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Abstract

Sustainable groundwater management in rural areas presents multifaceted
challenges stemming from hydrogeological complexities, socioeconomic dis-
parities, and governance issues. This thesis employs an interdisciplinary
approach to address these challenges, offering innovative methodologies
and insights into rural water access dynamics. The first part of the the-
sis focuses on developing a comprehensive methodology to assess individ-
ual user risk of groundwater shortage. After a preliminary multifactorial
analysis incorporating a range of variables from technical to societal, it was
found that most of the overall risk of water shortage for an individual house-
hold could be attributed to three factors; (1) Proximity, specified as the dis-
tance to the closest supply well (determined by geographical parameters),
(2) Availability of good quality water in the wells (determined by hydroge-
ological understanding and modelling), and (3) Sustainability (determined
by socio-technical and socio-economic parameters). In the latter case, a dis-
tinction was made between hardware functionality- the water point’s per-
formance considering a sufficient yield and reliability through time- and
software functionality, based on a combination of socioeconomic data from
surveys and analysed using Multiple Factor Analysis (MFA). All three fac-
tors are eventually mapped onto indicators in the range of [0 - 1] and then
represented in a Geographical Information System based on the partition
of the entire spatial domain (e.g., counties, villages, and neighbourhoods).
The three indicators are then combined in a final index based on the prod-
uct of the three factors, thus mapping time-dependent overall risk and al-
lowing the assessment of temporal risk-evolution scenarios. The methodol-
ogy is applied to Kwale County, Kenya, where community handpumps and

groundwater points comprise the main water supply system. Apart from



mapping the present situation, the methodology is finally used to assess the
impact of future climate scenarios. The second part extends the analysis to
four Eastern African countries, as an attempt to address the complexity and
heterogeneity that characterise the human-groundwater interaction in rural
water supply systems, we propose a multivariate approach that combines
many different variables, such as water point functionality and groundwa-
ter quality characteristics, here including both physicochemical and hydro-
chemical parameters. Furthermore, social and economic parameters vari-
ables, such as water point maintenance, finance, governance system, and
the main occupation of the villagers are included in our analysis. The com-
bination of variables of very different types and ranges of values is better
suited using Multiple Factor Analysis (MFA) as a way to determine formally
the main variables that affect water access and the relationship amongst
them. We applied the methodology in four different countries of Eastern
Africa supplied mainly with hand-pumps. The analysis was performed on
datasets collected during a waterpoint census between 2015 and 2016 by the
UPGro “Hidden Crises” and “Grow for Good” Projects from Kenya (data
points, n=165), Uganda (n=146), Malawi (n=200), and Ethiopia (n=170). The
results of the MFA analysis indicate the existence of common trends (or
a combination of a number of variables), indicating that water access in
Eastern African rural areas can be described mainly by three main com-
ponents: one representing the hydrogeological environment, a second com-
prising water point management agreements, and a third component linked
to the sustainable functionality of hand-pumps. We further suggest an in-
dividual methodology to evaluate each one of the components, involving
from hydrogeological modelling to waterpoint surveys or a demographic
study, allowing for the overall multidisciplinary project to be attacked sep-
arately into small disciplinary-specific approaches. The third part explores
into household water usage patterns and the impact of groundwater salin-
ity on (ground)water source selection, particularly during seasonal vari-

ability. A mixed-methods approach combining household surveys (n=265)



and physicochemical analysis (N= 75) of groundwater was employed across
Kwale County, Kenya, during the dry season. Co-occurrence matrices are
utilized to analyse usage patterns, while logistic regression models elucidate
the influence of salinity, demographic and socio-economic factors on water
source preferences. The results reveal some of the factors that drives house-
hold decision-making regarding water access. Despite limited changes in
drinking water sources between wet and dry seasons, significant shifts oc-
cur in non-drinking water uses, demonstrating the community’s adaptabil-
ity in utilizing available water sources. Factors such as taste, safety, and
proximity play significant roles in households’ decisions regarding their
main drinking water source. Moreover, the study highlights the significant
impact of groundwater salinity levels on usage patterns, identifying thresh-
old salinity levels beyond which households are less likely to choose certain
water sources. The thesis concludes with a synthesis of findings, emphasiz-
ing the importance of interdisciplinary strategies and context-specific inter-
ventions in addressing rural water access challenges. Future research direc-
tions include exploring adaptability to diverse regions, integrating surface
water resources, incorporating non-quantifiable social variables, and tran-
sitioning to stochastic models for enhanced predictive capabilities. These
advancements offer promising avenues for developing robust and adaptive
strategies for sustainable water resource management, fostering resilience

to environmental and socio-economic uncertainties in rural areas.
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Chapter 1

Introduction

Access to clean and reliable water sources in rural areas remains a persistent challenge,
particularly in low and middle-income countries (Morris et al. (2003), UNICEF and
WHO (2023)). The sustainable management of water resources and adequate water
supply infrastructure are essential for addressing this challenge and ensuring equitable
access to safe drinking water for all (Bartram et al. (2014), Rathnayaka et al. (2016),
Truslove et al. (2019)). In this context, groundwater systems are important in sustain-
ing agriculture, ecosystems, and human populations. They serve as a primary source
of crop irrigation and a drinking water source for billions of people worldwide, em-
phasizing their critical role in supporting human well-being and environmental health
(Margat and Gun (2013), Morris et al. (2003), Velis et al. (2017)).

Addressing water access challenges requires interdisciplinary approaches integrating
scienti ¢, social, and technological perspectives, by combining insights from hydroge-
ology, economics, sociology, and engineering, scientists, policymakers and practitioners
can develop more effective strategies for improving water access in rural areas (Elshall
et al. (2020), Martin-Ortega (2023), Sultana et al. (2024)). Associated, complex social-
environmental issues have, in many cases, been classi ed as "wicked problems”(Duckett
et al. (2016), Horst et al. (1973), Patterson et al. (2013)), six de ning characteristics of
wicked problems are the inde nable nature, ambiguously bounded, temporally ex-

acting, repercussive, doubly hermeneutic, and morally consequential (Duckett et al.
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(2016)). Thus, water access issues can be considered “wicked problems” underscor-
ing the nature and challenges for policymakers and researchers. Implementing man-
agement action on these issues is not necessarily straightforward or linear. It results
from various environmental, social, and institutional interactions and multiple drivers

of change in speci c contexts that evolve over time. Additionally, knowledge and man-
agement objectives also evolve over time. Therefore, rather than focusing solely on
speci ¢ management actions, it is important to prioritize the creation of tools and ap-
proaches that enable purposeful and coordinated local management actions within un-

certain and changing situations (Patterson et al. (2013)).

Sustainable groundwater management, emerging as a core challenge today, prioritizes
an overarching framework of groundwater sustainability over individual concepts such

as safe yield or renewability (Dao et al. (2024)). It aims to ensure a stable and dynamic
balance in the storage and high-quality groundwater resources, achieved through fair
and inclusive governance (Elshall et al. (2020), Gleeson et al. (2020)). Groundwater's
unique buffer capacity provides a major strength to reduce the risk of temporary water
shortage and to create conditions for survival in areas where global change is expected
to cause water stress (Calow et al. (1997; 2010)). Moreover, sustainable management
practices are essential for mitigating the impact of climate change and ensuring the

resilience of water resources (Howard et al. (2010)).

Understanding water access issues as complex problems is crucial for creating a sus-
tainable water future. This involves looking at problems and solutions on a systemic
level. Changing one part of the water system affects the entire system, as well as the
connected social and environmental systems, often in unexpected ways (da Silva et al.
(2012), Leach et al. (2018), Pahl-Wostl et al. (2008), Simonovic (2008)). Therefore, there
are no “one-and-done” solutions. Itis an adaptive, iterative exercise. Collaboration and
interdisciplinary methods are essential for this. How the different parts of the system
interact is as important as how they work individually (Patterson et al. (2013)). While

this level of engagement may seem time-consuming initially, it ultimately takes less
time than having to redo work due to lack of integration. By combining the strengths

of different elds, managers can gain a better understanding of complex issues, such as
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groundwater dynamics, enhancing management and promoting sustainable manage-

ment practices.

In rural areas of low- and middle-income countries, community-managed models
mainly rely on groundwater resources (Bonsor et al. (2015), Calow et al. (2010), Soren-
son et al. (2011)). The organizational capacity of communities becomes crucial, creating
challenges and potential burdens on marginalized groups This reliance on groundwa-
ter not only in uences social structures but also contributes to various other factors.
Depending on how it is managed, groundwater reliance can either exacerbate social in-
equalities or help reduce them by providing equitable access to water resources (Katuva
et al. (2020a;b), Koehler et al. (2018)). Additionally, groundwater availability and qual-
ity can signi cantly impact local economies, affecting livelihoods dependent on agricul-
ture, livestock, and other water-dependent activities (Bonsor et al. (2015), UNESCO and
UN-Water (2020), WWAP (2019)). Over-extraction of groundwater can lead to environ-
mental degradation, including land subsidence, aquifer depletion, and biodiversity loss
(Barlow and Leake (2012), Famiglietti (2014), Herrera-Garca et al. (2021), Jasechko et al.
(2024), Konikow and Kendy (2005), Scanlon et al. (2023), Shirzaei et al. (2021), Werner
et al. (2013)). Limited access to safe and reliable groundwater sources can jeopardize
public health, contributing to waterborne diseases and inadequate sanitation practices.
Therefore, understanding the multifaceted characteristics of water access and use is es-
sential for developing effective strategies for sustainable groundwater management in

rural communities (Morris et al. (2003)).

Recent interdisciplinary initiatives underscore an integrated approach for resolving
groundwater access challenges in rural areas. Collaborations between hydrologists,
social scientists, and technology experts have led to the development of tools that
are sensitive to both the physical aspects of groundwater systems and the socio-
economic factors in uencing them (Katuva et al. (2020b), Khan et al. (2008), Koehler
et al. (2018), Pahl-Wostl et al. (2008), Sultana et al. (2024)). This includes the application
of community-based participatory research to ensure that management solutions are
culturally appropriate and technically feasible (Sultana et al. (2024)). Advanced hydro-

geological models are now being integrated with social data to assess the sustainability
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of water resources and guide equitable water distribution (Ferrer et al. (2019a), Ros-
setto et al. (2021)). These interdisciplinary efforts are crucial for creating resilient water
supply systems in rural landscapes and can be signi cantly augmented by adaptive
management practices that respond to changing environmental conditions and societal
demands (Sultana et al. (2024)).

This thesis aims to provide quantitative tools for addressing some of the wicked
groundwater access problems in rural areas of low- and middle-income countries by
promoting an interdisciplinary approach and the understanding of the expertise of
each discipline. By incorporating quantitative methods, the thesis seeks to enhance
the rigour and systematicity of research while retaining exploratory and hypothesis-
generating nature of interdisciplinary methodologies. Quantitative analysis within an
interdisciplinary framework allows for the exploration of complex groundwater sys-
tems and the generation of hypotheses about underlying processes and relationships.
By integrating quantitative modelling with statistical analysis, managers can system-
atically test hypotheses and re ne explanations, contributing to address wicked water
problems. This research contributes to the ongoing discourse on water access in rural
areas by offering a multidisciplinary perspective and methodologies for understanding

and addressing the challenges of water security.

1.1 Obijectives

This thesis aims to propose innovative methodologies to tackle some of the challenges
of water access in rural areas. This will be achieved through hydrogeological, socio-
economic, and technological approaches. The primary objective is to develop method-
ologies that can aid in identifying the factors that in uence access to and use of ground-
water in rural areas. For example, during the dry season, the salinity levels in water
sources can play a signi cant role in households' usage patterns. By understanding the
decision-making processes of households and the factors that affect water source selec-
tion, we can gain valuable insights into the complexities of water access. The proposed

methodologies aim to facilitate decision-making, interventions, and resource allocation,
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underpinned by local data and quantitative evidence. These enhancements can poten-
tially improve water security, resilience, and equitable access to clean and reliable water
sources in Eastern Africa and beyond. To accomplish this broad objective, speci c goals

are identi ed:

e Speci c Objective: Develop a groundwater management methodology for as-
sessing individual user risk of groundwater shortage on a local scale This method-
ology integrates a rigorous numerical model of groundwater with socio-economic
and geographic information. The methodology de nes an index that is composed
of three sub-indices that are time-dependent. This allows for the construction of
scenarios and provides information for decision-making by identifying critical ar-

eas with a high risk of water scarcity.

« Specic Objective: The aim is to investigate the critical factors that in uence
the accessibility of water in rural regions of Eastern Africa that primarily rely on
hand-pump water supply. To achieve this goal, a comparative study is conducted
to assess the primary components that impact groundwater access in rural water
supply systems in four countries, namely Kenya, Uganda, Malawi, and Ethiopia.
The study focuses on waterpoint functionality, groundwater quality character-
istics, social and economic parameters, waterpoint maintenance, nance, gover-
nance systems, and the primary occupation of villagers. To obtain the most signif-
icant variables of the system while retaining as much data variation as possible,
multivariate statistical analysis tools, particularly Multiple Factor Analysis (MFA)

(Esco er and Pages (2016)), is proposed.

e Speci c Objective: This study aims to investigate the factors that signi cantly
in uence household usage patterns and water source selection in rural areas, par-
ticularly in seasonal variability and salinity cases. The study is focused on the
coastal region of Kwale County in Kenya, where communities are dealing with
groundwater sources that have become saline. Therefore, the study also aims to
understand how the increase in water salinity in particular wells during the dry

season affects the choice of primary and alternative drinking water sources, as
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well as other water sources for various purposes such as housing, crop irrigation,

and livestock hydration.

1.2 Thesis outline

The resulting document is structured in ve chapters. Collectively, the chapters of this
thesis are directly related to addressing groundwater access problems. Each chapter
tackles speci c facets of these complex challenges in water resource management, of-

fering concrete insights.

Chapter 1 introduces the problem. Chapter 2 introduces an assessment tool that inte-
grates hydrogeological modelling with socio-technical factors, acknowledging the mul-
tifaceted nature of rural groundwater access issues. By incorporating factors such as
proximity, water availability, and sustainability, the methodology offers an interdisci-
plinary approach to understanding and assessing the risk of water shortage for individ-
ual households. This chapter applied the methodology to Kwale County, Kenya, and
evaluated the impact of future climate scenarios on groundwater access, addressing

water scarcity and accessibility challenges.

In Chapter 3, comparative statistical analysis across Eastern African countries reveals
common trends shaping groundwater access, emphasizing the interconnectedness of
various factors such as water point functionality, management agreements, and sus-
tainable hand-pump functionality. By highlighting these commonalities, the chapter

contributes to a deeper understanding of the systemic challenges inherent in managing

rural water supply systems, a key aspect of water access problems.

Chapter 4 examines households' water use patterns and the in uence of groundwater
salinity on water source selection, providing clear insights into the complex dynam-
ics of household decision-making regarding water access. This understanding is es-
sential for developing targeted interventions and strategies to mitigate the effects of
groundwater salinity on water access. It builds upon the interdisciplinary approach
established in the previous chapters, integrating hydrogeological, socio-technical, and

socio-economic factors to comprehensively address the complexities of water resource
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management in rural Eastern Africa. Overall, this chapter contributes to the broader
understanding of water access challenges and informs strategies for sustainable water

management in rural communities.

Finally, Chapter 5 summarizes the research's conclusions. The Appendix includes all
the extra information needed to understand the different results obtained in the previ-

ous chapters.

Overall, this thesis contributes to understanding the multifaceted challenges of rural
water resource management in Eastern Africa. By integrating hydrogeological, socio-
technical, and socio-economic perspectives, the research offers valuable insights and
methodologies for addressing complex water issues and promoting sustainable water

access in the region.






Chapter 2

An assessment tool to improve
rural groundwater access:
Integrating hydrogeological
modelling with socio-technical
factors

2.1 Introduction

Over 4 billion people live in areas with severe water scarcity for at least one month per
year (WWAP (2019)). Lack of access to safe drinking water has been documented as
having broad-reaching consequences impacting public health, economic development,
global trade and humanitarian crises (Bank (2018)). In 2022, 2.2 billion people lacked
safely managed supply-water services. This means no access to an improved water
source on-premises, available at the point of need and free from contamination. Of that
number, 1.5 billion people had access to an alternative good-quality water source, less
than 30 minutes round-trip collection time (basic service), while 292 million took more
than 30 minutes to access (limited access). Finally, 296 million used unimproved water
sources. In the last seven years, rural drinking water coverage has increased from 56%
to 62% (UNICEF and WHO (2023)).
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Groundwater offers some advantages for providing universal access. First, aquifers
are present almost everywhere, and most have major storage capacity. Moreover, their
buffer capacity makes them less vulnerable to seasonal and multi-year climate vari-
ability, which is expected to increase due to climate change (UNESCO and UN-Water
(2020)). In rural and remote areas, shallow groundwater is generally more accessi-
ble than surface water due to the cost of infrastructures for collecting and allocating
surface water to dispersed communities (Pointet (2022)). However, a combination of
problems- the very limited hydrogeological characterisation of aquifer systems, the lack

of groundwater infrastructures and their maintenance, the limited technical capacity in
most cases, socio-economic context and governance- have hindered the sustainable use

of local groundwater resources in different regions worldwide (WWAP (2019)).

Signi cant improvements in rural water supply services have been evident since the
implementation of the Millennium Development Goals in 2000 (MDG). The WHO/U-
NICEF Joint Monitoring Programme (JMP) for Water Supply and Sanitation estimates
that by 2010, the MDG target of halving the proportion of people without access to an
improved water supply was met. However, concerns regarding the level of service,
functionality, and system sustainability were raised (Truslove et al. (2019)). In 2015,
the importance of "leaving no one behind” and improving the service level was stated
through the Sustainable Development Goals (SDG) to reduce the manifold forms of

inequality of access to basic needs, focusing on the most marginalised communities.

One way to monitor the status and progress of the 2030 Agenda for Sustainable Devel-
opment is through the de nition of targets and associated indicators of compliance. In
the case of SDG 6, which endeavours to ensure access to water and sanitation for all,
eight targets were de ned, and 11 global indicators were developed. Indicator 6.1.1, re-
lated to water access, monitors the proportion of the population using safely managed
drinking water services and considers a ladder approach, focusing on the importance
of proximity to the water access point's source, availability, and reliability, measuring
the proportion of the population using safely managed drinking water services (Sutton

and Butterworth (2021)). However, these indicators are intended to be used at a na-
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tional, regional and global level, working as guidelines for governments, but fail to be

equally applicable at the local scale.

In order to assess water scarcity and stress, several interdisciplinary tools have been de-
veloped. The ones most used are based on de ning indexes that could then be mapped
as a way to help improve network monitoring, develop comparative evaluations, as-
sess the impact of policy applications, and assist in the processes of decision-making.
Indexes can simplify complex relationships and provide useful communication tools
for diverse audiences and users, including policy-makers and the general public (Or-
ganization and Partnership (2016)). The construction of composite indexes, formed
by aggregated individual indicators, requires a comprehensive understanding of the
problem and the development of an underlying model, which assesses the structural
components and their interactions, considering spatial and temporal variability (Nardo
et al. (2005)). Rural water access indexes can be categorised according to their scale of

applicability in local, national, regional or global water sustainability indexes.

The Water Poverty Index (WPI) (Sullivan (2002)), arguably the most widely used, has
been adopted at global, regional and local scales (Sullivan et al. (2006)). It considers
ve main components: physical water availability (R), the extent of water and sanita-
tion access (A), Availability and capacity for sustained access (C), water use (U), and
environmental factors that impact ecosystems (E). However, since its publication, sev-
eral criticisms have arisen, from the unpair and often correlated selection of compo-
nents and subcomponents (Molle and Mollinga (2003)), to reviews of the poor statistical
properties and inadequate techniques for combining available data, such as arbitrary
weighting and additive aggregation methodologies (Garriga and Foguet (2010)). Other
authors directly question the result from the application of the WPI, where countries
with signi cant water differences are ranked with almost identical values; for exam-
ple, New Zealand is equal to Nicaragua, or the USA is equal to Laos (Feitelson and
Chenoweth (2002), Komnenic et al. (2009), Molle and Mollinga (2003)). Furthermore,
the WPI has been criticised for how the access component (A) works as the real indica-
tor of the WPI and how the other components cannot add information supplemental to
the indicator itself (Shah and Koppen (2006)).



Chapter 2 — Introduction 11

Other regional indexes de ned in the literature attract similar criticisms. For exam-
ple, the Canadian Water Sustainability Index (CWSI) (PRI (2007)), inspired by the WPI,
considers fteen indicators grouped into ve components: Ecosystem Health, Infras-
tructure, Capacity, Resource, and Human health and wellbeing. Since the CWSI is tai-
lored to the characteristics of the Canadian region, it lacks adaptability and exibility,
requiring several modi cations before it can be applied to other countries. The Arab
Water Sustainability Index (AWSI) (Ali (2008)) involves four components: water con-
gestion, dependence, scarcity and environmental sustainability, and follows an additive
aggregation methodology with weights provided from Principal Component Analysis,
allowing variable compensation and loss of information. In the case of Europe, the
Sustainable Water Management Index (Maiolo and Pantusa (2019)) considers three pil-
lars: the arti cial system, the natural system, and the socio-economic and institutional

aspects derived from the European legal framework.

A common drawback of the indexes presented here is that they are of a very qualitative
nature and fail to adequately address the time-dependent nature of water scarcity based
on the proper representation of the overall groundwater budget. Currently, planners
have to deal with several dimensions of water needs and use, in particular, to account
for heterogeneous and uctuating spatial and temporal manifestations fully. These as-
pects are typically addressed by designing robust conceptual models and developing
numerical groundwater models with tools available and easy to implement. The tem-
poral variable can be introduced into the system through the implementation of tran-
sient modelling, which facilitates the assessment of water evolution (both quality and
guantity), as well as the construction of hypothetical scenarios, improving the decision-
making and planning processes of water networks (Cannata et al. (2018), Howard and
Maier (2007), Sherif et al. (2012), Xu et al. (2011)) for a suite of climatic and hydromete-
orological conditions, present and future. Even though the use of groundwater models
by stakeholders and authorities has increased during the last few decades, it remains an
unused tool in many parts of the world. For example, the use of groundwater numerical
models and digital tools in Africa is an occasional activity, performed mainly in indus-
trial or research contexts for engineering projects or modelling studies and rarely used

for water management or planning (Rossetto et al. (2021), Rossetto and Veroli (2020)).
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We contend that addressing the temporal component, the application of rigorous math-
ematical modelling, the exibility and adaptability to different hydrogeological and
socio-economical contexts, the knowledge and timings, and the use of interdisciplinary
approach are among the main gaps or challenges that new proposals for water indexes

should address.

This chapter presents a groundwater management tool for addressing the risk to an
individual user experiencing groundwater shortage, applicable on a local scale. The
proposed tool, framed in a GIS, takes advantage of the bene ts of groundwater numer-
ical modelling, considering the evolution of water access in time and with the option
of implementing different contexts and scenarios. Furthermore, it also incorporates an
interdisciplinary and user-centred approach, conceiving water access not only as a tech-
nical or management problem but also in uenced by the socio-economic reality of the
region. A step-by-step procedure for the three sub-indexes and the nal overall index
construction is presented to help communities, local governments, and decision-makers

identify critical areas with a high risk of non-water supply.

The manuscript follows a structure comprising distinct sections. A “Theoretical Frame-
work”, elucidating the methodology; “Application to Kwale County”, showcasing
practical implementation, results and its interpretations; A “Discussion on the tool”,
providing a comprehensive exploration of the tools broader implications, and a conclu-
sion summarizing key ndings. Kwale County, on the coastal Kenya, exempli es the
range of rural water resource issues experienced in many regions and is a land that has
a well-developed history of water resource governance and data that are more readily
obtainable than in other developing nations, allowing for a proper assessment of the

resulting index and sub-indexes and the application of the tool.

2.2 Theoretical Framework

Water supply in rural areas of low and middle-income countries, especially in Africa
and Asia, is usually managed through communities or individuals with the dynamic

intervention of governments, NGOs, the private sector, donors, and researchers. Access
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Figure 2.1: Graphical representation of the theoretical framework. Proximity (P), Avail-
ability (A), Sustainability (S)

to safe groundwater can be seen as a multidimensional problem in uenced by different

parameters. Here it can be included elements that range from technical factors, such
as well design, maintenance, and geological background (Ferrer et al. (2020b), Truslove
et al. (2019)), to social factors, such as time spent in water collection (Garriga and Foguet

(2010)), collector's wealth, payment choices, or education (Hope and Ballon (2019a)).

To improve groundwater access, it is crucial to develop tools that accounts for the mul-
tiple factors that governing it. Our proposed index includes three factors: Proximity
(P), Availability (A), and Sustainability (S). (Figure 2.1). Proximity is related to user ac-
cess to a groundwater facility, taking into account the time or distance needed for water
collection. Availability is related to the hydrogeological background and assesses wa-
ter accessibility at a given groundwater point, in suf cient quantity and of safe quality.
Sustainability establishes a link between groundwater and the user that collects it, and
refers to the technical and social factors that facilitate proper functioning of the ground-
water supply system. As a general rule, we produce an index for each one of the factors
ranging from 0 (none) to 1 (maximum). The following section details these three factors,

indicating how they can be quanti ed.
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2.2.1 Proximity

As stated before, several hundred million people spend over 30 minutes per trip to
collect water from sources outside their own homes, often travelling long distances.
According to SDG 6, the initial focus, especially in areas where a large proportion of
the population still lacks even basic drinking water services, must be sustained and
ensure that everyone has access to a safe drinking water source and reduce the time

spent collecting water (Cassivi et al. (2018), Group (2017)).

There are many potential formulations for Proximity (P 2 [0; 1]); a simple and general

one is given by,

P= +(1 )% (2.1)

where d [expressed, e.g, in km] is the Euclidian distance between the household and
the groundwater point; 2 [0; 1] is a value that provides a "no-matter-what” distance,
indicating that regardless the distance, users consider it as acceptable. Is a value that
depends on geographical and socio-economic conditions. Equation (2.1) indicates that
for a distance of d close to zero, the factor P equals 1 (maximum value for Proximity),
while the minimum value is equal to . The parameter [km] is a value that provides
some factor that modi es the perception of proximity for the users as a function of
distance. Typically, policy makers have set standards for this deterioration effect that
would translate to values of in the order of 1 to 1.5 km (Gin & and Pérez-Foguet (2009),
Evaluation (2020)). Alternative equations that include factors such as topography, the
presence of available roads or paths, and even the situation of a water point as down or
uphill from the household can be provided. Equation (2.1) could be modi ed to incor-
porate distances different from the Euclidean one so that factor P could alternatively be

expressed in terms of time or personal effort rather than actual distance.

Itis not always the case that users are supplied with water from the closest water point
in terms of distance or time. Due to technical or social issues, water points can be-
come dry, polluted, or non-functional during a speci ¢ period. Sometimes, the refer-

enced water point is selected according to other socio-political factors such as the re-
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lations with other community-centred waterpoints, institutions in which users partici-

pate (churches, schools, healthcare centres), or cultural-based decisions. The best-case
scenario is when it is possible to know whether a given user selects a particular water
point; in this case, the indicator can be updated to consider the real point. When there is
no information about the referenced water point, we propose calculating the Proximity

relative to the minimum distance between a given user and all available supply points.

The Proximity factor goes beyond simple issues of distance or time. Fetching wa-
ter over long distances entails several risks to physical safety, lost time for education
or other income-generating activities, and adverse health outcomes (WWAP (2019)).
Water fetching has a strong gender dimension, as it is often one of the most time-
consuming daily activities for women and young girls, causing a signi cant impact

on school attendance and the reduction of economic activities in which they could be
involved. These help perpetuate poverty and gender inequality in some rural areas
(Joshi et al. (2018), Sorenson et al. (2011), UNICEF and WHO (2023)). This topic will be

later pursued when addressing functionality.

2.2.2 Availability

The Availability of groundwater, including issues of safety and quantity, can be ad-
dressed via groundwater models and/or an intensive and extended groundwater mon-
itoring network. One of the main advantages of using groundwater modelling is the
potential for constructing hypothetical scenarios, increasing the available information

for decision-making.

Regarding water quantity, we propose using saturated water column lengths as the
Availability indicator, a parameter that can be estimated for each borehole in a given
study area. Therefore, the quantity availability indicator Ag 2 [0; 1] can be de ned as
0 when the water level drops below a prede ned value in a given period (for example,
borehole depth, W, i.e., no existing water column), while Ay=1 indicates a fully safe
water level in the borehole (above some column length speci ed beforehand, hgyt). We

postulate a linear transition between these two values (but other functions could be
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used as well):

8
0 if h< Wy
Aq(h) = gh;ewo’vd if Wo D < hsare (2.2)
1 if h  hgate

Regarding water quality, numerical transport groundwater models allow for the esti-
mation of concentration range of a component at a speci ¢ point of interest. The con-
centrations obtained at the groundwater access point can be normalised, ranging from
0 to 1, where Ay = 1 means no pollution, while Aq = 0 means that the concentration of
at least one of the target contaminants (either chemical elements, trace metals, organic
compounds, pathogens) exceeds the limit established by WHO and/or a selected refer-
ence value. Therefore, if any of the compounds analysed exceeds the prede ned limit,
the quality index assigned to the water point will be set to 0; otherwise, the value could
be set to 1 (binary approach), or else establish a linear model similar to Equation 2.2.
The nal Availability indicator can be computed as the multiplication of the quantity

and the quality indicators (i.e., A= AqAq).

2.2.3 Sustainability

Several authors refer to the low levels of functionality in water supply systems world-
wide. Estimating the number of non-functional water points in Sub-Saharan African
countries varies from 15 to 50% at any given time. These values have persisted since
the 1970s, despite different improvement plans (Banks and Furey (2016), Bonsor et al.
(2018), Cleaver and Whaley (2018), Harvey and Reed (2007), Lockwood and Smits
(2011), Moriarty et al. (2013), Whaley et al. (2019), Whaley and Cleaver (2017)). Here,
we consider Sustainability a time-dependent concept that addresses the functionality

variations to generate a representative image of the groundwater point.

Whaley and Cleaver (2017) conducted a literature review from a practice-focused and
critical-academic perspective. They identi ed some of the main challenges in rural wa-
ter functionality. They separated the global concept of functionality for rural water
supply into two terms, "software” and "hardware” functionality. Software functional-

ity refers to the socio-economic conditions of the population, cultural and social aspects
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related to water access, and the governance arrangements needed to install, operate,
and maintain the rural water supply system. Hardware functionality, on the other hand,
refers to the physical infrastructure that makes water supply possible (Arlosoroff et al.
(1988)). With this double de nition, sustainability becomes a complex indicator that
depends not only on the physical infrastructure and maintenance of the groundwater
point but also on the individual, collective or institutional capacity for management and
reparation of supply wells, incorporating the system's reliability and the socioeconomic

context.

2.2.3.1 Hardware Functionality

Hardware Functionality (HF) should be measured without introducing the bias caused
by the users' experience and satisfaction. In 2018, Bonsor and co-workers proposed
a tiered approach, which follows the performance of the water point considering two
factors, suf cient yield and reliability, through time (Figure 2.2). It starts with a binary
guestion of whether the groundwater point is physically working, followed by an eval-
uation of a number of successive questions regarding suf cient yield and an evaluation

of the number of days the well could not operate (Bonsor et al. (2018)).

The value assigned to the hardware functionality indicator (HF) depends on the tailored
approach's nal result. For example, we propose a discrete range [0,1], from abandoned
to fully functional. Equation 2.3 presents the detailed range of values for Hardware

functionality.

0:8 if Partially Functional - Poor reliability

0:6 if Partially Functional - Low yield

0:4 Poor yield and reliability

0:2 Not functional but has worked in last year
-0  Abandoned

8
gl if Fully Functional
g (2.3)
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Figure 2.2: Hardware Functionality ow chart (adapted from Bonsor et al., 2018).

2.2.3.2 Software Functionality

Software Functionality (SF) relates to the management and administration of the rural
water supply system points. Interdisciplinary socio-technical research considers that
social elements (governance, cultural practices, social con guration); and technical ele-
ments (technology, infrastructure, hydrogeology) are related and interconnected at dif-
ferent levels (Ahlers et al. (2014)). Furthermore, different types of management and wa-
ter governance could also be related to contextual factors such as historical processes,
livelihood constraints ( e.g, the gendered divisions of labour-cultural backgrounds), and
even community cosmovision (Cleaver and Whaley (2018), Joshi et al. (2018), Whaley
and Cleaver (2017), Group (2017)).

The proposed socio-technical approach starts with a bibliographic compilation and/or

in situ information collection that gathers the demographic characteristics of the area,
the socioeconomic and health status of the population, and the background context
of local water management arrangements, focusing mainly on how things are done

in the community's daily life. This means, for example, understanding the type of
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water management and governance, which are the primary and secondary household
water sources, how the household or community manages the water payments, and the

engagement of each household in the water point management.

The approach performed by Katuva is an example of a survey that includes all the
variables described above (Katuva et al. (2020a; 2019)). After the data collection, a mul-
tivariate statistical analysis is proposed as an exploratory data analysis and dimension
reduction technique to obtain the most signi cant variables of the system, keeping as
much data variation as possible. Since the data sets gathered in this research come from
different sources, we propose the use of Multiple Factor Analysis (MFA) (Esco er and
Pages (2016)), which is especially useful when the data set is structured in blocks or

tables and includes both categorical and numerical variables.

MFA allows for studying the similarities between individuals concerning the whole
set of variables and their relationships, in relation to the groups on the data set struc-
ture. Also, the methodology analyses the overall similarities and differences between
datasets, variables, and individuals, obtaining a small number of independent linear
combinations (i.e., dimensions) of a set of measured variables that capture as much
of the variability in the original variables as possible. In MFA, just like in standard
PCA, the importance of a dimension (i.e, principal component) is represented by its
eigenvalue, which indicates how much of the total inertia ( i.e., variance) of the data is

accounted for by this dimension.

The rst dimension of the MFA ( v;) is the independent linear combination which max-
imises the squared covariance with the variables of all the sets; with the covariance

being divided by the maximum inertia of each set, as given by Equation 2.4:

X B X é
arg max J. COVA(Xi; V1) (2.4)

Vi2R' =1 T KK,
{z }

|
Lg(Kj;v1)
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MFA has been used in research elds ranging from medical and behavioural to agricul-
tural sciences, helping to identify signi cant variables and remove redundant features
(Culhane et al. (2020), Pags and Husson (2005), Sanchez et al. (2019), Vilor-Tejedor
et al. (2018)). It is especially useful in analysing survey questionnaires, which are usu-
ally structured according to different themes, allowing each one to be considered as a
set of variables. However, correlations and contributions of variables do not necessar-
ily represent their real in uence on complex problems (Nardo et al. (2005)). Therefore,
the selection of variables must constitute a methodologically sound technique (such as
MFA) and have the potential to facilitate a deep theoretical understanding of the prob-

lem and its complexity.

The implementation of the MFA can be done through the FactorMineR R package (L &
et al. (2008)). At the moment of data collection and comparison, the differences in time
and spatial scale must be considered. For example, data obtained at a national or re-
gional level is not necessarily representative of the locality in which the tool is being

applied.

Once the results of the MFA are obtained, the most signi cant set of variables on the
principal components are selected. Subsequently, the Software Functionality of a house-
hold can be calculated via the ponderation of the Euclidean distance between each of
the sets selected and the Hardware Functionality set. The contribution of the set is com-
puted as the sum of the observation contributions for each variable. Finally, once all the
information is computed and the speci c indicators (HF and SF) are estimated, Sustain-
ability (S) can be calculated as the mean of the indexes corresponding to an average

between Hardware Functionality and Software Functionality.

2.2.4 Weighting and Aggregation. The overall index.

Weights and aggregations have a signi cant effect on the overall composite indexes.
Theoretically, weights are aimed at re ecting the relative importance of the indicators
on a composite index, and also to intervene to correct the overlapping of information

of two or more correlated indicators (Nardo et al. (2005)).
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One of the main advantages of this tool is being able to consider the variation of time
and the evolution of the system. It would therefore be helpful to keep weights un-
changed, and since the three proposed indicators (P, A, S) are already normalised, rang-
ing between 0 and 1; are of equal importance; and are furthermore selected to become

independent from each other; we propose not using any weighting system.

Regarding aggregation methodologies, compensability effects- where suf ciently high
values in one indicator compensate for poor performances in others- are also a common
problem in composite indexes. For example, in the hypothetical case of a household
which has A=0.8, S=0, P=1, using an additive aggregation method, the index would
be 0.6, the same as if the indexes wereA=S=P=0.6. However, the conditions for both
households are very different, as in the rst case, where the household does not have
water access since the index for Sustainability is 0. Each indicator proposed in this tool,
then, is essential to ensure water access. Therefore, a high-penalty aggregation method
should be used. We propose a geometric aggregation methodology as in the following
Equation 2.5.

Index=A S P (2.5)

This way, there will also be a greater incentive to focus on those indicators with low

scores, providing a simple approach for decision-making, as a way to improve its rank-

ing.
2.3 Application to Kwale County (Kenya)

Handpumps on shallow wells and boreholes are one of the pillars of water supply sys-
tems in multiple rural areas of sub-Saharan Africa (Sutton and Butterworth (2021)). In
2015, the UPGro (Unlocking the Potential of Groundwater for the Poor) initiative and
the Gro for GooD project (Groundwater Risk Management for Growth and Develop-
ment) was implemented in Kwale county by a partnership between Oxford University
(0.U.), University of Nairobi (UoN), Jomo Kenyatta University of Agriculture and Tech-
nology (JKUAT), Universitat Polit ecnica de Catalunya (UPC) and Rural Focus Ltd. The

consortium performed several studies that allowed the understanding of the system's
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main hydrogeological and socioeconomic characteristics (Colchester et al. (2017), Fer-
rer et al. (2019b; 2020a; 2019a; 2020b), Foster (2017), Foster et al. (2018a), Garrick et al.
(2017), Greeff et al. (2019), Hope and Ballon (2019a;b), Katuva et al. (2020a;b; 2019),
Koehler et al. (2018), Koehler (2018), Manandhar et al. (2020), Nowicki et al. (2019),
Olago (2018), Sharma et al. (2019), Thomson (2021), Thomson et al. (2019), Thomson
and Koehler (2016)).

2.3.1 Study area

Kwale County is located on the south-eastern coast of Kenya (Figure 2.3). The main
economic activities are livestock farming, mixed farming, sheries, and formal em-
ployment/tourism; while the major economic sectors are mining, commercial irrigated
agriculture, and tourism. The County's total population is around 730,000 inhabitants,
of which 48.62% are men and 51.38% are women. Around 82% of Kwale's inhabitants
live in rural areas in small and scattered communities (Statistics (2013)). Urban com-
munities are mainly located in the coastal areas (Ferrer et al. (2019b)). Kwale presents
the seventh-highest poverty rate (73%) out of the 47 counties in Kenya (Njuguna and
Muruka (2017)).

The region is divided into three physiographic units: i) the Shimba Hills in the west,
with elevations that vary from 366 to 454m above sea level (a.s.l); ii) the Foot Plateau
ranging from 60 to 137m (a.s.l), and iii) the Coastal Plain, with elevations less than 50
m (a.s.l) (Ferrer et al. (2019b)). The area presents a rainfall pattern characterised by
a dry period between January and March, in which the groundwater tends to be at
its deepest level, long rains from April to June, and short rains between October and
December (CWSB (2014), Thambu (1987)). The annual precipitation varies from 900
to 1500 mm/year. The average temperature is 26.5°C. Rainfall in 2013 and 2017 were
within the average range (1286 and 1265 mm, respectively), while 2014 and 2015 were
wet years (1604 and 1345 mm), and 2012 and 2016 were dry ones (711 and 636 mm)
(Ferrer et al. (2019b)).

The groundwater system was characterised in detail by Ferrer et al. (2019b;a; 2020a;b).
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Figure 2.3: Study area with the main geological units and formations

It comprises a shallow Pliocene-Pleistocene aquifer and a deep Jurassic-Triassic one
(Figure 2.3). The hydraulic behaviour of both aquifers varies spatially. The shallow
aquifer behaves as uncon ned, except in some areas of the northern part of the study
area, where the presence of clays and low permeability materials made it semi-con ned
or even con ned. An aquitard layer between both aquifers in the middle of the central
area increases the con ned behaviour of the deep aquifer. In contrast, the existence of
two paleochannels increases the connectivity within the aquifers, leading to an uncon-
ned behaviour in the deep aquifer. The deep aquifer outcrops in the Shimba Hills
Range, where recharge occurs due to preferential ows on faults and joints. The shal-
low aquifer is recharged by rainfall across the area. Both aquifers discharge along the
coastline of the Indian Ocean. Abstraction by the different water users of the region and
direct evaporation and evapotranspiration are signi cant terms in the overall water cy-
cle budget (Ferrer et al. (2019b)). A 3D groundwater numerical model was developed
by Ferrer et al. (2020a). There, detailed information regarding the model construction

and calibration and the mass balance for the period 2014 to 2017 is reported.
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Katuva et al. 2020, carried out a three-round survey in 2014, 2015, and 2016 in Kwale
County (Katuva et al. (2020a;b)). The survey considered a longitudinal panel with a
sample of 531 handpumps and groundwater points and 3361 households; an average
of six households were randomly selected in the vicinity of each pump (average of 4.6
residents per household). The survey generated a comprehensive dataset, capturing in-
formation on demographic characteristics, the socioeconomic status of the household,
health status, main and secondary household water sources, waterpoint management,
water payment, water resources management, as well as governance and political en-
gagement for each household (Katuva et al. (2020a)). Figure 2.4 shows the spatial dis-
tribution of the handpumps and groundwater points in the study area, which supply
local communities, healthcare centres, and schools. The population uses these water
points to Il buckets mainly for drinking and domestic use or small livestock. Some
private homes and the tourist industry use private shallow wells or boreholes, mainly

located along the coastal strip and the Ukunda area.

Within the study area, 75% of the rural water points are managed under a community-
management system, a shared water supply system used by tens or even a few hun-
dred people for domestic or productive purposes with limited to no regulatory over-
sight (Hope et al. (2020)). Institutions such as schools, health, and religious centres
administer 12% of the groundwater points through bureaucratically managed systems,
and 13% of the water points are individual and privately managed. Almost half of the
households pay monthly fees (Koehler et al. (2018)). Thiessen Polygons were used to
delineate the proximal regions around the households and show the index results due

to the use of individual data points and discrete data (see Figure 2.4).

2.3.2 Testing the three indicators

Since Kwale County has been extensively studied both from the hydrogeological and
socioeconomic points of view, we started with a validation effort. This is meant to assess
whether the three selected indicators are suf cient and whether they are suf ciently

independent to provide a useful index overall.
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Figure 2.4: Handpumps of the study area and households considered in the research.

As an exercise for con rming the independence of the chosen indicators, a statistical
analysis was done. The correlation matrix shows a non-signi cant correlation coef -
cient between Proximity and Water Column (-0.03) or any of the variables considered
in Sustainability. Both Proximity and Water Column show a correlation of -0.04 with

Hardware Functionality.
2.3.2.1 Proximity

In the northern part of the study area, the population signi cantly decreases due to the
presence of Shimba Hills. As a result, an in uence distance of 5 km has been de ned.

It's important to note that this distance is speci c to the particular characteristics of each
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study area. From the 531 handpumps and groundwater points of the survey, 259 were
nally considered, which were those within the boundaries of the existing numerical
groundwater model. Of the groundwater points considered, 216 correspond to Afridev
handpumps and 43 to boreholes that use other types of pumps to reach groundwater
(e.g, submersible, solar energy, wind, or wheel pumps). A total of 997 households were

considered.

The Proximity index was calculated from the information gathered in the 2014 survey
round, where all households declared a hand pump of reference (Katuva et al. (2020a)).
Subsequently, the Euclidean distance between each household and the reported hand
pump was calculated. 98% of the households are supplied by a hand pump located
closer than 1km. Four households were located around 4km from its water source,
two around 8km, and four over 20km. The  value was set to 0.1, due to the declared
household's hand pump use, despite the fact that the referenced hand pump is located

further away than the maximum distance.

The following methodology was used to estimate factor : First, the average distance
between the referenced hand pump and the household was computed (0.255 km). This
value is located in the percentile range of 0.866 of the sample. Then, a minimisation
of the distance between the percentile range of the average distance (0.866) and the
average obtained from the indicator values was performed, changing only the value of

factor . The minimum distance was obtained with a distribution factor of (  =0.8).

The computed values for Proximity were projected onto the Thiessen polygons in Fig-
ure 2.5. As previously described, most of the households had the reference hand pump

at an acceptable distance.

2.3.2.2 Availability

The data used to calculate Availability considers the depth of the boreholes, water levels
obtained from the groundwater model developed in the area Ferrer et al. (2020a), and

the topographic elevation obtained from the Digital Elevation Model.
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