suitability value 1.0 0.8 0.6 0.4 0.2
Intrinsic Slope (%) 0-2 2-4 4-6 6-8 8-10
suitability Soil texture Sand, loamy sand, Silt loam or loam Sandy clay loam Clay loam, silty clay loam, silty clay, clay
or sandy loam sandy clay,
Geology Unconsolidated Consolidated Consolidated sedimentary-  Igneous (volcanic rocks) and Basement
sedimentary- dominantly  inter-granular flow and Consolidated sedimentary-
inter-granular flow fractured flow dominantly fractured flow
Land use/land Bare areas Grassland and Cropland Lichen Mosses/Sparse Shrubs cover areas Trees cover areas
cover vegetation
Water Surface runoff >800 500-800 300-500 15-300 0-15
source (mm/a)
Demand Baseline water Extremely high High stress (40-80%) Medium to high stress Low to medium stress Low stress (<10%)

stress classes stress (>80%)

Seasonal variability ~ Extremely high High (1.00-1.33)
in water (>1.33)

availability

Inter-annual Extremely high High (0.75-1.00)
variability in water (>1.00)

availability

(20-40%) (10-20%) and Arid and low
‘water use

Medium to high Low to medium (0.33-0.66) Low (<0.33)

(0.66-1.00)

Medium to high Low to medium (0.25-0.50) Low (<0.25)

(0.50-0.75)
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the overall feasibility map, which integrates intrinsic MAR suitability,
water source, and water demand, was produced, assuming an equal
weight of 33.3% for each map.

2.1.6. Criteria combination

One of the most widely used techniques in Geographic Information
Systems for making decisions based on multiple criteria is Weighted
Linear Combination (Eqn. (1)), often abbreviated as WLC (Sallwey et al.,
2019). The intrinsic suitability map was produced based on the four
thematic maps (slope, geology, soil, and land use/Land cover) and their
respective weights calculated using the average of the three methods.
The overall MAR feasibility map was created based on the intrinsic
suitability, water source, and demand maps, assuming equal importance
weights.

S= Zwiyi

Where S= Suitability/feasibility, wi = weight for criterion i, yi = Cri-
terion map.

(Eqn. 1)

2.1.7. MAR suitability/feasibility classifications

Similar to the approach used by Bonilla Valverde et al. (2016) all
three maps (intrinsic suitability, water source availability, and water
demand) were classified into six classes based on their suitability/fea-
sibility for MAR (Table 4). We then determined the percentage area
covered by each class.

2.1.8. Sensitivity analysis

Sensitivity analysis is an important step in GIS-MCDA. It assesses
how a change in criteria weight affects the overall suitability analysis.
The One-At-a-Time (OAT) approach is commonly used to assess the
sensitivity of criteria weights (Chen et al., 2010). According to Chen
et al. (2010), the criteria weight of the main changing criteria under
consideration can be calculated using Eqn. (2). To meet the criteria
weight sum constraint, the weight of other criteria is adjusted propor-
tionally following the new weight of the main changing criteria weight
using Eqn. (3). Following Chen et al. (2010) approach criteria weights
were adjusted to 20% of their value (Table 5).

W (¢m,pc) =W (cm,0) + W (¢, 0) xpc,1<m <n (Eqn. 2)
W (cm,pc), is the new weight of the main changing criteria, W (¢, 0) is
the base weight of the main changing criterion C,,, at the base run, pc is
the percentage change, and n is the number of criteria.

w (Ci, 0)

W (ei.pe) = (1 =W (emP€)) X 73 (555

,Ji#m,1<i<n (Eqn. 3)

Where W (C; 0) is the weight of the i-th criterion C; at the base run.
3. Results
3.1. Intrinsic MAR suitability
To assess the intrinsic MAR suitability, we developed a comprehen-

sive map that incorporated various biophysical factors. These factors
included slope, soil type, geological characteristics, and land use/land

Table 4
MAR suitability/feasibility classification.

Map values Suitability/Feasibility classes
0 Unsuitable

>0-0.2 Very low

>0.2-0.4 Low

>0.4-0.6 Moderate

>0.6-0.8 High

>0.8-1.0 Very high
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cover. To determine the relative importance of each factor, we employed
a multi-criteria decision analysis approach that combined ranking, AHP,
and MIF methods. The mean criteria weight, calculated from the three
methods, was employed in the final analysis to reduce the potential bias
in criteria weight. This rigorous methodology ensured that our intrinsic
suitability map accurately reflects the complex interplay of these factors
in determining the intrinsic potential for MAR implementation across
the continent. Results show that about 25.3% and 32.4% of Africa fall
into the high and very high intrinsic suitability classes, respectively. As
shown in Fig. 3, most Northern and Western African countries and some
Southern African countries (e.g., Angola, Botswana) and Central African
countries (e.g., Democratic and Republic of Congo) appear to be in very
high suitability classes. Approximately 26.3% of the study area is clas-
sified as a moderate suitability class, and 0.1% of areas have been
classified as very low suitability class (Table 6). In general, there is
substantial intrinsic potential for MAR in Africa.

3.2. Availability of water source

Recharge water for MAR can be obtained from various sources,
including surface runoff, perennial or intermittent streams, and treated
wastewater. However, the current study focuses solely on surface runoff
as a source of recharge water. While other sources may also be viable,
surface runoff is a readily available and widely distributed resource that
can be effectively harnessed for MAR purposes. Fig. 4 depicts the water
availability map of Africa derived based on GRDC runoff data. Results
show that more than half of the continental area (55%) lies in the very
low water availability class, and 7.7% of the area falls into high to very
high water availability classes (Table 6). While the study focuses solely
on surface runoff, it is important to note that treated wastewater can be a
valuable source of recharge water, especially in areas with limited sur-
face water availability. The advantage of treated wastewater as a source
of water for MAR is its year-round availability, irrespective of the wet
season, but it requires significant pre-and post-treatment, which can be
costly (Murray and Tredoux, 1998).

3.3. Demand for water

MAR has the potential to address seasonal variability in water de-
mand through seasonal storage (Dillon et al., 2009). Fig. 5 presents the
MAR water demand map for Africa developed based on baseline water
stress and seasonal and inter-annual variability in water availability.
Results show that approximately 30.5% and 45.3% of the area belong to
low and moderate water demand classes, respectively. 13.9% and 2.9%
of the area are classified as high and very high water demand classes,
respectively (Table 6).

3.4. MAR feasibility mapping

The composite MAR feasibility map was created by combining the
intrinsic MAR suitability, water source availability, and water demand
maps using equal weights in a weighted overlay analysis (Fig. 6).
Following Bonilla Valverde et al. (2016), the resulting intrinsic suit-
ability, water source availability, and water demand maps were classi-
fied into five classes, and the area of each class was calculated. The
composite MAR feasibility mapping results show that 17.5% of Africa
falls into the low feasibility class (Table 6). 73% of the area falls in the
moderate feasibility class. 6.6% of the area is classified as highly
feasible, and no area has been classified as very highly feasible.

3.5. Validation

The composite MAR feasibility map was validated using 17 existing
spreading method MAR case studies reported by Ebrahim et al. (2020)
(Fig. 7). The Receiver Operating Characteristic (ROC) curve and the
Area Under the Curve (AUC) metrics are commonly used to validate
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Table 5
Criteria weight sensitivity analysis.
Criteria Base Slope Slope Soil Soil Geology Geology Landuse Landuse
weight (+20%) (—20%) (+20%) (—20%) (+20%) (—20%) (+20%) (—20%)
Slope 0.17 0.20 0.14 0.15 0.19 0.14 0.20 0.17 0.17
Soil 0.31 0.30 0.32 0.37 0.25 0.26 0.36 0.30 0.32
Geology 0.43 0.41 0.45 0.39 0.47 0.52 0.34 0.42 0.44
Land use/ 0.09 0.09 0.09 0.08 0.10 0.08 0.10 0.11 0.07
cover
z 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Intrinsic aquifer MAR suitability
- Unsuitable
[ very tow
[ Low
:’ Moderate
High
- ¢ 3,000
- Very high Km

Fig. 3. Intrinsic MAR suitability for Africa.

Table 6
Feasibility classes of MAR and areas in each class.

Map Feasibility Percentage of the continental area in each suitability &
values classes feasibility class

Intrinsic Water Demand Composite

suitability source for water ~ MAR

availability feasibility

0 Unsuitable 3.0 3.0
>0-0.2 Very low 0.1 55.2 7.5 0.0
>0.2-0.4 Low 12.8 24.7 30.5 17.5
>0.4-0.6 Moderate 26.3 12.4 45.3 73.0
>0.6-0.8 High 25.3 5.1 13.9 6.6
>0.8-1.0 Very high 32.4 2.6 2.9 0.0

suitability maps with classified field validation datasets (e.g., Abdo et al.
(2024); Bhuyan and Deka (2022)), but our MAR scheme dataset lacks
such classification. Therefore, we were unable to apply the ROC tech-
nique directly. Instead, we validated our feasibility map following the
approach of Al-Ruzougq et al. (2019). 94% of existing MAR schemes fall
under the moderate feasibility class and 6% under the high feasibility
class, reinforcing our method’s reliability and results. Generally, there is
good agreement between the existing MAR scheme’s locations and the

feasible MAR sites obtained with GIS-MCDA. However, regional feasi-
bility assessment may not be useful for local-scale MAR implementation
due to the map’s coarse resolution.

3.6. Sensitivity analysis

The results of the sensitivity analysis are presented in Table 7. Re-
sults show that geology is the most sensitive criterion, followed by slope.
Increasing the weight assigned to geology by 20% results in a 4 %
decrease in the moderate feasibility class due to the shift from the low to
moderate feasibility class. Similarly, increasing the criteria weight by
20% decreases the moderate feasibility class by 2.3%. Soil and land use
and land cover are less sensitive. In general, the maximum change in
area due to changes in the criteria weight is only 4%, indicating the
robustness of the chosen criteria weighting method. See section S4 of the
ESM for further details.

4. Discussion
Africa faces myriad challenges of food insecurity, climate vulnera-

bility, and poverty. Expanding water storage is widely seen as a crucial
solution, but the potential of MAR to achieve this goal remains
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Surface runoff availability

\:l Very low
N cow
B vioderate

- High 0 1,500 3,0%2”
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Fig. 4. Surface runoff water availability for MAR in Africa.

MAR water demand

- Very low

- Low

|:] Moderate

[ High 3,000
Km

B very high

Fig. 5. MAR water demand classes in Africa.
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Fig. 6. Composite MAR feasibility map.

Legend
. Existing MAR Schemes (Spreading method)

Composite MAR feasibility

- Unsuitable
- Very low
[ ow
- Moderate
[ igh

1,500 3,000

I Very high ; g ——— e— KM

10

27 (2024) 101374

Fig. 7. Composite MAR feasibility map overlaid with 17 existing MAR spreading schemes in Africa from Ebrahim et al. (2020).
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Table 7
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Change in percentage of the continental area in each MAR feasibility class from the baseline.

Feasibility classes Slope (+20%) Slope (—20%) Soil (+20%)

Soil (—20%)

Geology (+20%) Geology (—20%) Landuse (+20%) Landuse (—20%)

Unsuitable 0.0 0.0 0.0 0.0
Very low 0.2 0.2 0.2 0.2
Low -1.4 2.3 0.2 0.2
Moderate 1.2 —2.3 —0.8 -0.8
High 0.1 -0.2 0.4 0.4
Very high 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0
0.2 0.2 0.2 0.2
3.9 -1.8 0.3 0.9
—4.1 2.2 0.1 -1.0
-0.1 —0.6 -0.6 -0.1
0.0 0.0 0.0 0.0

unexplored. This paper is the first to map MAR feasibility from this in-
tegrated perspective based on GIS-MCDA and, as such, is believed to
offer the strongest guidance to date on the potential for MAR imple-
mentation on the continent. The GIS-MCDA MAR feasibility map for
Africa reveals at least six key insights.

First, Africa has a substantial intrinsic aquifer potential for MAR
application. North African countries such as Algeria, Egypt, Libya, and
Sudan, along with Western African countries such as Chad, Nigeria,
Mali, Mauritania, and Senegal, Central African countries such as the
Republic of Congo and the Democratic Republic of Congo, and Southern
Africa countries such as Botswana possess particularly high intrinsic
aquifer potential. This is due to the sedimentary formations having good
storage potential, favorable slope, and soil with high infiltration ca-
pacity. When we visually compared our intrinsic aquifer suitability map
with the groundwater storage map for Africa by MacDonald et al.
(2012), we found a high degree of consistency between the two.

Second, around 55% of the continent faces low surface runoff
availability. Water availability is found to be the limiting factor for MAR
application in the North African regions (e.g., Algeria, Egypt, Libya,
Morocco, Sudan, and Tunisia), West African regions (e.g. Chad, Niger,
Mali, and Mauritania), East Africa region (e.g., Somalia) and southern
African regions (e.g. Botswana, Namibia, and South Africa). Hence, in
areas where surface runoff potential is low, alternative water sources for
MAR, such as the use of treated wastewater, need to be promoted,
especially in arid urbanized areas where surface water resources are
scanty (e.g., Namibia, South Africa, Tunisia) (Ebrahim et al., 2020).

Third, nearly 31% and 45% of Africa belong to low and moderate
water demand classes, respectively. This is due to low water use for
irrigated agriculture, industries, and municipal uses. Countries like
Egypt, Morocco, and South Africa face severe water scarcity. This means
they have a high water demand, but their available water resources are
insufficient to meet those needs. Water demand will likely grow due to
socio-economic development, an increase in population, and infra-
structure investment (Cervigni et al., 2015; Lakmeeharan et al., 2020).
Future water demand in coastal areas is expected to rise sharply, pri-
marily driven by high population density and rapid urbanization. A
worldwide water stress ranking by Hofste et al. (2019b) identified
Eritrea, Botswana, and Morocco as the African nations experiencing the
most severe baseline water stress. In regions already facing limited water
due to baseline depletion (e.g., Angola, Egypt, Eritrea, Morocco, So-
malia, South Africa, and Nigeria, etc.), groundwater depletion (e.g.,
Egypt, Sudan, Libya, and South Africa, etc.), and frequent droughts, high
water demand creates a situation of extreme water scarcity. For further
details, please refer to section S5 of the ESM.

Fourth, our analysis showed that a significant portion of Africa,
roughly 73%, has moderate feasibility for MAR, while another 7% falls
into the high feasibility category. In general, there is good potential for
MAR in Africa, and the expansion of MAR in these regions can
strengthen climate resilience. Most North African regions, including the
Saharan Desert, appeared to be intrinsically very highly suitable for
MAR application using the spreading method. However, due to the
desert environment, water resource availability is limited, and popula-
tion density is very low; hence, there is less demand. This is concordant
with MacDonald et al. (2021), who described that most African coun-
tries (e.g., sedimentary aquifers in North Africa) have high storage
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potential but low rainfall and are water-stressed. Conversely, most Af-
rican countries with small groundwater storage capacity (e.g., many
crystalline basement aquifers) have high annual rainfall and are
recharged regularly.

Fifth, while a substantial portion of Africa, approximately 58%, has
high to very high intrinsic aquifer suitability for MAR, water availability
is a significant constraint. Only 8% of the continent has high to very high
water availability, and 17% faces high to very high water demand. As a
result, only 7% of the area was classified as having high feasibility for
MAR, and none was considered very high feasibility. Therefore, a MAR
suitability evaluation that neglects factors beyond intrinsic aquifer
suitability may be misleading. With the increasing population, climate
change, and demand for agriculture, water demand will likely rise. Ac-
cording to Ebrahim et al. (2020), 21% of the studied cases utilized
treated wastewater for MAR, particularly in countries with limited water
resources like South Africa, Namibia, and Tunisia. Exploring alternative
water sources, such as treated wastewater or water transfers, is essential
to maximize MAR potential in Africa.

Sixth, a sensitivity analysis of the biophysical parameters’ criteria
weights showed that geology is the most significant factor influencing
MAR feasibility, followed by slope and soil. Land use/land cover is less
influential. While high-resolution (30 m) slope maps can be derived
from public domain digital elevation models, geological maps often
have lower resolution. Future local-scale investigations should consider
supplementing geological data with geophysical surveys to minimize
uncertainty in geological assessments.

Before concluding this discussion, it is essential to acknowledge the
limitations of this study. First, criteria standardization in Multi-Criteria
Decision Analysis (MCDA) is inherently subjective and uncertain. To
reduce this uncertainty, we based our criteria standardization on a
thorough literature review of similar studies. Second, a key challenge in
MCDA is the inherent subjectivity in criteria weighting. To mitigate this,
we used multiple criteria weighting methods and conducted a sensitivity
analysis on criteria weights to assess the robustness of our results. Third,
the present study considered only one type of water source. Considering
alternative water sources like treated wastewater could increase the
MAR potential. Fourth, the feasibility map developed in this study is
designed to give a continent-wide view of MAR (i.e., 30 km x 30 km
resolution) and is not intended to provide local-level MAR feasibility.
GIS data with a finer resolution and a more detailed study are essential
to reduce this uncertainty. Fifth, Ebrahim et al. (2020) noted that the 17
existing MAR cases used to validate the feasibility map may not be a
complete list of MAR applications in Africa. Sixth, while intrinsic suit-
ability is relatively constant over time, water availability and demand
are temporally variable. Hence, the feasibility map must be updated as
new data and information become available. Seventh, this study used
long-term average annual runoff, but factors like the volume, frequency,
and duration of available excess water are even more critical for suc-
cessful MAR implementation. Eighth, available space for additional
storage depends on the depth to groundwater at the time when
recharging occurs, but this is not considered due to data limitations.
Finally, this study did not consider water quality issues due to lack of
data. However, for instance, fluoride is reported to be a major ground-
water quality concern in regions along the East African Rift Valley
(Malago et al., 2017). Future studies should, therefore, integrate spatial
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data on depth to groundwater and water quality into their feasibility
assessments.

5. Conclusions

There is potential for MAR to play a role in achieving water security
in Africa. Given that MAR is not feasible everywhere, the role of this
paper is to help focus MAR efforts on the most feasible areas. The
feasibility map developed in this study offers a comprehensive assess-
ment of MAR potential across the continent. The results of the MAR
feasibility analysis indicate that approximately 18% of the continental
area falls into the low feasibility class, 73% into the moderate feasibility
class, 7% into the high feasibility class, and no areas were classified as
very high feasibility class. In general, there is good potential for MAR in
Africa, and the expansion of MAR in this region can strengthen climate
resilience. The diversity in levels of feasibility provides a quantitative
means to guide MAR application in Africa. It is hoped that this study will
provide a regional view of MAR’s feasibility in Africa and support the
expansion of MAR in the region to address water security challenges in
the changing climate.

The MAR feasibility map for Africa suggests significant potential for
wider MAR implementation. However, local projects should be preceded
by more detailed assessments considering technical aspects, social fac-
tors, and costs. This will ensure the success and sustainability of indi-
vidual MAR initiatives. The map provides a visually appealing way to
generate attention for MAR practices and increase awareness of MAR
with the public and water professionals. It will help bring MAR to pol-
icymakers’ attention so that they can prioritize MAR planning and in-
vestment. Similarly, funding organizations can use this information to
identify investment areas to improve groundwater management through
MAR. However, there is a need to strengthen MAR implementation ca-
pacity in Africa and document the impacts of successful MAR case
studies so that the benefits of MAR can motivate additional roll-out of
this approach. Furthermore, given MAR’s potential to enhance resilience
and water security in Africa, policymakers should ensure adequate
resource allocation for its implementation.
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