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Abstract 

There is global consensus among scientists and policy makers that the scarcity of high-

resolution water monitoring data remains one of the most fundamental bottlenecks to 

sustainable water resources management (WRM). This is especially the case in the Horn of 

Africa study region, where droughts frequently devastate livelihoods through the collapse of 

unmonitored water supply infrastructure. However, improving monitoring technologies, 

telecommunications, and WRM institutional capacities significantly increase the feasibility of 

collecting hydrological and water security data for integration into decision-making systems. 

In this study, I use mixed-methods research to assess the potential role of these data and how 

high-resolution monitoring systems can be upscaled. Through expert interviews, I find that the 

availability of water monitoring data can support a shift of WRM and drought management 

away from reactive mechanisms, where the planning of interventions and their financing are 

principally guided by socio-economic signals of humanitarian needs. Instead, proactive 

management systems can be developed, where water monitoring evidence guides a more 

localised planning and financing of actions by providing more confident value propositions for 

ex-ante investments. Anticipatory actions, taken in the critical window between a drought’s 

first forecast and the onset of humanitarian response, may be rapidly financed through pre-

positioned mechanisms if high-resolution water monitoring data is available. To advance the 

investment basis for hydrological data, I use interview findings to map groundwater data’s 

benefits to 18 stakeholder groups, notably identifying its capability to evolve WRM methods 

towards evidence-based, decentralised and anticipatory practices. To advance the feasibility of 

monitoring, I present new quantitative methods for upscaling groundwater monitoring systems 

and a 5-stage framework of expert recommendations for addressing monitoring 

implementation barriers. The thesis makes important contributions to the investment and 

feasibility bases for water monitoring, and I conclude by identifying 27 further research 

opportunities to build upon its findings. 
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1 Introduction 

 

1.1   Scientific Rationale 

 

A deepening global water crisis threatens international capabilities to sustain 21st Century 

development pathways and meet basic human rights. Over 750 million people currently do not 

have access to safe drinking water (Damania, 2019; Naddaf, 2023; WHO/UNICEF, 2021), and 

increasing anthropogenic and environmental pressures further threaten the sustainability of 

water supply systems. Population growth, urbanisation, industrialisation and commercial 

agriculture are intensifying international water demand, whilst climate change, aquifer over-

abstraction and land-use change are reducing the reliability of water supply (IPCC, 2022; 

Scanlon et al., 2023). Hydrometeorological hazard risk is also increasing, disproportionately 

impacting low- and middle-income countries whose populations account for 91% of global 

climatic hazard fatalities (Kreibich et al., 2022; WMO, 2021).  

The impacts of the water crisis are especially acute in Sub-Saharan Africa, where the rising 

number of people without basic drinking water services now exceeds 350 million (Naddaf, 

2023, WHO/UNICEF, 2021). Droughts overcome water supply infrastructure with a regularity 

and pervasiveness that stunts long-term development in many of its dryland regions (Carter et 

al., 2007; Enfors and Gordon, 2008; Noritomo and Takahashi, 2020). For instance, droughts in 

Somalia during 2011, 2017, 2021 and 2022 have cumulatively caused over 300,000 excess 

deaths, with the most recent event displacing more than 1 million people and causing 23% of 

its population to experience daily acute water insecurity (Hillbruner and Moloney, 2012; WHO, 

2023b; Warsame et al., 2023). Droughts are most simply defined as a water deficit relative to 

normal conditions (Van Loon, 2015). The hazard initiates as a rainfall deficit that gradually 

creates deficits in soil moisture and other hydrological stores (Van Loon, 2015; Lloyd-Hughes, 

2014). During droughts, water shortages cause cascading secondary impacts that generate 

water insecurity, food insecurity and adverse effects that reach all sectors of development 

(AghaKouchak et al., 2015; Nicholson, 2014; UN-Water, 2021a). 
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Maintaining water security is a primary objective of water resources management (WRM). It 

is commonly defined as a stability in water availability, access and use for human consumption 

(Cook and Bakker, 2012; Young, 2021), though its application has expanded over time to 

encompass issues of ecology, politics and water-related natural hazards (Jepson et al., 2017; 

Ringler et al., 2018; Slaymaker et al., 2020). The objectives of its management conceptually 

overlap with Sustainable Development Goal 6 (SDG 6): ensuring availability and sustainable 

management of water and sanitation for all (UN DESA, 2022; UN-Water, 2021b). WRM aims 

to achieve population water security through the sustainable planning, development and 

management of the coupled human-water system (Loucks et al., 2000; Weiskel et al., 2007). 

Whilst WRM systems maintain near-complete water security for populations in high-income 

countries, this goal is rarely met in low- or middle-income countries (Naddaf, 2023). In 

instances of water insecurity in these countries, water scarcity is rarely the sole cause (Ford et 

al., 2022; Cosgrove and Loucks, 2015). Instead, water insecurity principally stems from fragile 

water supply infrastructure, governed by stakeholders with low financial and technical WRM 

capacities (Ovink et al., 2023; UNESCO, 2022).  

Numerous factors constrain the management capacities of WRM stakeholders in low- and 

middle-income countries (Simukonda et al., 2018). Whilst academic research has not 

holistically assessed causal chains or root causes, the immediate factors constraining WRM 

capacities are well-understood (Brown and Farrelly, 2009; Brown et al., 2015; Cosgrove and 

Loucks, 2015; Weiskel et al., 2007). The factors are considered to fall into 4 major themes, i.e., 

finance, skills, governance and data (UN-Water, 2022; Vogl et al., 2017).  

The underfinancing of WRM and WASH (Water, Sanitation and Hygiene) causes a shortage of 

staff, equipment and capital for management projects (Ovink et al., 2023; UNESCO, 2022). 

Just 5% of humanitarian financing in Somalia is allocated to the WASH sector, compared to 

43% for food security (Mourad, 2023; Ikeda, 2021; OCHA, 2023a). The funding of WRM in 

low- and middle-income countries instead depends heavily on annual allocations from national 

budgets (Alaerts, 2019), which do not meet the growing funding requirements for sustainable 

management (Machete and Marques, 2021). Skills capacity shortages are another constraint on 

WRM capabilities to plan, develop and manage water supply networks (Margerum and 

Robinson, 2015; UN-Water, 2022). Skills capacity-building has previously been overlooked, 

but it is now the focus of an increasing number of projects such as the United Nations’ (UN) 

capacity development network (Cap-Net, 2023; Margerum and Robinson, 2015; UNESCO, 
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2022). Political governance, depending on locational context, can also constrain institutional 

capacities to manage water resources (Buytaert et al., 2016; Cosgrove and Loucks, 2015; 

Perreault, 2014). For example, many acutely water insecure areas are difficult to access for 

professional water resource managers (WRMs) due to active conflicts or poor transport 

infrastructure (Gleick, 2014; Naiga et al., 2015). Furthermore, weak legislation and 

enforcement of water regulations in many low- and middle-income countries enables large 

informal water sectors beyond the government’s control (Klassert et al., 2023). Political biases 

are also common, which can reduce government support for WRM capacity in some districts 

by channelling resources to districts of greater political affinity (Rinaudo, 2002). Political 

governance barriers to WRM are variable according to local contexts, and global best practices 

for different WRM governance approaches an active research debate (Buytaert et al., 2016; 

Cosgrove and Loucks, 2015; Hashi et al., 2016; Klassert et al., 2023; Tantoh et al., 2021; 

Saravanan et al., 2009). 

The fourth factor, monitoring data scarcity, is considered a ‘neglected area’ in achieving SDG 

6 (UN-Water, 2021b), known to restrict WRM capacities but to a relatively unknown extent 

(Garrick et al., 2017; Gaye and Tindimugaya, 2018; UN-Water, 2021a; UN-Water, 2022). The 

term ‘data’, in the context of WRM, encompasses hydrological measurements, either in-situ or 

satellite-based, and any quantitative or qualitative socio-economic measures relevant to water 

security such as water prices, household surveys or qualitative reports (Zins, 2007). 

International forums echo a management cliché, “you cannot manage what you do not 

measure,” in requests for greater investment into water data (UN-Water, 2021a; UNESCO, 

2022). In support of these narratives, some studies have deductively assessed the value of 

individual water monitoring variables for ecosystem or water management, commonly 

concluding that monitoring has positive valuations and returns on investment (ROIs) when 

implementations meet user information needs (Hunger and Doll, 2008; Maxwell et al., 2021; 

Parajka and Bloschl, 2008; UN-Water, 2021a; Zulkafli et al., 2017). However, there has been 

no systems-level, inductive academic research into the consequences of data scarcity, or, 

inversely, the potential value of access to full networks of these data for WRM stakeholders in 

low- and middle-income countries (Hamel et al., 2020; Stewart, 2015; Sugg, 2021). Valuation 

is fundamental to investment, yet the value of local water monitoring data has not been 

sufficiently elucidated for potential investors (Garrick et al., 2017; Pandeya et al., 2016; UN-

Water, 2021a). 
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There are further, complex causal factors responsible for local water monitoring data scarcity 

(Addor et al., 2020; Hamel et al., 2020). Economic costs, the challenges of community 

engagement and the reliability of monitoring technologies are separately identified as barriers 

to data collection, but the barriers and their respective causes also have not been holistically 

assessed for water monitoring systems (Addor et al., 2020; Buytaert et al., 2014; Paul et al., 

2018; Vogl et al., 2017). The lack of a granular understanding of the causal factors responsible 

for hydrological data scarcity has prohibited the design of sustainable solutions and 

disincentivised investments into upscaling water monitoring in low- and middle-income 

countries (Adelana, 2009; Foster et al., 2012; IGRAC, 2020; Pavelic et al., 2012; Sarni et al., 

2018; UN-Water, 2021b).  

Advances in monitoring technologies have substantially reduced the costs and complexities of 

collecting water monitoring data at greater scale (Buytaert et al., 2014; Calderwood et al., 2020; 

Paul et al., 2018). Low-cost wireless sensor networks and the Internet of Things (IoT) now 

automate the collection and transmission of local hydrological data over increasingly pervasive 

global telecommunication networks (Chan et al., 2020; Calderwood et al., 2020; Kombo et al., 

2019; MacAllister et al., 2020). Furthermore, the automated processing, analysis and 

communication of data on dedicated platforms through artificial intelligence (AI) reduces the 

technical and staffing capacity hurdles of making these data usable (Sarni et al., 2018; Vitolo 

et al., 2015). The World Economic Forum describe IoT, AI and emerging sensor technologies 

as a ‘4th Industrial Revolution for Water’, with numerous opportunities for WRM (Schwab, 

2017; Sarni et al., 2018). Technologies are, however, only useful if they meet user information 

needs and if the institutional capacity is in place to support them (Maxwell et al., 2021; UN-

Water, 2021b).  

The improving financial, staffing and technical capacities of WRM institutions mean they are 

increasingly capable of hosting and integrating monitoring systems (Gaye and Tindimugaya, 

2018; UN-Water, 2022). Furthermore, a greater uptake of user-centred design and citizen-

science approaches increases the viability of collecting long-term local data ethically and 

sustainably (Maxwell et al., 2021; Nath and Kirschke, 2023; Zulkafli et al., 2017). There is 

now greater consideration of the potential negative externalities of sensitive data collection and 

the need to consult local stakeholders in monitoring system design (Buytaert et al., 2014; 

Hartter et al., 2013). High resolution hydrological data, consumer data, and digital data have a 

high risk of privacy violation (Zipper et al., 2019), as they risk revealing individuals’ personal 
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details or unequal access valuable water resources (Zipper et al., 2019). Local stakeholder 

consultations help to ensure that community risks are mitigated, local benefits of monitoring 

are understood, data sharing permissions are established, and a shared responsibility for 

monitoring projects is agreed (Dickert and Sugarman, 2005; Helveston, 2015). As higher 

resolution monitoring networks expand, international protocols for ethical monitoring such as 

the ‘Open Hydrology Principles’ are being developed to guide institutional practices. It is now 

common for academic and implementing institutions to conduct internal ethical review 

procedures case-by-case for monitoring projects to identify and avert risks (Rangecroft et al., 

2021; Zipper et al., 2019).  

Conceptual innovations in WRM are also increasing interest in water monitoring (Meadowcroft 

and Fiorino, 2017; Simion and Kelp, 2019; Schoeman et al., 2016). The use of political ecology, 

acknowledging the inter-connected nature of the coupled human-water system, is drawing 

attention to water’s value in other sectors of development and the need to monitor its 

interactions (UNESCO, 2021; Pandeya et al., 2016; Garrick et al., 2017; Swyngedouw, 2009; 

Wutich and Brewis, 2014). Conceptual innovations in the Disaster Risk Management (DRM) 

field for droughts and floods are using water monitoring data in their implementation 

(Guimarães Nobre et al., 2019; Staupe-Delgado and Kruke, 2017). For example, the concepts 

of resilience building, early action, anticipatory action, early warning systems and forecast-

based financing all use water monitoring data to index the financing of actions taken ex-ante, 

before hazard impacts fully develop (Coughlan de Perez et al., 2015; Guimarães Nobre et al., 

2019; Staupe-Delgado and Kruke, 2017; Weingartner et al., 2020). Whilst the emergence of 

new management terms is likely to attract renewed investment for DRM (Meadowcroft and 

Fiorino, 2017; Simion and Kelp, 2019), the risks of these terms creating conceptual and 

operational redundancies with traditional management terminologies has not been assessed for 

drought (Bosher et al., 2021; Staupe-Delgado and Kruke, 2018). Inconsistencies among DRM 

conceptual frameworks can inhibit coordinated management, and they are considered a 

potential further barrier to drought management (Rosch, 1973; Bosher et al., 2021; Sawalha, 

2020; Staupe-Delgado and Kruke, 2018; Kuhlicke et al., 2023).  

Identifying a renewed feasibility of water monitoring systems, as well as knowledge gaps about 

the system-level value of the data, its applications for drought DRM, and the barriers to the 

data’s collection, my research abductively focusses on the issue of data scarcity in WRM and 

drought DRM (Saunders et al., 2019). I use systems theory as an analytical framework to assess 
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the relationships between water data and other components of the coupled human-water system 

(Konar et al., 2019). In considerations of ‘value’, I implicitly use the UN Sustainable 

Development Goals (SDGs) analytical framework as a suitable qualitative metric (UN DESA, 

2022). My study’s design is underpinned by the philosophy of pragmatism, given its problem-

oriented and inter-disciplinary focus (Dewey et al., 1925; Doyle et al., 2009; Peirce et al., 1878; 

Saunders et al., 2019). In the chapters, mixed-methods are used to generate conclusions that 

consider both the technical and sociological elements of the systems under study (Doyle et al., 

2009; Saunders et al., 2019).  

 

1.2   Study Region  

 

Somalia and its neighbouring Horn of Africa states (Ethiopia, Kenya, Djibouti, Eritrea, 

Uganda, Sudan, South Sudan) experience difficult WRM and DRM challenges (Thomas et al., 

2020). The Arid and Semi-Arid Lands (ASALs) in the region have a high occurrence of drought 

due to low rainfall volumes, high rainfall variabilities, growing water demands and weak water 

supply infrastructure (Adloff et al., 2022; King-Okumu et al., 2019; Liebmann et al., 2014; 

Mwadalu and Mwangi, 2013). Across the Horn of Africa, groundwater is the principal source 

of potable water during dry seasons, and its equitable management is key to maintaining year-

round, drought-resilient water security for most of the population (Adloff et al., 2022; Braune 

and Xu, 2010; MacDonald et al., 2012; Pavelic et al., 2012; Thomas et al., 2020).  

Most rural livelihoods across the states in the Horn of Africa depend on farming and related 

activities (Huho et al., 2011; Little, 2013). In the arid regions of Somalia, northeast Ethiopia 

and northeast Kenya, all home to the Somali ethnic group, nomadic pastoralism is the 

predominant livelihood, comprising 55% of Somalia’s total population (IGAD, 2023; Opitz-

Stapleton et al., 2022). Nomadic pastoralism is less common in semi-arid, riverine and more 

humid rural areas, where agro-pastoralism and agriculturalism cultivating grains, sugarcane, 

cotton, fruit and vegetables are the main farming livelihoods (Massey, 2019). In the humid and 

tropical biomes, where water shortages are less acute, agriculturalism is predominant and cash 

crops are common (Paul et al., 2020a). Most agriculture in the region is rain-fed and vulnerable 

to yield shortages during drought (Headey et al., 2012; Paul et al., 2020a), however, the highest 
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risk of rural water and food insecurity due to drought is in ASALs (Krampe et al., 2020; Little, 

2013). 

In ASALs, nomadic pastoral and subsistence livelihoods are especially vulnerable to drought 

impacts due to rainfall-dependencies, a high risk of land conflicts and limited access to 

services, markets and aid (Headey et al., 2012; Huho et al., 2011; Gumucio et al., 2022; Little, 

2013; Nelson et al., 2020; Opitz-Stapleton et al., 2022). However, food insecurity and 

displacement among agro-pastoral households and communities is also common during 

droughts when rain-fed agricultural yields decline (Headey et al., 2012; Krampe et al., 2020). 

Despite the differences in climate and livelihoods across the Horn of Africa’s rural areas, many 

of the challenges of WRM are similar (Bjornlund et al., 2020; Hughes, 2019; Thomas et al., 

2020; UNESCO, 2021; UN-Water, 2022). Water is supplied through a varying combination of 

community water committees, private suppliers, informal markets, formal markets, 

government projects, self-supply and Non-Governmental Organisations (NGOs; Adams et al., 

2019; Foster et al., 2018; Hashi et al., 2016; Klassert et al., 2023). Whilst these water supply 

systems largely meet water security needs during periods of non-drought and non-conflict, each 

of these infrastructures are vulnerable to sudden changes in supply or demand (Thomas et al., 

2020; Foster et al., 2018). When water supply systems become stressed, it is typically the 

poorest rural households that will experience water and food insecurity when they are unable 

to cover their increasing costs or afford alternative means of access (Gumucio et al., 2022; 

Huho et al., 2011; Krampe et al., 2020).  

All states in the Horn of Africa are experiencing rapid urbanisation (Yeboua and Cilliers, 2021). 

The most vulnerable to water and food insecurity in urban areas are Internally Displaced People 

(IDPs; Adeyeye et al., 2020; Regasa et al., 2023). A high proportion of IDPs are women and 

children who have been displaced from their habitual residence and who often lack access to 

income, assets, social networks or services (Regasa et al., 2023). In stronger states such as 

Kenya and Ethiopia, the government water authority or dedicated local water utility(s) is partly 

responsible for formal urban water supply, operating piped networks, distribution points and 

water trucking (Gaye and Tindimugaya, 2019). However, areas of informal housing depend 

heavily on the informal water sector, supplied by privately owned boreholes or water trucking 

(Adeyeye et al., 2020; Klassert et al., 2023; Neal, 2020). This is the case across the Horn of 

Africa, though the importance of the private and informal water sector is greater in weaker 

states such as Somalia (Klassert et al., 2023). Intense urban abstraction is causing a long-term 
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annual decline of aquifer water levels in many cities (Gaye and Tindimugaya, 2019). During 

droughts, water availability shortages are less common in urban areas than rural areas due to 

the quantity of water suppliers and proximity to government and non-governmental services 

(Gaye and Tindimugaya, 2019; Krampe et al., 2020; Little, 2013). However, water insecurity 

is often experienced by households through price increases that can exceed the purchasing 

power of the poorest (Huho et al., 2011; Neal, 2020).  

The role and capabilities of the state in managing water and food security varies (Gaye and 

Tindimugaya, 2019; Krampe et al., 2020). Where there has been sustained, stable governance, 

such as in Djibouti and Kenya, tax collection, government creditworthiness and established 

government institutions means that they can coordinate the management of water and food 

security (Krampe et al., 2020). Kenya, for example, has a dedicated National Disaster 

Management Authority (NDMA) leading the management of drought emergencies (Bowell et 

al., 2021). In these states, the humanitarian sector largely adopts a supporting role on 

government-led development strategies. In contrast, where there is weak or unstable national 

state governance, responsibilities for ensuring water and food security partly belongs to other 

stakeholders (Gavin et al., 2019; Hussein et al., 2021). For example, in Somalia, the United 

Nations Office for the Coordination of Humanitarian Affairs (OCHA) adopts a leading role in 

the coordination of development and disaster response plans due to weak state capacities, 

especially in disputed territories and areas of active civil conflict (Ahmed et al., 2020; Gavin 

et al., 2019; Mourad, 2023). In Tigray, Ethiopia, disputed governance of the territory means the 

federal Ministry of Water and Energy has a reduced capacity and presence in the region (Abay 

et al., 2022; Mach et al., 2019). In areas of conflict, such as during the 2020 – 2022 Tigray war, 

temporary management of water resources can become a challenging shared responsibility 

between humanitarian stakeholders, private suppliers, local water utilities and communities 

(Abay et al., 2022). Conflicts can impact water supply through equipment and staffing 

shortages, damaged infrastructure, sudden increases in water demand, cost increases, 

corruption of water resources, discontinued development projects and discontinuations of 

regular governance (Krampe et al., 2020; Solomon et al., 2018). Humanitarian access to the 

most vulnerable can be challenging (Gumucio et al., 2022; Hussein et al., 2021), and 

humanitarian support focalises in stable urban centres or dedicated IDP camps that become 

migration sinks for IDPs (Krampe et al., 2020; Nelson et al., 2020). Conflicts are a major driver 

of water and food insecurity crises in the Horn of Africa, and they significantly complicate the 

challenges of WRM (Opitz-Stapleton et al., 2022; Solomon et al., 2018).  
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My research, in evaluating knowledge gaps relating to water monitoring for WRM and DRM, 

focusses on the Horn of Africa as a socio-economically, politically and environmentally diverse 

region with many shared water management challenges (Hughes, 2019; Larsson, 2009; 

UNESCO, 2021; UN-Water, 2022). Conducting the study at a regional scale of focus reflects 

the regional scope of many key humanitarian stakeholders in the Horn of Africa, including my 

project partners at the Foreign United Kingdom Commonwealth and Development Office 

(FCDO), the Building Resilient Communities in Somalia Consortium (BRCiS), Concern 

Worldwide and the United Nations Food and Agricultural Organisation (FAO), who coordinate 

regional budgets and activities from offices located in Nairobi. The research’s focus on 

humanitarian issues narrows its focus to primarily consider the areas and communities most 

vulnerable to water and food insecurity, i.e. rural ASALs, IDPs and those requiring 

humanitarian assistance in urban areas (Gumucio et al., 2020). The research also focusses on 

the self-declared independent republic of Somaliland to study system processes at a more local 

context, following partnerships made with Concern Worldwide, Somaliland’s Ministry of 

Water Resources Development (MoWRD), and the FAO’s Somalia Water and Land 

Information Management (SWALIM) unit. Groundwater monitoring activities and some 

targeted snowball sampling of stakeholder interviews in the study are located in Maroodi Jeex, 

Somaliland. Maroodi Jeex includes the capital city of Hargeisa, its densely populated rural-

urban fringe and many sparsely populated semi-arid and arid areas, hosting a range of 

agricultural, agro-pastoral and nomadic pastoral livelihoods (Abdulahi, 2021). The region was 

suitable for fieldwork given its long-term political security and accessibility for rural 

groundwater monitoring and stakeholder interviews. Whilst local WRM processes significantly 

differ across the Horn of Africa, the diverse district of Maroodi Jeex and neighbouring districts 

in Somaliland comprise some of the most vulnerable areas to water and food insecurity, with 

many of its local DRM, WRM and data scarcity challenges shared with other ASALs in the 

Horn of Africa (Hughes, 2019; Gaye and Tindimugaya, 2018; Guimarães Nobre et al., 2019; 

MacDonald and Calow, 2009; Maxwell et al., 2021; UNESCO, 2021; UN-Water, 2022; Ahmed 

et al., 2020; Gavin et al., 2019; Mourad, 2023). 
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1.3   Aims and Research Objectives 

 

This study principally aims to advance our understanding of the issue of data scarcity in WRM, 

by assessing the potential applications and benefits of water monitoring data, the causes of its 

continued scarcity and actionable solutions to those causes. The themes of drought, 

groundwater and the region of the Horn of Africa are used as focal points in the research, as 

their nexus represents a case study where the consequences of data scarcity are especially acute 

(Gaye and Tindimugaya, 2018; Guimarães Nobre et al., 2019; Maxwell et al., 2021; UNESCO, 

2021; UN-Water, 2022). The research chapters and conclusions aim to address 5 key objectives: 

Objective 1: To evaluate the barriers to drought-resilient water resources management (WRM) 

in low- and middle-income countries [Chapter 3]. 

Objective 2: To determine stakeholder information needs for proactive drought and water 

resource management [Chapter 3]. 

Objective 3: To assess whether conceptual barriers in drought DRM can be addressed by 

conceptual innovations [Chapter 4]. 

Objective 4: To qualitatively assess the applications and benefits of high-resolution water 

monitoring data [Chapters 3, 5 & 6]. 

Objective 5: To assess the causes of water monitoring data scarcity and how they can be 

resolved [Chapters 5 & 6]. 

 

1.4   Thesis Structure 

 

This thesis is structured to sequentially address the study’s research objectives, though some 

objectives overlap multiple chapters. Chapters 3 – 6 are written in a standard scientific format 

for publication, followed by a discussion (Chapter 7) and conclusion (Chapter 8) that integrate 

and conclude the findings from the preceding five chapters. The content of each chapter is 

outlined and linked to the research objectives it seeks to address (Figure 1.1). 
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1.4.1   Chapter 2: Methods 

The methods are compiled ahead of the research chapters to introduce their rationale and avoid 

repetition where the interview data is used in Chapters 3, 4 and 6.  The chapter details the 

research sequencing and impact of the Covid-19 pandemic; the interview methods including 

sampling, ethical procedures and methods of analysis and data presentation; the background to 

the groundwater monitoring data used in Chapters 4 and 5; the narrative literature review 

performed in Chapter 4; and the research philosophy and methods of data presentation 

throughout the thesis.  

 

1.4.2   Chapter 3: Proactive Drought Management Needs Water Security Data 

Chapter 3 first addresses Research Objective 1, by assessing the barriers to drought and water 

resources management through inductive semi-structured interviews of expert stakeholders 

during the 2021 – 2023 Horn of Africa drought. After framing data scarcity barriers within the 

wider system of management barriers, the chapter addresses Research Objective 2 by 

evaluating stakeholder information needs for improved drought management outcomes. The 

results identify information needs centring upon water security monitoring data, so the potential 

role of these data in resolving the identified management barriers is discussed (Research 

Objective 4). I then pragmatically organise the findings into conceptual diagrams that illustrate 

the potential for water security data to index the rapid financing of proactive, drought-

mitigating interventions. The chapter is written for a primarily humanitarian and policy-

focussed target audience, intended for publication in Nature Sustainability, Food Security or 

another interdisciplinary, policy-oriented journal. 

 

1.4.3   Chapter 4: Updating the Drought Management Framework 

Chapter 4 addresses Research Objective 3. The chapter methods and objectives were designed 

abductively, following the emergent findings of conceptual barriers to drought and disaster risk 

management (DRM) in Chapter 3 (Saunders et al., 2019). In this chapter, I assess the theoretical 

paradigms in DRM and the extent to which they reflect the operational objectives and realities 

of drought management. I use a multiple methods approach (Doyle et al., 2009), using a 

narrative literature review to identify paradigms and the findings from groundwater monitoring 

and semi-structured expert interviews to evaluate them. The chapter identifies conceptual 
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issues in applying traditional DRM terminology to droughts in practice, while finding that the 

conceptual innovations of ‘anticipatory action’ and ‘resilience building’ more clearly describe 

realities and objectives in drought DRM. It proposes a pragmatic convergence to an updated 

drought management framework, intended to advance a more common understanding of 

drought management for scientists, policymakers and other stakeholders in drought 

management. The chapter is written for a broad, non-specialised target audience, given its 

objective of clarifying an understanding of drought and DRM language across different 

stakeholder groups.  

 

1.4.4   Chapter 5: Localizing Hydrological Drought Early Warning Using In Situ 
Groundwater Sensors 

Chapter 5 is a quantitative study, assessing the technical feasibility of upscaling groundwater 

monitoring systems (towards Objective 5), as well as the policymaker-relevant outputs that can 

be processed and analysed from groundwater level data (towards Objective 4). The chapter 

presents methods for analysing short groundwater data datasets in resource-scarce settings 

where the long-term collection of groundwater observations is challenging. The modelling 

approach presented in the chapter enables calibrated well water level simulations to be set up 

following monitoring periods of just weeks-months. The use of a pragmatic modelling method 

is intended to facilitate the rapid setup of upscaled monitoring systems, where a large number 

of wells can be simulated following short monitoring periods. The chapter proposes 

contextualised outputs from the data for humanitarian and WRM audiences, addressing the 

shortage of confident, contextualised drought early warning information that is identified in 

Chapter 3. This work is published in Water Resources Research with supporting co-authors 

(Veness et al., 2022; doi: 10.1029/2022WR032165).   

 

1.4.5   Chapter 6: Unlocking the Benefits of Groundwater Data 

Chapter 6 qualitatively assesses the benefits of high-resolution groundwater monitoring 

networks in the Horn of Africa through semi-structured expert interviews (Objective 4). The 

considerations of benefits and value are qualitative, rather than quantitative, as it is important 

to first inductively establish the scope of potential data users, their data applications and the 

nature of the data’s value to users. The interviews identify benefits to 18 different stakeholder 

groups, after which the barriers to groundwater monitoring and expert-guided solutions to those 
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barriers are assessed (Objective 5). The chapter concludes by constructing a 5-stage framework 

for sustainably scaling decision-integrated groundwater monitoring systems, intended as a 

guide for policymakers and WRM practitioners. Beyond its academic contributions centred on 

groundwater data, the chapter provides a simple template for a qualitative stakeholder scoping 

method that is reproducible for other hydrological variables and locational contexts. 

1.4.6   Chapter 7: Discussion 

Chapter 7 hosts a reflective discussion regarding the inter-relationships between the respective 

chapters, as well as the limitations, confidence and generalisability of the findings and the other 

considerations for attracting water monitoring investment that are not explicitly discussed in 

the preceding chapters. It extends the discussion of the thesis’ contribution to the objective of 

resolving data scarcity in WRM, and it clarifies cautions of limitations to the reader to help 

with interpreting the confidence and wider relevance of the findings. 

 

1.4.7   Chapter 8: Conclusions and Outlook 

Chapter 8 presents the study conclusions and research outlook. In this section, I present the 

main academic contributions of the preceding chapters and consider their collective 

contribution towards the wider issue of resolving data scarcity in WRM. It concludes with an 

academic research outlook in which 27 further knowledge gaps relevant to the issue of data 

scarcity are detailed. 
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Figure 1.1. Outline of the thesis chapters’ content, aims, rationale and methods. 
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2 Methods 

 

2.1   Overview 

 

Data scarcity and related issues in WRM and DRM are practical research problems best suited 

to a pragmatic philosophical approach (Dewey et al., 1925; Doyle et al., 2009; Peirce et al., 

1878; Saunders et al., 2019). This approach accommodates the use of mixed quantitative and 

qualitative methods that consider both the technical elements of data collection, processing and 

analysis, as well as the qualitative elements of monitoring systems such as user-centred design, 

governance and data presentation (Doyle et al., 2009, Saunders et al., 2019). Semi-structured 

expert stakeholder interviews were the primary method of data collection for Chapters 3, 4 and 

6 (Chapter 2.3). Groundwater monitoring data in Maroodi Jeex and Borama, Somaliland was 

collected with project partners Concern Worldwide and UN FAO SWALIM for analysis in 

Chapters 4 and 5 (Chapter 2.4), and Chapter 4 further uses results from a targeted narrative 

literature review in its analysis sections (Chapter 2.5). 

 

2.2   Research Sequencing  

 

The sequence of research stages differed from the original research plan, following external 

disruptions caused by the Covid-19 pandemic and a concurrent humanitarian crisis due to 

drought in the Horn of Africa (OCHA, 2021a; UNHCR, 2021). I initially intended to complete 

qualitative interviews and quantitative methods concurrently, so that quantitative methods of 

groundwater data analysis and presentation would incorporate the important principle of user-

centred design (Maxwell et al., 2021; Zulkafli et al., 2017). I had equally planned with project 

partners to monitor a minimum of 15 groundwater monitoring stations for multi-year time 

series, accompanied by extensive community consultations and interviews. Substantial delays 
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to field visits in Somaliland continuously postponed methods towards these objectives until 

they became no longer viable due to time constraints and operational restructuring within our 

partner institutions.  

Prohibited travel to most African countries cancelled planned fieldwork to Hargeisa and 

Borama in April 2020. Following incremental delays, the field visit to Hargeisa and Maroodi 

Jeex instead took place in November 2021, over 2 years after the project’s start date in 

September 2019. The compressed timeline and the challenge of engaging WRM stakeholders 

in Somaliland, who were occupied with emergency drought responses throughout 2022, led me 

to abandon plans for further groundwater monitoring. 

To adapt the project, I spent the first 2 years developing Chapter 5, using data previously 

collected by project partners Concern Worldwide in 2017. Although the associated publication 

in Water Resources Research was unable to incorporate planned methods of user-centred 

design, the findings nonetheless provide an important advancement in the methods of 

groundwater monitoring system design in resource-scarce contexts (Veness et al., 2022). The 

continued difficulties of access and stakeholder engagement in Somaliland and Somalia 

motivated the expansion of stakeholder interviews to include regional expert stakeholders in 

drought and water resources management. Interviews were conducted online or during field 

visits to Maroodi Jeex, Somaliland in November 2021, Kampala, Uganda in June 2022 and 

Nairobi, Kenya in July 2022. Whilst the Horn of Africa drought disrupted initial research plans, 

the event created a unique opportunity to interview stakeholders during the management of a 

real-time drought event, benefitting the depth and accuracy of interview responses (Tuckey and 

Brewer, 2003). The interviews assessed information needs for drought management (Chapter 

3) and the benefits, challenges and solutions for groundwater data collection (Chapter 6) as 

originally planned. The interviews also yielded emergent findings relevant to the 

conceptualisation of drought DRM, which motivated the development of Chapter 4 through a 

narrative literature review and further qualitative interview analysis at the end of the project.  
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2.3   Semi-Structured Interviews 

 

2.3.1   Interview Design 

Prior to the interview’s design, literature reviews and unstructured discussions with drought 

stakeholders were used to establish objectives, methods and potential questions for the 

interviews (Saldana, 2021). A semi-structured interview topic guide was then designed to 

collect qualitative perspectives from 42 expert participants for analysis in Chapters 3, 4 and 6 

(Galletta, 2013; Gumucio et al., 2021; Brinkmann and Kvale, 2018; Patton, 2015; O’Keeffe et 

al., 2016). Using a semi-structured template creates a consistent interview structure for key 

questions to be consistently addressed, and it ensures that answers to specific questions can be 

analysed as an entity, whilst remaining open enough for emergent information to arise and be 

interrogated through discussion (Galletta, 2013; Mojtahed et al., 2014). Given the specialist 

expertise and diverse perspectives among the expert participants in this study (Figure 2.1), this 

was pragmatic for pursuing emergent information through multiple follow-up questions 

(Galletta, 2013; Mojtahed et al., 2014). The two-way, discursive nature of the interviews 

ensured an interview style that emulated regular conversation, and it supported the co-

construction of findings between interviewer and participant based on their subjective 

experiences (Patton, 2015, Mojtahed et al., 2014; Creswell, 2009; Mills et al., 2006).   

For Chapter 3, Part 1 of the interview collected expert perspectives on drought management 

barriers and stakeholder information needs for improved management. For Chapter 4, 

responses to these same questions were assessed alongside a narrative literature review to 

evaluate whether conceptual paradigms in drought DRM are reflected in practical accounts of 

management processes.  For Chapter 6, Part 2 of the interview collected expert perspectives on 

the benefits of groundwater data and expert recommendations for successful future monitoring 

implementations. In Part 2, for the 22 interviewees who had worked with groundwater data 

before, their responses provided an ex-post assessment of their experiences with groundwater 

data. Whereas for the 20 participants with no prior experience of groundwater monitoring data, 

their perspectives offered an ex-ante assessment of groundwater data’s potential value to them 

and others, in a scenario where networks of monitoring data are routinely collected, processed 

and accessible to stakeholders (Samset and Christensen, 2017). The capturing of ex-ante and 

ex-post perspectives for the same questions was a pragmatic choice to assess the benefits and 
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applications of groundwater data for its full range of potential users (Samset and Christensen, 

2017).  

Part 1 – Drought Management 

1. What is your professional role and experience?  

2. What are the barriers to better management of droughts?  

3. What information do you use for early warning and monitoring of droughts? 

4. What evidence do you need to take drought management actions? What early 

actions do you and/or your institution take?  

5. What evidence do you need to release funding of drought-associated actions at your 

institution? (if relevant)  

6. Do existing information sources meet your/your colleagues’ information needs? 

7. What further information would improve your/others’ actions taken? How? 

Part 2 – Groundwater Data 

8. Have you worked with groundwater data before? 

[if no – a 5-minute explanation of groundwater monitoring basics and example projects 

given] 

9. Do you believe that access to groundwater monitoring data would be useful? Would 

it have beneficial value for you or other stakeholders? If so, how? 

10. What outstanding challenges do you foresee for setting up sustainable groundwater 

monitoring systems that are integrated into decision making? 

11. How should such a system be setup and be governed for it to be successful? 

12. How should groundwater data be presented? 

 

2.3.2   Ethical Procedures 

The research study was reviewed and approved by the Head of the Department of Civil and 

Environmental Engineering and Imperial College London’s internal Science Engineering 
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Technology Research Ethics Committee, according to Imperial College London’s research 

requirements (SETREC; case number 21IC6694). The application comprised a clear research 

protocol, an information sheet and consent form for participants, an interview template and 

details about sampling approaches, which were reviewed by the Research Governance and 

Integrity Team. The information sheet was sent to participants for review prior to their signing 

of the consent form. The information sheet explained the purpose of the study, why they were 

invited to take part, the voluntary nature of participation, the right to withdraw interview 

responses within one month of completion, the anonymisation of interview responses, the 

potential risks of taking part, the management of participant data, the funding of the project, 

and contact details for any future questions or requests regarding the research. Prior to each 

interview, the key details from the participant information sheet were repeated to ensure that 

they were understood by the participant before commencing the interview. Following the 

interviews, all interview data was stored safely in a password protected repository. Interview 

audio recordings were deleted immediately following transcription, and personal details were 

removed from interview transcripts to anonymise participants during data analysis.  

 

2.3.3   Interview Sampling 

Snowball sampling began with key informants, using contacts provided by project partners 

Concern Worldwide, the United Kingdom’s Foreign Commonwealth and Development Office 

(FCDO), the Norwegian Refugee Council (NRC), the Building Resilient Communities in 

Somalia Consortium (BRCiS), the Ministry of Water Resources Development in Somaliland, 

and the United Nations Food and Agricultural Organization’s Somalia Water and Land 

Information Management unit (UN FAO SWALIM). All participants had at least 5 years of 

professional or academic experience in the Horn of Africa, with over half of interviewees 

having at least 20 years’ experience. All participants selected were actively studying or 

managing water, food, governance or humanitarian activities in the Horn of Africa during the 

2022 drought, though many experts from NGO, UN, Academia and Private cases also drew 

upon global experiences of droughts and WRM in their responses. Snowball sampling 

purposefully targeted experts from diverse backgrounds, with efforts made to include a range 

of profession-cases to capture a participant population representative of the main expert 

stakeholder groups in WRM, drought governance and the humanitarian sector in the Horn of 

Africa (Gumucio et al., 2021). Sections 2.3.3.1 – 2.3.3.3 describe the sampled participant 
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categories in detail. Whilst the 42 interviewees captured perspectives from across the Horn of 

Africa, actively working or researching in Somalia, Somaliland, Kenya, Ethiopia, Uganda and 

South Sudan, 30 participants had experience working in Somaliland and 14 were based there 

full time. As such, Somaliland and Somalia have a greater representation in the research 

findings, especially in the sections focussed on local or district level stakeholders. Interview 

sampling was discontinued once the amount of new information arising from answers became 

low (Galletta, 2013; Saldana, 2021). Interviews took place in-person or via video conferencing 

software Microsoft Teams, with all interviews recorded, transcribed using Otter.ai and 

anonymised, before qualitative coding analysis using NVivo.  

 

 

Figure 2.1. Professional roles of the 42 study participants. The profession reference codes 

used to anonymise interviewees in the analysis of Chapters 3, 4 and 6 are shown for each 

role.  

 

 

2.3.3.1   NGO & UN  

Non-Governmental Organisation (NGO) and United Nations (UN) Water Sanitation and 

Hygiene (WASH) teams support national water authorities in achieving WASH development 

objectives, often bringing technical expertise and financial capacity that are missing in the 

institutions that they support. Their objectives align with SDG 6 – clean water access for all 

(UN-Water, 2021b). They have a more prominent role in areas of conflict or internally 

displaced person (IDP) camps to ensure that water is provided to those that cannot afford it.   

 

NGO/UN analytics teams create value out of physical and socio-economic humanitarian data 

by turning raw data into outputs and insights that can guide humanitarian, public, private and 
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government decision making. These teams are growing, with prominent examples of the FAO’s 

Food Security Nutrition and Analysis Unit (FSNAU), the Famine Early Warning Systems 

Network (FEWS NET), and the Humanitarian Data Exchange (HdX), but their outputs have 

been criticised for poor communication and failure to tailor outputs to stakeholder needs 

(Maxwell et al., 2021).   

 

Development, coordination and emergency respondents often have broader objectives of 

working towards all SDGs in their activities. For development workers this ranges from 

implementing long-term projects such as female-led microenterprises through to investing in 

more resilient WASH systems, as projects are designed to local needs. Emergency responders, 

in contrast, will be deployed on short-term bases when lifestyles are disrupted following crises 

such as floods, droughts, locust outbreaks and civil conflicts.   

 

Humanitarian finance teams control budgets from mixed sources and operate at a national or 

regional scale. These stakeholders are interested in data sources that can improve the accuracy 

of decision making to ensure the correct projects are funded to meet local objectives and need.   

 

 

2.3.3.2   Water Authorities and Government  

National water authorities, often termed ministries, vary in technical, financial and staffing 

capacity between states, though all of them are formally the lead body in coordinating national 

water resource management. As a public body they report to politicians and the public, so 

follow the primary objective of optimising water resource management for the public good. In 

contrast to NGO and UN WASH professionals, the national authority can enforce government 

legislation on the public and the private sector when required.   

 

The district water authority and governance of water resources varies between geographies. In 

states with stronger governance, this may be a district office of the national water authority, a 

dedicated river basin authority or an urban water utility. In areas of weaker state-governance, 

this may be a self-organised private or community-owned network. Whether for profit or public 

service, these institutions’ primary interest is the maintenance of reliable supply, and they have 

extensive local knowledge, experience and contacts. In the Horn of Africa, these tend to be 

district arms of the national water authority, and these were interviewed in Somaliland, Kenya, 

Uganda and Ethiopia in this study.  
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Other government departments, such as departments of planning, development and agriculture 

are also interested in water resource management, as it affects their ability to meet their own 

objectives. Representatives from these are frequently drawn into emergency disaster 

committees during times of drought or other crises to collaboratively design emergency 

response plans.   

 

 

2.3.3.3   Academia and Private Consultants  

Academic and private consultant experts in WASH, DRM and WRM have a combination of 

core knowledge, expertise and experience that provides rich insight in interview. The 

academics in this study were both locally and internationally based, while the expert 

consultants interviewed had a minimum of 15 years’ experience of WASH in the Horn of 

Africa.   

 
 

2.3.4   Qualitative Analysis 

Thematic qualitative coding analysis of the interview data for Chapters 3 and 6 used an 

inductive coding approach for all questions (Patton, 2015; Saldana, 2021). Interpretive codes 

were assigned to key question-relevant information within the interview transcriptions and 

organised into emergent themes of related codes. The first round of qualitative coding was 

completed concurrently with interview data collection to highlight information gaps in the 

thematic analysis that could be targeted through subsequent focussing of the sampling and 

questioning (Saldana, 2021). Three rounds of coding were completed to standardise codes, sub-

themes and themes across the analysis (Saldana, 2021).  

During thematic analysis, the diversity of participants’ professional experiences (Figure 2.1) 

produced emergent findings on topics broader than those initially targeted by the semi-

structured template, including topics of drought DRM definitions and applications (Galletta, 

2013; Patton, 2015; Creswell, 2009). Furthermore, their diverse backgrounds caused variation 

in their applications and understanding of common drought and DRM terminologies (Mojtahed 

et al., 2014). This incentivised a transition from an inductive to an abductive approach for the 

coding in Chapter 4, where additional coding themes recorded cases where participants applied 

these terms or explicitly discussed them (Saunders et al., 2015). Therefore, new codes relating 
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to drought and DRM definitions were assigned during the 2nd round of coding (Saldana, 2021), 

and a 3rd round of coding standardised these classifications across all interviews.   

 

2.3.5   Interview Data Presentation 

Many of the results from the interview analysis are presented in Chapters 3, 4 and 6 as thematic 

plots. Some of these quantify the number of participants referencing certain codes, themes or 

sub-themes in the analysis (Figures 3.3, 3.4, 6.4), whilst Figure 6.1 maps codes to stakeholders 

that stated them, and Table 4.1 maps qualitative codes to a framework (UNDRR, 2015; 

UNDRR, 2016). In subsequent analysis and discussion sections in Chapters 3, 4 and 6, 

conceptual diagrams (Figures 3.5, 3.6, 4.4, 4.5, 6.2, 6.4) have been constructed to best 

communicate key interpretive findings from the thematic coding analysis (Patton, 2015; Mills 

et al., 2006). These figures are described as conceptual diagrams in their captions to distinguish 

them from the thematic plots presenting the results of the thematic analysis. They are 

constructed based on my subjective interpretation of the preceding findings as the interviewer 

and lone analyst of the data (Mills et al., 2006; Mojtahed et al., 2014), and they are a pragmatic 

addition to the discussions to communicate my interpretations and their implications. The 

designs of the conceptual diagrams all received iterative feedback from multiple research 

colleagues and at least one of the expert study participants before they were finalised (Thomas, 

2016).  

 

2.4   Groundwater Monitoring 

 

In Chapter 4, Figure 4.3 supports the analysis of drought definitions, presenting groundwater 

level data shared by the United Nations’ Food and Agricultural Organization’s Somalia Water 

and Land Information Management Unit with permissions for research use (UN FAO 

SWALIM; SWALIM, 2023). The observation borehole in Hargeisa, Somaliland (Figure 4.3a) 

is a 90 m depth borehole of 4 cm diameter in Geed Deeble village. The abstraction borehole in 

Borama, Somaliland (Figure 4.3b) is 84 m depth and of the same diameter. The wells were 

monitored at 12-hour intervals by commercial pressure transducers, installed 2 m above the 

height of the pump intake. In Chapter 5, groundwater monitoring installations led by the NGO 

Concern Worldwide contributed data from 3 shallow wells in Maroodi Jeex, Somaliland as 
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inputs for groundwater modelling. The wells each provided a 30-week time series of data using 

commercial pressure transducers collecting readings at 15-minute intervals. The full methods 

of data collection, processing and analysis used in Chapter 5 are detailed separately within the 

chapter (Chapter 5.2). 

 

2.5   Narrative Literature Review: Chapter 4 

 

The emergence of DRM-terminology themes during thematic analysis for Chapter 4 

incentivised a pragmatic, concurrent narrative literature review to establish existing 

frameworks, definitions and paradigm applications (Baumeister and Leary, 1997; Green et al., 

2006; Kuhlicke et al., 2023; Saunders et al., 2015). Thus, Chapter 4 uses multiple qualitative 

methods to inform its results and discussion (Chamberlain et al., 2011; Collier and Elman, 

2008; Sherrod, 2006). This pluralistic approach enables conclusions that the interview data 

alone would not be able to construct in isolation (Doyle et al., 2009; Sherrod, 2006; 

Chamberlain et al., 2011; Collier and Elman, 2008). In the chapter, the narrative review 

identifies paradigm definitions and frameworks in drought management and DRM, then both 

the interview data and articles from the literature review are used to critically assess the extent 

to which they reflect operational objectives and realities in practice (Cantelmi et al., 2021; 

Sherrod, 2006). This study is therefore a commentary-style narrative review, where critical 

analysis of the literature is supported by evidence from the interview data (Green et al., 2006; 

Patton, 2015).  A narrative review was preferred to a systematic review due to the diversity of 

DRM themes discussed, the under-representation of emergent themes such as ‘anticipatory 

action’ in academic literature (Baumeister and Leary, 1997; Green et al., 2006), and the 

importance of grey literature, with no collective repository, in establishing paradigms in DRM 

using best-evidence (Adams et al., 2017; Haddaway et al., 2015; Green et al., 2006).  

 

2.6   Analysis and Discussion 

 

The analysis and discussion sections in the chapters guided by the pragmatic research 

paradigm, with an ontology that reality is reflected primarily by the practical consequences of 

both objectively measurable phenomena and subjective ideas in combination (Doyle et al., 
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2009; Kuhlicke et al., 2023; Peirce, 1878; Rosch, 1973; Saunders et al., 2015; Saunders et al., 

2019). It is problem-oriented in its epistemology, interpreting both quantitative and qualitative 

evidence-bases collectively in seeking an understanding and solution to practical issues within 

drought and water resources management (Doyle et al., 2009; Green et al., 2006; Saunders et 

al., 2019). Whilst Chapter 5 takes a more positivist approach than the interpretivist methods 

applied in Chapters 3, 4 and 6, it remains pragmatic in its context-appropriate approach to 

groundwater modelling. The pragmatic approach of Chapter 5 is what provides much of its 

scientific novelty from positivist hydrological modelling literature, as it confronts the practical 

trade-off between modelling confidence and implementation feasibility (Beven, 2001, Beven, 

1989, Maxwell et al., 2021; Nature Sustainability, 2021). The objectives, analysis and 

discussion in all chapters focus on upon solutions to practical problems, and as such they are 

written primarily for policy-oriented research audiences 
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3 Proactive Drought Management Needs 

Water Security Data 

 

3.1   Abstract 

 

Drought is a primary driver of humanitarian crises in the Horn of Africa, yet indicators of water 

insecurity remain absent from humanitarian Early Warning Systems (EWSs). The 2021 – 2023 

Horn of Africa drought caused 43,000 excess deaths in Somalia during 2022 alone, with 

unmitigated water supply failures leaving 23% of its population acutely water insecure. Here, 

interviews completed during the drought with 42 regional experts are used to evaluate the 

barriers to management and whether existing information systems are meeting stakeholder 

information needs. The study finds water security data scarcity to be a barrier to financing 

humanitarian interventions, as there is insufficient data to predict how drought will translate 

into socio-economic impacts. Most investment decisions are triggered instead by indicators of 

food security hosted by EWSs, which exceed thresholds at long lag times following physical 

drought onset. Over 75% of experts describe water security data information needs. Local water 

availability monitoring of groundwater and surface sources, and water access monitoring 

through water prices and household surveys can guide the planning of drought impact-

mitigating interventions such as borehole rehabilitation, technical support, emergency water 

supply and cash transfers. Furthermore, if the causal relationships between water insecurity 

and food insecurity are analysed from the data, local water insecurity indices can become 

confident predictors of local food insecurity to index associated anticipatory actions. Value 

propositioning ex-ante projects using more confident, local predictive data can use positive 

economic and social returns on investment to attract both traditional and new, innovative index-

based sources of humanitarian finance. 
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3.2   Introduction 

 

3.2.1   Droughts, Early Warning and Early Action 

Underfinanced humanitarian responses to droughts, most notably during Somalia’s 2011 

drought and famine, have prompted international calls for their management to shift from 

reactive to proactive approaches (Hillbruner and Moloney, 2012; Maxwell and Majid, 2016; 

Sivakumar et al., 2014). Early Warning Systems (EWSs) have been developed to support this 

process, which host monitoring evidence-bases for planning and financing humanitarian 

interventions. EWSs are now established as the principal information source for food security 

monitoring and forecasting in Sub Saharan Africa (Andree et al., 2020; Farr et al., 2022; Funk 

et al., 2019; Maxwell and Majid, 2016; Maxwell et al., 2021). Through these information 

systems, international organisations, governments and other stakeholders trigger finance for 

management actions when indicators exceed threshold levels (CERF, 2022; Maxwell et al., 

2023; Otkin et al., 2022).  

Management actions guided by these systems are commonly described as ‘early actions’ or 

‘anticipatory actions’, which have demonstrated substantially improved economic and social 

returns on investment compared to traditional humanitarian drought response (Cabot Venton, 

2018; Cabot Venton et al., 2013; Costella et al., 2017; UNICEF, 2015; Clarke and Vargas Hill, 

2013; Hallegate, 2012; Guimarães Nobre et al., 2019; UN, 2016; OCHA, 2021b; Weingartner 

et al., 2020; Weingartner and Wilkinson, 2019). Early action mechanisms were operationalised 

during the 2017 Horn of Africa drought, where an averted food security emergency supported 

international narratives of systemic improvements in drought risk management (Daniels et al., 

2018; Dubois et al., 2018; FAO; 2018; FAO, 2019; Warsame et al., 2023). Advocacy for 

drought anticipatory action is increasing, with case-studies of mobile cash-transfers 

demonstrating a capability to mitigate the severest impacts among the most vulnerable 

(Costella et al., 2017; Guimarães Nobre et al., 2019; UN, 2016; Daniels et al., 2018). The UN’s 

Central Emergency Response Fund (CERF) now hosts a dedicated anticipatory action funding 

function (Pichon, 2019), and EWSs with associated anticipatory actions have become the state-

of-the-art for drought management. 

The Horn of Africa’s 2021 – 2023 drought, however, has exposed a continued, extreme fragility 

of water, food and social support systems in the region. Somalia recorded an estimated 43,000 

excess deaths due to drought in 2022, with 1 million excess internal displacements and 23% of 
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its population becoming acutely water insecure (Figure 2.1a; FEWS NET, 2020; OCHA, 

2021a; OCHA, 2023a; OCHA, 2023b; UNHCR, 2021; UNHCR, 2022; IPC, 2022; UN, 2023; 

WHO, 2023b). Anticipatory actions did not receive significant financing relative to the scale 

of humanitarian impacts (Farr et al., 2022; Majid, 2022). Finance instead focussed on a United 

Nations (UN) coordinated humanitarian response, for which the funding for Water, Sanitation, 

Agriculture and Hygiene (WASH) assistance remained below 40% fulfilled throughout the 

drought (OCHA, 2023b; Ikeda, 2021). WASH is frequently underfunded in drought finance, 

with only 5% of humanitarian response financing in Somalia allocated to the WASH sector 

compared with 43% for the food security sector (Mourad, 2023; Ikeda, 2021). Furthermore, 

finance committed to drought mitigation, preparedness and anticipatory action through WASH 

interventions is scarce, with WASH and Water Resource Management (WRM) activities 

mostly dependent on inflexible, long-term funding allocations (Kellett and Caravani, 2013; 

Ikeda, 2021).  

 

3.2.2   Horn of Africa 2021 – 2023: The Genesis of a Drought Crisis 

In the Horn of Africa, water shortages during droughts initiate cascading secondary impacts 

that drive food insecurity risk (Figure 3.1a). Shortages first affect surface water sources and 

shallow aquifers, transferring abstraction demand to low-resilience urban or deep-aquifer 

boreholes, which then have an increased risk of mechanical failure, low yields or complete 

water depletion (Kebede et al., 2017; MacAllister et al., 2022; Foster et al., 2018). Water supply 

failures cause food shortages through losses of livestock and reduced crop yields (Farr et al., 

2022; Warsame et al., 2022), whilst displacing populations towards migration centres when 

water points fail (Lindley, 2014). Growing demands on remaining infrastructure and resources 

increase water prices, food prices, disease and civil insecurity risk, which further pressurise 

local water and food security (Funk, 2020; Lin et al., 2022; Postel, 2017; Wilhite et al., 2007).  
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Figure 3.1. (a) Cascading impacts of drought in Somalia from 2020 – 2023. Indicators from 

the UN Food Security Nutrition and Analysis Unit’s (FSNAU) early warning dashboard for 
Baidoa District are plotted (FSNAU, 2023a). The colour of each line shows the ‘normal’, 
‘alert’ or ‘alarm’ status of that indicator on the dashboard during that month (status criteria 

are explained in Supporting Information; Chapter 3.6.1). A timeline of key events in Baidoa 

and Somalia is documented from grey literature (FEWS NET, 2020; OCHA, 2021a; OCHA, 

2023a; OCHA, 2023b; UNHCR, 2021; UNHCR, 2022; IPC, 2022; UN, 2023; WHO, 2023b). 

NDVI = Normalised Different Vegetation Index. (b) The number of food security indicators 

above FSNAU’s ‘alarm’ threshold across Somalia’s 74 administrative districts (FSNAU, 
2023b). 
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3.2.3   Droughts and Food Insecurity 

Drought is a primary driver of food insecurity crises in Somalia (Krishnamurthy et al., 2022). 

This is most evident in the Food Security Nutrition and Analysis Unit’s (FSNAU) data (Figure 

3.1b), where the number of indicators in ‘alarm’ phase across Somalia during the 2017 and 

2021-2023 droughts were over double non-drought levels (‘alarm’ criteria are explained in 

Supporting Information 2.7.1). A narrower set of indices monitored during the 2011 drought 

also showed acute increases in market, nutrition, insecurity, health and population movement 

indicators of food insecurity relative to non-drought levels (FSNAU, 2011).  

This driving relationship between drought and food crises extends across Sub-Saharan Africa 

(Anderson et al., 2021). However, the complex inter-relationships between drought, conflict, 

and other socio-political processes means drought’s contribution to food security disasters is 

considered by some authors to be fuzzy, uncertain and ‘one of many’ factors (AghaKouchak 

et al., 2018; Little, 2013; Maxwell and Fitzpatrick, 2012). These perspectives downplay 

empirical (Figure 3.1b; FSNAU, 2023a) and published evidence of the strength of drought’s 

correlation with food security change in drought-vulnerable regions such as the Horn of Africa 

(Anderson et al., 2021; Krishnamurthy et al., 2021; Maystadt and Ecker, 2014; Pape and 

Wollburg, 2019; FSNAU, 2023a).  

The scale of drought’s contribution to food insecurity necessitates a disaggregation of its 

management from regular food security management processes (Young, 2021). To mitigate the 

later secondary impacts that generate food insecurity, drought requires the explicit management 

of the drought hazard itself, by prioritising the mitigation of water shortages and water 

insecurity (Calow et al., 2010; Action Against Hunger, 2023; Young, 2021; Warsame et al., 

2023).  

 

3.2.4   Droughts and Water Insecurity 

Water security lacks a universal definition, and its scope has expanded over time to 

accommodate different framings (Cook and Bakker, 2012). However, the term is most often 

used in the context of water supply for human consumption (Cook and Bakker, 2012; Young, 

2021). Its paradigm definition mirrors the concept food security, as it is the product of the same 

four domains: availability, access, use and stability (Figure 3.2; Slaymaker et al., 2020; Young, 

2021). Availability refers to the physical presence of water in reserves; accessibility is the 
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ability to retrieve the water for consumption; use describes the safety of the water for its desired 

applications; and stability constitutes the continuity of the three preceding domains (Slaymaker 

et al., 2020; Young, 2021). 

 

Figure 3.2. The four domains of water security (from Young, 2021). The graphical 

representation is adapted from a food security review by Jones et al. (2013). 

 

Unlike food security, there is a paucity of water security monitoring data in low- and middle-

income countries (Farr et al., 2022; FSNAU, 2023b; Majid et al., 2022). In information systems 

where water availability information is available, they use low-resolution, satellite-based 

measurements of rainfall, soil moisture and vegetation health instead of locally collected 

hydrological measurements such as groundwater levels, river levels and water quality 

(Mardian, 2022; Wilhite and Svoboda, 2020; Gure, 2021). Socio-economic indicators of water 

access and use, such as water prices and household surveys, are not routinely collected through 

EWSs or other humanitarian information platforms (Bedrosian et al., 2021; IMPACT, 2022; 

Young, 2021; Zaki, 2021). A lack of water monitoring data is recognised as being a significant 

barrier to water and drought management (UN-Water, 2021b), however, the detailed 

consequences of this data scarcity for drought management have not been researched. 

  

3.2.5   Study Rationale 

It is well-established that WRM stakeholders require better information systems for planning 

and maintaining drought-resilient supply networks (Kebede et al., 2017; Maxwell et al., 2021; 

UN-Water, 2021b). However, the design of such monitoring and information systems first 

requires an assessment of their information needs (Maxwell et al., 2021; Otkin et al., 2022; 

Young et al., 2021; Wilhite et al., 2007). To this end, I interview 42 expert regional stakeholders 

during the Horn of Africa 2021 – 2023 drought, with participants ranging in decision-making 
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level from district water engineers to international financing decision-makers. The interviews 

and analysis first review perceived barriers to drought management more broadly to 

contextualise the relative importance of data scarcity issues, then the proceeding analysis 

assesses stakeholder information needs for improved drought management outcomes. In the 

ensuing interpretive discussion, I present a conceptual framework visualising the potential role 

of high-resolution water security data in enabling evidence-based systems of WRM planning 

and financing during drought. The study concludes with three further discussions. First, I 

discuss the potential for these data to support a transition in drought and WRM finance towards 

index-based mechanisms that engage private financers. I then assess the practical 

considerations of setting-up water security monitoring systems before discussing the further 

research required to facilitate transitions to these systems. The study’s methods including its 

rationale, semi-structured interview design, sampling, ethical considerations and data 

presentation are detailed in Chapter 2. 

 

3.3   Results 

 

3.3.1   Drought Management Barriers 

Thematic analysis of expert-perceived barriers to drought management organises them in to 6 

themes, each analysed in turn in this section (Figure 3.3). To overview, existing monitoring 

information systems are the modally identified barrier to more effective drought management 

among experts. At all stakeholder levels, the scarcity of hydrological and regular socio-

economic monitoring data is considered a constraint for timely, evidence-based decision 

making. For Water Resource Managers (WRMs), hydrological monitoring scarcity is a barrier 

to planning evidence-based, ex-ante interventions that maintain water supply. For financing 

stakeholders, the scarcity of both hydrological and socio-economic monitoring data means that 

there is not a sufficiently confident evidence-base to support forecast-based, ex-ante 

approaches to financing drought-associated actions. Instead, financing stakeholders wait for 

socio-economic impacts of water shortages to cause significant increases in indicators hosted 

by EWSs before releasing drought financing at significant scale. Information scarcity, 

therefore, also underpins the financing barrier to drought management. The capacity barrier is 

closely tied to financing, as underfunded Water Resource Management (WRM) institutions are 

constrained by understaffing, a lack of equipment and low technical capacities. Experts also 
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highlight a range of physical, political and humanitarian access barriers to drought risk 

management.  

 

 

Figure 3.3. Barriers to managing drought impacts perceived by experts during the Horn of 

Africa 2021 – 2023 drought. Themes and sub-themes are shown, scaled to the number of 

respondents coded to that category. 

 

3.3.1.1   Information Systems 

88% of experts raise existing information systems as a barrier to drought management. They 

reference monitoring scarcity, unsuitable indicators available on platforms, a lack of water 

security focus, and poor communication of existing data as prevailing issues.  

Leading EWSs in Somalia, including the Famine Early Warning Systems Network (FEWS 

NET) and the Food Security Nutrition and Analysis Unit (FSNAU), are criticised for spatially 

and temporally over-aggregating data, creating discrete food security classifications that can 

over-simplify or incorrectly represent humanitarian needs [NA1, ND3, NE1, PW3, UA1, UA2, 

UC1, UC2, UW4]. 

““oh, we’ve got more red zones than green zones than normal!”. I think that those sorts of 
early warning systems, exactly the kind that the FSNAU dashboard looks like, are kind of a 

joke.” 

-UA1 
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 “I realised that the big systems were not granular enough to tell the difference from this 

place and that place; they weren't coming in at the right time. I couldn't like dig-in and know 

whether to really trust that data, or that analysis.” 

-UA2 

One expert colloquially describes summary maps produced by these systems as a “curse of the 

red blobs” [PW1] that have made a humanitarian system “enamoured with food security” [A1], 

unwilling to fund significant drought-associated actions until real-time food security turns red 

on district-wide scales on Integrated Phase Classification (IPC) maps [A1, MN3, NA1, NA2, 

ND1, UA1, UC2].  

“a problem with the current system as it's too broad brush. You know, the indicators will give 
you an error on a district wide approach, but it won't tell you that this particular community 

is going to go downhill first or, you know, this is what's going to happen here. And I think 

that much more localised monitoring, with local triggering of local action is what's really 

needed.” 

-PW1 

The low frequency of data available on these platforms [NA1, ND1, ND3, UA1, UC1, UC2, 

UW4] and the opacity of the source information behind discrete classifications [ND2, PW3, 

UA2, UA1, UC2] mean that there is a further lag time until management interventions can be 

confidently planned and financed. A lack of timely, granular and confident evidence of 

humanitarian and operational needs is considered a leading factor behind the financing barrier 

(Chapter 3.2.1.2) - a lack of evidence for value propositioning drought-mitigating actions 

constrains the timing and scale of their financing [MD4, ND5, NW1, NW2, NW4, PW4, UA1].  

“if we do not have evidence that we can show to donors, how are we going to persuade them 

to finance special projects to manage the drought?” 

-ND5 

An acute scarcity of local water security monitoring data on information platforms is a barrier 

to WASH professionals, WRMs and drought coordinators when conducting population needs 

analyses. They consider this data to be undervalued and subsequently underfunded [MD4, 

NW2, NW4, NW5, PW5, UC1, PW1, A1].  

“we want to organise ourselves at the National Platform and know how to reach those people 

before they are displaced, because it is actually cheaper to assist people who are lacking 

water in their villages than to wait until they migrate. Otherwise, their needs are going to 
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increase; maybe they now need shelter, they will need food, they need other things. So, we 

want to try and actually be proactive in that way.” 

-NW1 

The absence of water security data limits WRMs’ abilities to plan appropriate early 

interventions that maintain water access [A3, MD3, MD4, MN1, ND4, NW4, PW5, UC1]. For 

example, the absence of groundwater level and quality monitoring means water shortages are 

rarely anticipated before supply failures occur [MD3, ND2, ND3, NF1, NW1, NW3, PW5, 

UA1, UC2]. In the long-term, this missing data also constrains the identification of productive 

aquifers for more sustainable borehole siting [MD2, MD3, MD4, MN3, ND2, NDF2, NW2, 

NW5, UW2]. This contributes to supply failures in poorly designed infrastructure being 

unmitigated and widespread during droughts, with reactive solutions designed upon reports of 

failures [GO1, MN3, MD2, A1]. 

 “at the moment, I still feel everything is reactive.” 

-GO1 

“whenever the droughts come, it’s a repeat cycle - water trucking, water trucking, water 

trucking.” 

-MN3 

“the emergency approach is to resort to trucking pretty quickly, which is very expensive and 
inefficient.” 

-A1 

Although increasingly available, satellite remote sensing datasets are perceived to be too 

coarse, inaccurate and uncontextualized to be actionable as confident indicators of local water 

availability to guide WRM decisions [ND2, ND3, ND5, NW4, PW3, UA2, UC1, UW1, UW2].  

“we have found many times that NDVI [the Normalised Difference Vegetation Index] can be 
misleading. There are sometimes increases or decreases in places that do not match what we 

see when we visit the sites.” 

-ND2 

 “I am concerned about the way that it is moving – it feels like more and more funding is 

going in to satellite data analysis.” 

-NW1 
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Of the WRM-relevant data that is collected, existing EWSs do not tailor communication to 

WRM stakeholder needs and alternative systems for socio-hydrological information sharing 

are absent or poorly developed [PW3, PW4, MD4, NA1, ND5, NW4]. Indices such as rainfall 

anomalies, NDVI and water prices are presented in aggregated, coarse and opaque formats on 

existing information platforms, with few tools for interpretation or analysis [UA1, PW1, UC1, 

ND2, NA2, NA1, A1] (Haile, 2005).  

Higher-level stakeholders within government, development, humanitarian and donor 

institutions also feel their information needs are not being met during droughts by existing 

information systems, expressing frustration EWSs’ failures to adapt in response to evaluation 

and feedback [ND3, PW3, UA1, NW1] (Maxwell et al., 2021).  

“I'm very unhappy with the FSNAU, as it is right now. I think it's stuck. It's not open to the 
changes that are needed to bring it up to date.” 

-PW3 

“we haven't seen huge jumps forward in how early warning works in Somalia; we are still 

very much driven by personalities.” 

-UA1 

The information system barriers experienced by higher-level financing decision-makers link 

closely to the financing barrier [MD4, ND5, NW1, NW4, PW4, PW5, UA1].  

 

3.3.1.2   Financing 

“a no regrets approach has not been happening this year. Somalia is really struggling with 

funding - the HRP [Humanitarian Response Plan] is currently funded at 3.8% [of the 

requested amount].” 

-NF2 

Despite broad awareness that earlier actions generally have improved cost-benefit analyses 

(CBAs) and returns on investments (ROIs) compared to humanitarian responses, they remain 

underfunded for droughts [NF2, UC1, ND5, NE2, NF1, NF2, PW1, UC2] (Cha et al., 2018). 

“as a coordinator, often we cannot take anticipatory action, not because we are not 

anticipating. But because we cannot take action. Because anticipating is not rocket science - 

if two rains fail, and the next one is failing, you have already 100% anticipated. But, just, we 

cannot raise the money.” 
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-UC1 

The paucity of socio-hydrological data and the food security focusses of existing information 

systems mean that drought financing still depends on perceptible evidence of significant food 

insecurity for their financing at scale [PW1, UA1, UA2, NA1].  

 “there’s still a prevailing perspective that people want to see the red on the map. They want 

to see the desperate situation on the ground before they will actually take any action. And 

this is particularly true in terms of government because they have limited funds set aside for 

emergency response.” 

-PW1 

“I gave a presentation to the team, like a month after I joined, because the Somalia trigger 
was insane. I mean, it was just based off, I think, IPC [Integrated Phase Classification of 

food security] warnings, and the Ethiopia trigger was basically just based off IPC 

classifications. That is like, not just acting after meteorological drought, but it’s acting even 
after the impact – for early action!  

-UA2 

The financing of proactive, ex-ante actions focussed on securing water supply are particularly 

obstructed by the scarcity of water security data [PW3, PW4, PW5, UC1, UC2]. Without these 

data, cost-benefit analyses (CBAs) of actions cannot be confidently formulated for financing 

requests [UC2, NF1, NF2, A1, A2, NA1, NA2, ND2, ND3, NE1, NE2, NW1, PW1]. Current 

and forecasted water security cannot be calculated with confidence, and the extent to which 

water security will impact food security and broader humanitarian outcomes cannot be locally 

defined without historic water security data to identify correlations and causalities [NA1, NA2, 

PW1, UA1, A1, A2] (Wilhite et al., 2007). Therefore, the full benefits of taking water shortage-

mitigating actions cannot be quantified for a CBA [PW4, UC2]. Without confident CBAs of 

projects to attract finance from limited capital pools (Basolo et al., 2009), finance is instead 

channelled to other regions, countries or humanitarian crises until measurable humanitarian 

need has sufficiently increased in the drought-affected region [A1, NE2, NF2, UC2, UA1].  

“the humanitarian sector in general doesn't like the idea of uncertainty. They need something 
to be concrete, yet Early Warning Early Action is, inherently, embracing uncertainty in some 

ways, right?” 

-NA1 

“I was previously doing a lot of the nitty gritty kind of analysis for early warning. I had a pot 

of money, and I was trying to decide, do I use my pot of money now? Or do I hold that pot of 
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money for a more rainy day, so to speak. This put me in a nitty gritty war with FSNAU, 

essentially trying to triangulate if the things they were saying were right in my areas.” 

-UA1 

The absence of regular water security data collection explains the scarcity of dedicated, pre-

positioned financing mechanisms for drought management [ND5, ND1, ND2, NE1, NF1, 

UC2]. Ex-ante financing systems are index-based, requiring accurate indices with low 

uncertainties to trigger pay-outs once their values exceed pre-set thresholds (Durand et al., 

2016). However, when indices have a high uncertainty, there is a high basis risk for both the 

financing and receiving parties, where pay-outs can be misrepresentative of needs [NF1, NA1, 

ND2, ND3, NE2, UA1, UA2]. This high basis risk currently constrains interest in existing 

parametric insurance and insurance-linked securities for drought, as they are indexed by low-

resolution, high-uncertainty satellite-based indices [NF1] (Clarke and Hill, 2013; Durand et al., 

2016; Ikeda et al., 2021; Okpara et al., 2017).  

The transition of drought finance to ex-ante mechanisms is also inhibited by a global scarcity 

of evaluated case-studies, where the value of ex-ante actions has been quantified in drought 

areas, to motivate the routine financing of these actions based on established general principles 

[UC2, PW3, PW4] (Dasgupta, 2021). The scarcity of high-resolution water security data is 

responsible for the paucity of evaluated examples, as it is not possible to fully evaluate the 

impacts of ex-ante drought interventions without these data [UC2, PW3, PW4]. 

 “donors do not give us give us a lot of funding, right? Because anticipatory action, it's very 

difficult to prove the result. It's not really visible without the right data. But if we have, say, 

people dying, and we do massive water trucking, it's really catchy, right? Media-wise.” 

-UC2 

Funding lag-times in early drought phases allow unmitigated water shortages, triggering water 

scarcity, food shortages [A1, NA1, ND2, ND3, ND5, UA1, NF1] and displacements [UA1, 

PW1, NW1, A1, MN3, ND3, NF1, NW2, PW2]. Humanitarian needs, management costs and 

resource scarcity also compound following late financing [UW3, NE1, PW3, PW4, PW5, UA1, 

NA1]. For example, the failure of boreholes increases the costs of supplying emergency water 

from the functional point sources that remain, risking shortages at strategic sites and internally 

displaced person (IDP) facilities through the ensuing stages of drought [UW3, NE1]. 
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“the water prices for trucking in Somaliland are now up, in some areas, to 20 – 30 $US/m3. 

And again, even if we compare it with let's say the UK, the price is still about 2 $US/m3. In 

Nairobi, around 1 $US/m3.   

-UW3 

 “we have to stock water trucking for 45,000 people in the next couple of days, but as of now 

I still do not have any source [of money] to continue this very crucial activity. So, we may 

have to exit prematurely, and that will be serious, you know, particularly for the displaced 

population.” 

-NE1 

 

3.3.1.3   Capacity 

Low technical, staffing and resource capacities of WRM institutions are a barrier to 

maintaining drought-resilient water networks. These institutions are underfunded, especially 

relative to humanitarian programmes, yet they are principally responsible for managing and 

maintaining clean water supply.  

“it's the capacity of organisations to actually use information and be adaptive, etc. that is 

actually holding this thing back.” 

-UA1 

A shortage of resources, staff and equipment prevent WRMs from taking some desired water-

securing actions [MD1, MD4, ND4, ND5, NE1, NW4, UW3, A1, A3, MN2, ND2, NW2, PW3, 

PW4, UC2, UW2]. Their capacity to design complex water supply solutions is also inhibited 

by low technical skills, as sustainable, resilient solutions for complex supply systems require a 

commitment to water monitoring, diagnostic testing, analysis and evidence-based design [A3, 

GO1, MD1, MD2, MD3, MD4, MD5, MN2, NA1, NA2, ND4, NW1, NW4, PW1, PW3, PW4, 

UA1, UC2, UW2]. 

Low capacity limits the reach of WRM institutions, enabling poor water practices to become 

commonplace among private, community and district engineers [PW3, PW4] (MacAllister et 

al., 2022; Upton et al., 2017). Without a water authority routinely monitoring or maintaining a 

significant local presence, unregulated water infrastructure development creates low resilience 

supply networks that fail quickly under drought conditions when demand increases [MD4, 

MD5, MN3, ND1, ND4, ND5, NE1, NW1, NW2, PW3, PW4, UW2] (Foster et al., 2018; 

Kebede et al., 2022).  



52 
 

 

“these institutions don’t have the capacity to regulate or penalise contractors who cut 
corners.” 

-PW4 

 

3.3.1.4   Physical 

Physical shortages of water are considered a characteristic of the drought hazard rather than a 

major barrier to its management. In deep boreholes, water supply rarely fails due to the 

depletion of water availability, but frequently, these boreholes fail due to the transfer of demand 

from shallow and surface sources onto strained infrastructure [MD1, PW3, PW4, MD4, PW5, 

A1] (Calow et al., 2010). However, in remote areas with poor aquifers, such as southern and 

eastern Somaliland, genuine water shortages in accessible, freshwater aquifers are a barrier to 

siting boreholes with an adequate water availability [MD5, MN3, ND5, ND1, UW3].  

 

3.3.1.5   Humanitarian Access 

The most vulnerable communities to drought are often in conflict areas, remote settlements, or 

those actively migrating. When water and food supplies fail in remote or conflict areas, 

humanitarian assistance may not be accessible [MD4, ND5, NE1, NF1].  

“with migration comes mortality, especially for children.” 

-NE2 

Experts identify the shortage of real-time migration data, and the current difficulty in predicting 

migration source areas and routes, as a barrier to supporting the vulnerable and displaced 

[MD4, MN3, ND3, NE1, NE2, NF1, NW1, NW2, PW2, UW1]. They cite a lack of local food 

and water security data for anticipating migration source areas and routes in advance [NE1, 

NW2, UW1]. Migration that exceeds clan or tribal boundaries needs more anticipatory 

mitigation, as it is seen as a cause of flash-escalation in vulnerability and humanitarian needs 

when migrating communities are subjected to marginalisation or conflict [UA1, A1].  

“you don't want your anchor water points to fail. Because when your anchor points fail, you 
get people migrating outside of their normal clan lands and areas. And that tends to be when 

really bad things happen.” 

-UA1 
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3.3.1.6   Political 

Conflict is equally viewed as a political barrier, compromising public services, trade and 

humanitarian activities that support the drought-affected [NE1, ND5]. Political bureaucracy 

surrounding early warning interpretation, and when to officially declare drought or famine, is 

also a short-term bottleneck on the release of funding by governments and humanitarian 

organisations [GO1, NF2, UA2, MW2, NE2, PW3, UC2] (Maxwell et al., 2023). There can be 

hesitancy among governments to formally declare emergencies, especially in election years, as 

it may compromise their public image [NF2, UA2]. This can lead to costly funding delays 

while humanitarian needs escalate.  

“some of the grants and resources come available after declaration of drought, and this is 

kind of common in many other countries also, not only in Somaliland, for example, when the 

government declares that there is a drought emergency, then some of the international 

community will start to allocate some funds and resources.” 

-UW3 

Public image considerations inhibit the financing of longer-term, resilience building or 

anticipatory solutions, even when a positive return on investment is clear [UW3, NA1, UC2] 

(Wilkinson et al., 2020). Political myopia can cause a preference for short-term benefits 

[UW3]. There is also a reluctance to dedicate resources to disaster mitigating actions if it does 

not earn recognition among voters or colleagues [UC2, UW1, UW3, NA1] (Depoorter, 2006). 
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3.3.2   Existing Information Systems 

 

Figure 3.4. (a) Information sources and (b) indicators used by expert respondents to monitor 

drought. These are thematically categorised as sources of information on physical drought, 

socio-economic drought, or both. The number of participants using each source or indicator is 

shown for those that are raised by multiple people. A list of acronyms is provided in 

Supporting Information 3.7.2. 
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A large range of information sources are used by the interviewees for both physical and socio-

economic monitoring of droughts (Figure 3.4a). FEWS NET, FSNAU and their respective IPC 

classifications are the most popular, as they aggregate socio-economic and physical indices to 

form convenient summary maps of food insecurity and humanitarian needs. Actors review 

these classifications alongside a range of other sources, and discuss these with communities, 

district authorities, cluster meetings, conferences, working groups, committees and internal 

colleagues to inform their decision-making [UW1, UA1, UA2, PW1, A1, A2, NF2]. There is 

notably no popular information source regularly aggregating and summarising the physical 

information sources for use by less-technical stakeholders. The existing platforms hosting 

physical drought data are also widely considered to be non-user friendly for non-technical users 

[MD4, MD5, NA1, NA2, ND5, NW4, PW1, PW3, UA1, UC1] (Maxwell et al., 2021).    

The range of drought monitoring indicators used reflects the varying interests of the different 

stakeholders (Figure 3.4b). Most of the socio-economic indicators are accessed from the FEWS 

NET and FSNAU platforms (Figure 3.4a), which are primarily used by stakeholders with 

development and humanitarian interests beyond technical WRM decisions. For the physical 

indicators, in-situ local data such as groundwater level, river level and water quality are 

frequently raised by WRMs as useful decision-making tools, despite the collection of these 

indices being extremely scarce [NF1, NW3, NW5, PW3, PW4, UW2, MN1, MN2].  

However, whilst food security has a popular, integrated index through IPC phase 

classifications, water security and WASH does not have an equivalent popular index, with just 

one participant mentioning the use of WASH severity classifications [NA2] (Young, 2021). 

The scarce local collection of hydrological data, as well as relevant socio-economic water 

security data such as water prices, inhibits the generation of integrated WASH or water security 

indices with an actionable level of confidence [PW1, NA1, ER2]. Furthermore, the absence of 

guidance on information platforms on how to link water security data to wider humanitarian 

impacts causes actors to quantify and interpret this relationship independently, using informal, 

and often empirical, methods to do so [NA1, ER2, NF1, PW1] (Haile, 2005). Participants 

subsequently express a need for information systems that support the data’s translation to non-

technical stakeholders’ varying information needs [MD2, NF1, PW4, UC2, UW1, UW2, 

UW4]. However, some participants are sceptical of the benefits of developing an integrated 

water security or WASH index, as it may over-simplify issues of water security and repeat the 

identified limitations of existing IPC classifications for food security [PW3, UA1, UA2]. 
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3.3.3   Water Security Information Needs 

Experts focus on two issues when describing their information needs for optimising drought 

management processes (Questions 4 – 7). First, they explain a need for various improvements 

in the resolution, accuracy, analysis and communication of the existing monitoring indices 

available on EWS platforms. Second, over 75% of experts identify a need for high-resolution 

water security monitoring data to be regularly available. This section presents expert 

perspectives on this second issue, by analysing water security information needs of 

stakeholders and the potential impact that regular, high-resolution access to this data can have 

for drought and water resources management systems. The choice of information needs by 

participants reflects their prior experience of drought management, WRM and the processes of 

their financing. Information needs are analysed for WRMs (Chapter 3.2.3.1) and financial 

decision-making stakeholders (Chapter 3.2.3.2) in turn. 

 

3.3.3.1   Water Resource Managers (WRMs) 

Evidence of water security creates a basis for planning WRM actions that prioritise 

improvements for the least water secure [A3, MD3, MD4, MN1, ND4, NW4, PW5, UC1]. For 

example, groundwater monitoring networks measuring water availability give a real-time 

indication of the health of point sources in the supply network, enabling proactive actions to 

be taken at sites identified to be at high risk of supply failure [MN1, UW3] (Condon et al., 

2021; IGRAC, 2020). Groundwater and surface water level data also inform planning focussed 

on the long-term resilience of water supply. By indicating the relative performance of aquifers, 

drainage basins and existing water infrastructure, new infrastructure can be developed 

according to the sustainable capacities of those elements [MD1, MN2, MD2].  

“through water monitoring, we can know the water levels in the different basins. And it will 

be our early warning for making event prepositions; for example, starting water trucking, 

strategic borehole maintenance and other things before the displacements occur.” 

-NW1 

“we want to be telling people what is happening from the survey and say, “hey, in this 
region, we have these 10 boreholes that are not working, or in that region that is where they 

are most affected.” There's only one borehole that is functional, it has this much water, it's 

pumping for this long and we need to fix it before X, Y and Z happens.” 

-UW1 
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Indicators of water access and use complete a broader understanding of water security for 

WRMs, monitored through socio-economic indices. Water prices are considered the best proxy 

indicator for relative water access, though higher-resolution monitoring is needed for this to 

become a confident, actionable index [A1, A3, NF1, PW1, UW2]. Water prices are currently 

collected inconsistently, with significant spatial and temporal gaps on the FSNAU monitoring 

dashboard [PW1] (FSNAU, 2023a). The current aggregation of these prices to the district level 

also neglects the spatial volatility of water prices within districts and communities [PW1]. 

However, water prices are not resource intensive or technically challenging to monitor, and 

they give a useful indication that a community is in supply deficit relative to demand. 

Subsequently, water prices also have predictive value for food insecurity, displacement, 

migration routes and the future failures of overstressed anchor water sources at migration sinks 

[A1, PW1, UW2].  

 “price monitoring gives a good indication of availability of water. This then takes into 

account everything as a proxy indicator – the quantity, quality and accessibility for 

communities to actually receive or purchase it.” 

-UW2 

“private water trucking can change in price you know, and this can make access to water 
very difficult for the poorest people that rely on it, especially during droughts.” 

-A3 

Local dynamics and inequalities of water security can be understood through household 

surveys of water access and use [A1, PW1] (Young, 2021). This data informs the design of 

tailored, local interventions that prioritise securing water access for the most water insecure 

[A1]. Household surveys can capture local water prices [A1, PW1, UW2], distance from clean 

water sources [NF2, PW1], sources of water [NF2, PW1], local threats to water supply [NA2], 

water bill payments [MD2], livelihoods [NA2], individual WASH vulnerabilities [NA2] and 

likely migration routes [NW1, UC2] in the event of future water shortages.  

Water security evidence improves the scale, accuracy, timing, and quality of the actions that 

are already taken by WRMs to improve water supply resilience and mitigate drought [A3, 

MD3, MD4, MN1, ND4, NW4, PW5, UC1]. Borehole drilling and remediation can be 

completed ahead of drought onsets [ND2, ND3, NW1], based on clear evidence from water 

security data, instead of being sanctioned according to areas where failures have already 

occurred [PW3, PW4] (Cha et al., 2018). Advance diagnosis of water insecurity and its causes 
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through monitoring [MD2, MD1, ND1, NE2, PW1, UA1, PW3, PW4, PW5, MN2] enables 

rapid action such as engineering support [ND2, UW4, MD3, MD4, ND3], technical advice 

[ND2, UW4], water purification [MD3], borehole rehabilitation [ND2, ND3, NW1], subsidies 

[MN3], governance mediation [PW3, PW4] and targeted water trucking [NE1, NF1, UW2]. 

Cash transfer programmes can also be targeted to the most vulnerable for independent water-

securing actions [ND2, NE1, NF1, NF2, PW1] (Costella et al., 2017; Guimarães Nobre et al., 

2019; UN, 2016; Daniels et al., 2018).  

“shock responsive social protection through cash has been a big improvement in the last 10 

years; with vertical and horizontal expansion it has big potential.” 

-PW1 

Beyond its use by WRMs, water security information must also be communicated effectively 

up the decision-making chain to mobilise the resources of financial decision-makers for WRM 

actions [UW3].  

 “our activities often depend on the availability of funds and financial resources from the 
donors.” 

-UW3 

 

3.3.3.2   Financial Decision Makers 

Experts identify a need for financial decision makers to have clearer evidence of water security 

to justify financing allocations related to WRM and drought DRM.  

“the organisation on the ground would say this is what is needed, and then request funds 
from this sort of contingency pot.” 

-NF1 

Currently, most drought and WRM financing is sourced from development, government and 

humanitarian channels, using traditional mechanisms of finance combining internal reserves, 

external credit and international donations [MN1, UC1, UC2, UW3, NF1] (Chapter 3.2.3.2.1; 

Ikeda, 2021). Alternative, index-based financing mechanisms are increasingly popular for 

drought financing through parametric insurance, reinsurance and insurance-linked securities 

such as catastrophe bonds, which can all accommodate rapid and forecast-based pay-outs [NF1, 

UA1, ND2] (Chapter 3.2.3.2.2; Clarke and Hill, 2013; Durand et al., 2016; Fava and Vrieling, 

2021; Roberts et al., 2017).  
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3.3.3.2.1   Traditional financing 

In traditional financing mechanisms, project finance is reviewed by cost-benefit analysis 

(CBA) or similar protocols [UC2, NF1, NF2, A1, A2, NA1, NA2, ND2, ND3, NE1, NE2, 

NW1, PW1]. The forecasted benefits of a project should exceed its costs for financing to be 

allocated to it [ND5, NF1, NF2, PW1] (Dasgupta, 2021; Pandeya et al., 2016). Furthermore, 

as demand for finance outstrips supply, the benefit-cost ratio of a financed project should also 

exceed that of alternative projects synchronously competing for financing [UA1, UA2, NF1, 

NF2, UC1]. Unfunded projects will subsequently become opportunity costs for the funded 

project [UA1]. 

“for the most part, their decision is mostly on more money, less money, right? That's like the 
main lever of decision making within USAID BHA [United States Agency for International 

Development Bureau for Humanitarian Assistance]. Do we give more money to Somalia, and 

less to South Sudan, or whatever. So, they gear their huge early warning systems to be able 

to, you know, decide on that specific lever.” 

-UA1 

The format of this CBA process varies in formality, degree of quantification and nomenclature 

between organisations [A1]. In international NGOs, project CBAs can be rigidly quantified 

and formally reviewed, whereas governmental and intergovernmental committees may 

deliberate projects more discursively, guided by CBA evidence, but allowing for greater 

consideration of personal, political and holistic decision-making elements that are less easily 

quantified [UA1, UA2, NF1, UC1, A1]. 

“for example, in South Sudan, your country director will be sitting on sort of a board of 
NGOs, that is talking to donors in the UN, and everyone's kind of sitting in these forums 

assessing what the needs are. And that kind of triggers [actions in] the humanitarian 

response architecture as a whole.” 

-NF1 

“in the East Africa region, a lot of that [FSNAU] data was interpreted by the FSNWG (Food 

Security and Nutrition Working Group), and a lot of that data has been used to inform 

CERF’s (United Nations Central Emergency Response Fund) decisions to release funds in 
the East African region.” 

-NF1 

Computing project benefits is the most challenging element of financing requests and 

subsequent allocation decisions [UC2]. Benefits are calculated as the difference between 
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expected outcomes if no actions are taken and the expected outcomes if a project is financed 

[UC2, ND5, PW4]. The ‘outcomes’ considered in that calculation accord to the financing 

institution’s objectives, and they are measured as changes in the monitoring indicators relevant 

to the organisation’s valuation framework [UC2, UW2, NF2]. For example, for a United 

Nations agency using the Sustainable Development Goals (SDGs) framework, indices for each 

of the relevant SDG areas can be forecasted and compared between the inaction and action 

scenarios to compute the project benefit [NA2, NF1] (Dasgupta, 2021; Ikeda et al., 2021). 

Whereas, for organisations providing contingency credit such as development banks, the 

project may instead need to demonstrate a positive economic return on investment (ROI) as its 

primary benefit, with financial savings from the project recoverable and repayable by a loan’s 

maturity date (Ikeda et al., 2021). Benefits and costs are considered in these calculations as Net 

Present Values (NPVs), where the absolute values of benefits realised at later times are reduced 

in the CBA by a social discount rate to account for the greater value placed on shorter-term 

benefit realisation (Ikeda et al., 2021; Dasgupta, 2021). Projects are financed when the NPV of 

a project’s benefit-cost ratio is positive and in exceedance of the ratios for alternative projects 

[ND5, NF1, NF2, PW1].  

“I think it’s quite clear that our monitoring information is not up to standard at the moment, 
and this means that there is no shift in the ability to finance interventions.” 

-ND5 

Currently, the computation of benefits for water-focussed projects is constrained by the scarcity 

of local water security data [PW1] (Chapter 3.2.1.2). Without consistently monitoring water 

security indicators, it is difficult to identify current trends in water security or forecast these 

and their associated humanitarian impacts ahead of time [UC1, UC2, NF1, NF2]. Generally, 

there is insufficient evidence to forecast and compare outcomes between scenarios of action 

and inaction based on water security data alone [UA1, UA2, NA1]. Furthermore, these benefits 

cannot be easily estimated through comparable real-world case studies, as there are few global 

examples where the benefits of proactive water-supply projects have been evaluated throughout 

their lifetime [UC2, PW3, PW4]. As a result, benefit-cost ratios of water-focussed projects are 

difficult to compute at a sufficient confidence level for their financing [UC2, ND5, PW4] 

(Basolo et al., 2009). 
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“thanks to the new boreholes, they’re saving a lot of lives now. But still, I think enough credit 

was not given to this anticipatory action as the UN is not mobilising a new round of 

funding.” 

-UC2 

“it currently needs to already be in emergency to justify triggering the funds and to withdraw 
them from other places.” 

-NF1 

Experts identify a potential for dense networks of water security data to address this uncertainty 

bottleneck [A2, MN1, NA1, ND2, ND3, NF1, PW4, UA1, UW1, PW3]. However, to engage 

higher-level financing stakeholders, water security’s relationships with broader development, 

WASH, food security and humanitarian outcomes must also be explicitly defined for the local 

context [A2, MN2, NA1, NE2, NF1, PW5, UA2, UC1, UC2, UW1] (Ringler et al., 2018). This 

step is essential, given the broader scope of most traditional financing stakeholders’ valuation 

frameworks (Wilhite et al., 2007; Dasgupta, 2021; Pandeya et al., 2016; Ringler et al., 2018). 

These relationships can be drawn simply through empirical comparison, by comparing water 

security indices during previous drought years with food security indicators during the same 

time periods [NA1, NE1, NE2, NF1, PW1, UA2, UC1]. Or, to avoid making assumptions or 

misinterpretations of causality between indicators, more detailed analyses can better establish 

the nature and strength of relationships through process-based models that are calibrated, 

sensitivity-tested and validated by historic water and food security data [UA1, UA2, NA1, 

PW4, PW3].  

“historical analysis is also going to be good for forecasting. Like, if the groundwater level is 
below historical average, and you know the impacts were bad at that certain level in the past, 

it becomes useful for us.” 

-NF1 

By pre-defining these relationships for local contexts and livelihoods [NA1], forecasted 

deteriorations in water security can be used to rapidly forecast its subsequent local impacts on 

food security, the economy, and humanitarian needs [ND3, NA1, NF1, UC1, UC2, NA1] 

(Maystadt and Ecker, 2014; Pape and Wollburg, 2019; Ngcamu and Chari, 2020; Ringler et 

al., 2018). Then, where confident forecasts identify a sufficient benefit-cost ratio for early, 

water-securing actions, traditional financing sources can finance proactive projects aimed at 

water insecurity mitigation [NF1, PW3, PW4, NF2, PW1] (Pape and Wollburg, 2019). Through 
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well-defined relationships, water security data can also be used as a predictor for designing and 

financing appropriate anticipatory actions that mitigate food insecurity and other humanitarian 

needs [NF1, NF2, UA1, UA2, NA1]. Some anticipatory action projects use hydrological data 

already, but these are limited to lower-resolution satellite-based indices of rainfall, soil 

moisture and vegetation indices [A1, ND2, ND3, ND5, NE2, NW4, PW3, UA2, UC1, UW1, 

UW2, NF1] (Brown et al., 2014; Guimarães Nobre et al., 2019; Wilkinson et al., 2018; 

Weingartner et al., 2020). Anticipation of water shortage-induced food insecurity enables its 

mitigation through cash transfers, provision of livestock fodder, short-term supplemental crop 

irrigation and other tailored actions. 

Over time, as more anticipatory, water-centric projects are financed and evaluated through 

water security, food security and economic monitoring networks, the improved understanding 

of their benefits for other sectors of development is likely to attract greater funding towards 

WRM to improve drought impact mitigation [NA1, UA1, UA2, UC2, PW3, PW4].  

“to promote more anticipatory action, quantify the impact. If we could say that our current 
style of response is 10 times costlier than the prevention, this number is quite powerful… and 
then also, we need to look at how we could showcase good examples and quantify the impact 

after the project is operated to encourage more anticipatory action in the future.” 

-UC2 

 

3.3.3.2.2   Index-based Financing 

The expansion of index-based financing becomes more viable with improvements in water and 

food security monitoring [NF1, UA1, UA2]. For example, agricultural parametric insurance 

coverage has increased with improvements in the accuracy and resolution of satellite-based 

rainfall and NDVI measurements, triggering pay-outs based on threshold-exceeding NDVI 

values [NF1, UA1, ND2] (Clarke and Hill, 2013; Durand et al., 2016; Fava and Vrieling, 2021; 

Roberts et al., 2017). Index-based financing is favoured for its simplicity, quick pay-outs and 

ability to make forecast-based, ex-ante payments to both smallholders and national-scale 

stakeholders [UA1, ND2] (Durand et al., 2016; Janzen and Carter, 2019; Noritomo and 

Takahashi, 2020; Roberts et al., 2017). For humanitarian emergency response, index-based 

insurance and reinsurance have already become an important financial risk transferring tool for 

governments and humanitarian stakeholders for high impact, low probability events (Ikeda, 

2021, Clarke and Hill, 2013; Durand et al., 2016; Okpara et al., 2017).  
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However, hydrologically indexed policies by private investors, insurers or elsewhere are yet to 

scale due to high basis risks faced by both insurers and policyholders [NF1, UA1] (Chapter 

3.2.1.2). Dense local networks of water security data have potential for supporting multi-index, 

precise parametric policies for drought [PW1, NF1, ND2]. Local data can reduce basis risks 

and improve the viability of smaller profit-margin, smallholder insurance for local water supply 

networks and agricultural assets. Lowered basis risk also increases the viability of national-

scale financing through index-based policies (Ikeda, 2021), where the finance of larger-scale 

anticipatory drought interventions targeting both water and food security are triggered by 

higher-confidence, early signals of water insecurity [NF1, PW1].  

 

3.4   Discussion 

 

3.4.1   The Role of Water Security Data for Anticipatory Action 

The results suggest that water security data, with analysis of its causal relationships with 

broader humanitarian impacts, can support the early financing of drought impact-mitigating 

actions at a greater scale by providing a confident, predictive evidence-base of water and food 

insecurity. These findings are presented in an interpretive conceptual framework, visualising 

the flow of water security data in fulfilling both WRMs and financing decision-makers’ 

information needs for planning and financing early actions (Figure 3.5). In the framework, 

WRMs can use raw or analysed water availability, access and use indices to support a more 

skilful planning of complex WRM solutions such as borehole rehabilitation, cash transfers and 

the preparation of surge water supply (Chapter 3.2.3.1). The water security data is then 

processed according to the financing criteria of different institutions to provide them with a 

more confident cost-benefit basis for financing WRM projects ex-ante. 
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Figure 3.5. An interpretive conceptual framework for water security-centred decision-

making, where information needs are met for the rapid approval of proactive, evidence-based 

actions focussed on water security. Water Resource Managers (WRMs) are the primary users 

of water security data for planning direct actions that manage water supply systems. Financial 

decision makers from traditional sources require evidence to justify financing decisions on a 

cost-benefit basis, and they have a decision-making frame that considers broader 

development and humanitarian objectives as well as alternative project proposals. Index-

based finance sources trigger financial pay-outs once selected indices exceed pre-determined 

thresholds. The actions and information needs shown are all codes recorded during thematic 

analysis. 

 

3.4.2   Shifting Towards Index-Based Mechanisms of Drought Finance 

Index-based mechanisms that trigger pre-designed actions from pre-positioned financing are 

faster than traditional finance mechanisms, meaning that earlier and smaller financing requests 

can be fulfilled at shorter time intervals if these mechanisms can be enabled by local water 

security data collection (Chapter 3.2.3.2.2; Durand et al., 2016; Roberts et al., 2017; UN, 2016). 

The availability of higher-resolution local data can also improve the spatiotemporal precision 

of individual financing requests, facilitating downscaled requests that are more targeted to 

specific needs. Smaller financing requests can be fulfilled at shorter lag-times, and the targeted 
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nature of actions improves the efficiency of investments. These effects are visually 

conceptualised in Figure 3.6, where the cumulative financing needs and actual costs of drought 

management financing are compared between upscaled, water security indexed financing and 

the current financing paradigm. Through anticipatory, index-based financing, the overall cost 

of drought management can be reduced by meeting financing requests at shorter lag times and 

mitigating further cascading increases in humanitarian needs (Figure 3.6; Roberts et al., 2017; 

Cabot Venton, 2018; Cabot Venton et al., 2013; Costella et al., 2017; UNICEF, 2015; Clarke 

and Vargas Hill, 2013; Hallegate, 2012, Guimarães Nobre et al., 2019; UN, 2016; OCHA, 

2021b; Weingartner et al., 2020; Weingartner and Wilkinson, 2019). 

 

 

Figure 3.6. Conceptual model of financing needs satisfaction, comparing drought financing 

indexed by local water security data with traditional financing methods guided by existing 

EWSs.  

 

Localised water security-indices can shift financing processes away from a dependence on 

discretised classification maps to enable more localised financing of specific projects. This 

concept stands in contrast to a recently developed WASH Severity Classification (WSC) 

solution (Bedrosian et al., 2021; IMPACT, 2022; Zaki, 2021). The WSC, after recognising the 

need for WASH data to become more actionable by non-technical stakeholders, has been setup 

to mirror existing IPC food security classifications, creating its own discretised 5-stage 
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classification to influence the gearing of finance allocations. The WSC has value in drawing a 

more holistic evidence-base beyond food security to existing traditional humanitarian financing 

mechanisms. However, its aggregated nature, its lack of local hydrological data inclusion, and 

its broader, diluted focus on WASH as a broader concept does not fulfil the information need 

for local water security monitoring to guide the planning and financing of locally specific 

actions.  

Pre-positioned financing and contingency funds need to be in place to dynamically fulfil index-

based financing requests at short lead-times (UN, 2016; Weingartner et al., 2020). However, 

these funds for anticipatory action remain scarce (Weingartner et al., 2020). To motivate 

financing stakeholders to develop water security-centred, index-based approaches funded by 

pre-positioned finance, more evaluative case studies are needed, where CBAs and ROIs 

following ex-ante financing projects triggered by water security data are calculated (Clarke and 

Dercon, 2016; UN, 2016; Weingartner et al., 2020). This will better elucidate the value of these 

interventions to high-level policy and financing stakeholders for developing new systems 

(Pandeya et al., 2016). Clear, positive ROIs and demonstrable scalability can motivate donor 

organisations, governments and private stakeholders to invest early in pre-positioned funds, if 

they can expect expenditures to be repaid through savings made from reduced humanitarian 

finance appeals in the future (UN, 2016). As these proactive management systems begin 

implementation, it is important for their performance to be continually evaluated and publicly 

communicated to ensure that implementing actors receive public recognition for anticipatory 

interventions where the benefits may not be immediately apparent (Wilkinson et al., 2020; 

Depoorter, 2006). Clear quantification of good, proactive governance, well-communicated, 

creates greater long-term political value than emergency responses, and it can prompt other 

governments and international organisations to replicate such systems. 

An improved understanding of water-securing interventions’ value, through evaluated case 

studies, will also improve the investment-case for WRM projects in areas where water-security 

data remains scarce, such as conflict zones, hard-to-reach areas and communities with 

monitoring implementation challenges, with investments based on principles established from 

comparable context case studies (Garrick et al., 2017). 
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3.4.3   Implementing Water Security Monitoring 

Creating and maintaining high-resolution, regularly updated databases of water security 

requires long-term investments in monitoring. Given the data’s value to wider humanitarian 

and development sectors, WRMs need financial support from these sectors to setup monitoring 

systems and develop institutional capacities capable of maintaining and using them. 

Monitoring water access and use requires simple survey methods, like those regularly 

performed by governments and humanitarian organisations for food security (Young, 2021). 

However, the hydrological monitoring of water availability is a significant challenge for 

WRMs (Buytaert et al., 2014). For instance, groundwater is the most-resilient clean water 

source during droughts, yet the practice of groundwater level and quality monitoring is scarce 

following a history of underinvestment, implementation challenges and weak WRM capacities 

for consistently collecting data (Calderwood et al., 2020; Paul et al., 2018). However, 

monitoring network feasibility has significantly improved through advancements in automatic 

sensor technologies, telecommunications networks, WRM capacities, and citizen-science 

methods of monitoring (Buytaert et al., 2016; Calderwood et al., 2020; Ingram and Memon, 

2019; Veness et al., 2022). Lower-cost, automatic sensors can now transmit data over global 

telecommunications networks to information platforms that pre-process the data into usable 

formats, which can overcome the staffing barriers to data collection, processing and analysis 

of hydrological data (Calderwood et al., 2020; Dahir et al., 2023). Manual monitoring of 

hydrological parameters through citizen science and engineering contractors can complement 

sensor data to maintain a high-density monitoring network (Nath and Kirschke, 2023; Walker 

et al., 2021). If there are sufficient investments in monitoring networks, and concurrent WRM 

capacity building for managing those networks, long-term hydrological and water-security 

monitoring networks will be increasingly technically feasible. 

However, the need for concurrent WRM institution capacity building is acute, with further 

investment needed in their staffing, knowledge and resource capacities to ensure they can take 

effective actions when early finance is released for water-securing interventions (UNESCO, 

2022). The current capacities of many national, district and basin water authorities in the Horn 

of Africa are poor, primarily due to budget constraints (Alaerts, 2019; Machete and Marques, 

2021; Ovink et al., 2023; UNESCO, 2022). 

Given the complexity of the actor-network involved in water security monitoring, as well as 

the complexity of the activities involved in managing monitoring data, the process can be 
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catalysed by an institution or consortium acting as a “heterogeneous engineer” that takes 

leadership in organising the actor network (Bosco, 2006; Cressman, 2009; Krige, 2001; Law, 

1992; Law et al., 2012). The institution may be district, national or international scale, private, 

public, governmental or non-governmental, depending on socio-political conditions, and it may 

also be a proprietor of the data, an external contractor, or a consortium between the two. 

However, it must have expert knowledge capacity in the complexities of water security 

monitoring and its integration to users in the actor network. In Somalia, for example, UN FAO 

SWALIM is well-positioned with prior government integration to fulfil this role, but it will 

need additional expert capacity (FAO SWALIM, 2023). The heterogeneous engineering 

institution can support the translation of complex data into actor-relevant, engaging data 

entities whilst contributing to the network’s tactical organisation, capacity building and data 

governance for its long-term sustainability (Law et al., 2012). The eventual monitoring system 

developed should be integrated, incorporating data from existing hydrological monitoring 

programmes already commenced by national water authorities and humanitarian organisations 

in the Horn of Africa. Information management centres with dedicated staff, embedded in water 

authority institutions, are needed to ensure long-term monitoring, analysis and communication 

is maintained (Alaerts, 2019; Machete and Marques, 2021; Ovink et al., 2023; UNESCO, 

2022). 

 

3.4.4   Research Needs 

There are outstanding research needs that can support the uptake in water security monitoring 

and the mechanisms associated with taking water security-indexed actions. First, case studies 

of proactive, drought-mitigating actions are required that evaluate their benefit-cost ratios in 

different contexts to elucidate their value to financing stakeholders (Chapter 3.3.1; Weingartner 

et al., 2020). 

Studies that explicitly define the relationships between water security and other development, 

food security and humanitarian indices are also needed to assess the benefits of ex-ante drought 

and WRM interventions. Furthermore, whilst case-study assessments of these relationships will 

be a useful contribution (Postel, 2017; Wilhite et al., 2007), the context-specific nature of these 

relationships in practice means that standard methodological frameworks also need to be 

developed to guide local assessments. The validation of the relationships between water 

security and broader development sectors, through real-world case studies, can attract financing 



69 
 

 

to WRM from other sectors to mitigate issues that have been demonstrably linked to water 

insecurity (Garrick et al., 2017).  

To support investment in the collection of monitoring data itself, the full value of their 

collection also requires evaluation (Garrick et al., 2017). However, beyond value, the 

challenges of collecting and integrating these data also require more explicit assessment 

(Chapter 6). Then, best practice frameworks can be developed to guide monitoring programmes 

throughout the stages of design, collection, processing, analysis, communication, 

interpretation, integration, decision-making, sustainable governance and evaluation. Once 

monitoring networks are implemented, regular evaluations can update methods and best 

practices to optimise monitoring systems’ value.   

Organisations responsible for new monitoring systems can integrate learnings from evaluations 

of existing EWSs (Maxwell et al., 2021). In fact, the popular uptake of water security data by 

drought stakeholders will likely require integration with existing EWS platforms, as these have 

become an industry “gold standard” [UA1] and a focal point for monitoring, early warning and 

needs assessment (FEWS NET, 2023; FSNAU, 2023a). However, given the security sensitivity 

of hydrological data, research is needed into the ethics, governance and appropriate data 

privacy agreements for public data sharing before these networks expand and are shared 

publicly (WMO, 2022). To optimise engagement by non-technical end-users, water security 

data will require effective marketing that highlights its value and applications beyond its direct, 

technical use by WRMs. Research into the communication, marketing and integration of water 

security data into broader humanitarian and financing systems can inform an approach that 

achieves greater uptake and value realisation. 

 

3.5   Conclusions 

 

The role of drought as a primary driver of food security crises in the Horn of Africa necessitates 

management approaches that prioritise the mitigation of water insecurity. However, the 

underfinancing of drought mitigating, preparatory and anticipatory actions remains a 

significant barrier to shifting from reactive to proactive management. 

The scarcity of high-resolution monitoring data is found to constrain processes of humanitarian 

financing, as the information required to confidently generate value propositions for proactive 
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interventions is not available until food insecurity indicators on Early Warning Systems 

(EWSs) have significantly increased. The scarcity of water security data is especially acute, 

preventing confident value propositions for projects focussed on mitigating water insecurity. 

Without confident valuations, traditional financing mechanisms allocate finance elsewhere 

towards projects with more confident value propositions and more urgent humanitarian needs. 

Index-based financing mechanisms for actions during drought, such as parametric insurance, 

are also constrained by water security data scarcity, as low-confidence trigger indices in these 

ex-ante mechanisms create a high basis risk for both insurers and policyholders. 

However, higher-resolution networks of water security data are increasingly technically 

feasible and have a potential to address the information bottleneck to finance, by providing an 

evidence-base for more confident cost-benefit analyses (CBAs) of ex-ante water-securing 

projects. CBA value propositions can use higher-confidence assessments of current and 

forecasted water insecurity, linked to its forecasted impacts on broader humanitarian and 

development outcomes, to detail the improvements in outcomes (benefits) if water-securing 

projects are financed (Basolo et al., 2009; Wilkinson, 2012). Furthermore, once relationships 

between water security and food security outcomes are well-defined for the local context, high-

resolution water security data can provide predictive evidence for locally tailored, ex-ante 

anticipatory actions that mitigate food insecurity.   

Confident assessments of water security and project CBAs, calculated in near real-time, can 

shift drought and water resource management (WRM) financing towards faster, index-based 

methods. Pre-planned actions, tailored to the local context, can receive timely finance if 

sufficiently confident water security indices are available that then exceed pre-defined local 

thresholds. Higher-resolution monitoring can also downscale and improve the precision of 

index-based financing requests to further reduce the lag-times of finance allocations.  

Evaluated case studies of ex-ante drought interventions, indexed by water security data, are 

needed to encourage investments in pre-positioned systems of monitoring, financing and 

action. Positive socio-economic Returns on Investment (ROIs), positive CBAs and clear 

political value to the public and professional images of the implementors will encourage others 

to replicate proactive systems (Wilkinson et al., 2020, Depoorter et al., 2006).  

By helping to quantify the value of WRM actions, high-resolution water security data can also 

attract more funding towards building the capacities of WRM institutions, whose low capacities 
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are a significant barrier to developing drought-resilient water infrastructure (Garrick et al., 

2017). Regular hydrological data also creates an evidence-base for WRM planning and 

governance that improves the quality and cost-efficiency of WRM practices. 

Operational water security monitoring networks will require substantial investment to setup 

and maintain. Regular collection of water prices and household surveys can indicate water 

access and use, and their collection can be integrated with existing food security surveys to 

reduce their resource-intensity (FAO, 2023). However, hydrological measurements of water 

availability are more challenging to upscale, requiring investment, technological expertise and 

capacity building of implementing organisations to setup, maintain and integrate these data into 

decision-making processes. 

To attract project finance for water security indexed drought projects, evaluated case studies 

are now required that demonstrate both the value of anticipatory actions and the value of 

collecting local water security data to index them. If implemented projects can demonstrate 

positive cost-benefit analyses, returns on investments and positive political value to the 

implementors, it will encourage further investment into local water security data collection and 

associated management systems (Wilkinson et al., 2020, Depoorter et al., 2006). By facilitating 

a transition towards a localised, ex-ante infrastructure of financing for drought in this way, 

local water security data collection supports one of the main objectives in modern drought 

management of fundamentally shifting from reactive to proactive approaches. 
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3.6   Supporting Information 

 

3.6.1    FSNAU Indicators and Alarm Thresholds 

 

Figure 3.7. The table (from FSNAU, 2023b) summarises the indicators displayed on the 

Food Security Nutrition and Analysis Unit’s Early Warning-Early Action (EW-EA) 

Dashboard and the threshold criteria for those indicators to be categorised as being in 

‘normal’, ‘alert’ or ‘alarm’ phases. 

 

3.6.2    List of Figure 3.4 Acronyms 

UN FAO SWALIM = United Nations Food and Agricultural Organization Somalia Water and 

Land Information Management unit 

NOAA = National Oceanic and Atmospheric Administration 

CHIRPS = Climate Hazards Group InfraRed Precipitation with Station data 

Colombia IRI = Colombia International Research Institute for Climate and Society 

GHACOF = Greater Horn of Africa Climate Outlook Forum 
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USGS = United States Geological Survey 

ARC2 = African Rainfall Climatology Version 2 

ECMWF = European Centre for Medium-Range Weather Forecasts 

EWX = Early Warning eXplorer 

FAO = Food and Agricultural Organization 

NASA = National Aeronautics and Space Administration 

TAMSAT = Tropical Applications of Meteorology using SATellite and ground-based 

observations 

UCSB = University of California Santa Barbara 

UNMA = Uganda National Meteorological Authority 

WMO = World Meteorological Organization 

FEWS NET = Famine Early Warning Systems NETwork 

FSNAU = Food Security Nutrition Analysis Unit 

BRCiS = Building Resilient Communities in Somalia 

WASH = Water Sanitation and Hygiene 

NADFOR = Somaliland National Disaster Preparedness and Food Reserve Authority 

OCHA = Office for the Coordination of Humanitarian Affairs 

MoHADM = Ministry of Humanitarian Affairs and Disaster Management 

NDMA = National Disaster Management Authority 

IDMP = Integrated Drought Management Programme (IDMP) 

IPC = Integrated Phase Classification 

GDHI = Global Dashboard for Hotspot Identification 

UNHCR = United Nations High Commissioner for Refugees 

WFP = World Food Programme 
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4 Updating the Drought Management 

Framework 

 

4.1   Abstract 
 

The slow, creeping nature of droughts makes them unique from other hazards, and their lack 

of a clear shock fits poorly with existing disaster risk management (DRM) frameworks. 

Furthermore, conceptual innovations such as ‘anticipatory action’ create an increasingly fuzzy 

landscape of DRM definitions for drought, which can obfuscate decision-making and 

management financing. In this study, 42 interviews with expert stakeholders managing the 

Horn of Africa 2021-2023 drought and a narrative literature review are used to assess whether 

conceptual paradigms accurately reflect the operational realities and modern objectives of 

drought management. Expert accounts first demonstrate paradigm representations of 

‘hydrological drought’ as following ‘agricultural drought’ to be contentious. For instance, 

surface and shallow groundwater shortages can precede significant soil moisture and 

agricultural deficits, especially where abstraction or irrigation is high. Frameworks that embed 

this paradigm risk steering early actions towards agricultural interventions ahead of 

hydrological interventions. The interview findings then highlight a grey area in DRM 

frameworks for describing actions taken between a physical drought’s forecast and the start of 

humanitarian response. The ‘anticipatory action’ conceptual innovation occupies this critical 

window, and these actions can substantially reduce future humanitarian needs with positive 

economic returns on investment. I propose updating the drought management framework to 

consist of 4 stages: Resilience Building, Anticipatory Action, Response, and Recovery. 

’Resilience building’ can replace the overlapping concepts of ‘prevention’, ‘mitigation’ and 

‘preparedness’ for drought, whilst promoting continuous, long-term risk reduction through 

community-centred approaches. Converging these conceptual innovations to the common 

framework formalises the changing practices and objectives in drought management, which 

are no longer accurately represented by traditional DRM terminology.  
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4.2   Introduction 

 

Droughts incur the greatest global costs of any natural hazard (Haile et al., 2020; Hao et al., 

2014; UNCCD, 2022) generating vast, long-term networks of primary and secondary impacts 

that reach every sector of development and affect an estimated 55 million people each year 

(AghaKouchak et al., 2021; Nicholson, 2014; UNCCD, 2022; WHO, 2023a).  

The slow, creeping propagation of drought and its multi-variate impacts on water resources, 

agriculture, populations and the environment have made its definition subject to decades of 

debate (Coetzee and Van Niekerk, 2012; Gillette, 1950; Wilhite and Glantz, 1985; Van Loon, 

2015; Lloyd-Hughes, 2014; Staupe-Delgado and Rubin, 2022; Wilhite and Pulwarty, 2017). 

The most common universal definition of drought describes it as a water deficit compared with 

normal conditions (Sheffield and Wood, 2011; IPCC, 2022; Tallaksen and Van Lanen, 2004). 

Other academic definitions further digest drought into stages, propagating from meteorological 

drought (precipitation deficit) to agricultural drought (soil moisture deficit) and eventual 

hydrological drought (surface or sub-surface hydrological deficit; Odongo et al., 2023; Van 

Loon, 2015, Wilhite and Glantz, 1985). However, the challenges in applying these terms in 

practice, and the varying perceptions of their meaning among stakeholders, mean that the 

simple, universal term ‘drought’ is primarily used in low- and middle-income countries and 

communications for Disaster Risk Management (DRM; Smakhtin and Schipper, 2008).  

DRM implements the Disaster Risk Reduction (DRR) policy objective, and it encapsulates the 

pre-disaster stages of the disaster management cycle framework (UNDRR, 2015; UNDRR, 

2016). A management cycle of mitigation, preparedness, response, and recovery has developed 

as the paradigm in practice (Baird et al., 1975; Coetzee and Van Niekerk, 2012; Prince, 1920; 

Sawalha, 2020), though it is updated in the Sendai Framework for DRR to add prevention and 

rehabilitation at the start and end respectively (Figure 4.1; UNISDR, 2009; UNDRR, 2015; 

UNDRR, 2016). This 6-stage definition has not significantly displaced the original 4-stage 

cycle in literature, and a range of similar frameworks continue to be used (Bosher et al., 2021; 

Sawalha, 2020). However, all disaster frameworks are united by a clear distinction between 

pre-disaster phases and phases taking place once disaster has onset (Coetzee and Van Niekerk, 

2012; Sawalha, 2020).  
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Figure 4.1. The paradigm disaster management cycle used in DRM including the 6-stages 
posited by the Sendai Framework for Disaster Risk Reduction (UNDRR, 2015; UNDRR, 
2016).  

 

Drought is fundamentally different from other natural hazards, as the physical hazard develops 

gradually, with nonlinearly increasing impacts as it propagates (Wilhite and Glantz, 1985; 

Staupe-Delgado and Rubin, 2022; Van Loon, 2015). As such, the hazard does not have a 

universally recognisable ‘shock’ event to demarcate the onset of a disaster and discretely 

separate pre-disaster mitigation and preparedness phases from response and recovery (Staupe-

Delgado and Rubin, 2022). Instead, governments and humanitarian organisations set 

thresholds, beyond which monitored indicators showing significant socio-economic drought 

impacts trigger the transition of approach to a dedicated drought disaster response (Maxwell et 

al., 2023). This transition is spatially, temporally and conceptually fuzzy for droughts, as its 

subjective interpretation varies with stakeholder perspectives and situational contexts 

(McKone and Deshpande, 2005; Rosch, 1973; Zadeh, 1978). Spatial heterogeneity causes 

some districts to enter post-disaster onset phases before others, and different stakeholder 

thresholds for humanitarian response blur the temporal setting of the boundary (Maxwell and 

Majid, 2016; Maxwell et al., 2023).  

Significant financing is available for response and recovery following natural disasters, 

accounting for an estimated $1.5 billion (12%) of international humanitarian aid each year 

(Ranger and Clarke, 2018). Whereas pre-disaster DRM actions that mitigate drought impacts, 

such as the maintenance of water supply systems, agricultural assistance and cash for social 

protection, are acutely underfunded (Kellett and Caravani, 2013; Ikeda, 2021; Mourad, 2023). 

Just $9 million/year of international financing was earmarked for pre-disaster DRM activities 

across the 10 countries most impacted by drought globally between 1993-2013 (Kellett and 

Caravani, 2013; Ikeda, 2021). The failures of ‘mitigation’ and ‘preparedness’ concepts in 

attracting financing at scale has contributed to new conceptual innovations to address gaps in 

management processes and their financing (Meadowcroft and Fiorino, 2017; Simion and Kelp, 

2020). ‘Early action’, ‘anticipatory action’ and ‘forecast-based action’ are increasingly popular 
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concepts that aim to emphasise the benefits and cost-efficiency of taking proactive, pre-disaster 

actions that mitigate later impacts (Hansen et al., 2022; Tozier de la Poterie et al., 2023). 

Furthermore, ‘resilience building’ is an increasingly popular term in drought management, used 

to describe actions that can also be described as prevention, mitigation or preparedness 

(Hemond and Robert, 2012; Sawalha, 2020; IFRC, 2016).  

The expanding DRM lexicon creates redundancy between similar terms, and fuzzy 

interpretations of their definitions and situational applicability (Kuhlicke et al., 2023; Rosch, 

1973; McKone and Deshpande, 2005; Osherson and Smith, 1981). This issue was identified 

during interviews of 42 expert stakeholders about issues of drought management in the Horn 

of Africa (Chapter 2), when conceptual barriers were identified during the first round of 

qualitative thematic coding analysis. Firstly, inconsistencies in stakeholder interpretations of 

the meaning of the term ‘drought’ were coded when discussing DRM matters. Secondly, 

participants used different DRM terminologies to describe the same activities, they were 

applying DRM terms to situations contrary to their common formal definitions, and they were 

explicitly discussing their own confusion when applying terms to different practical situations. 

The second and third rounds of coding were therefore abductively focussed to identify all cases 

where drought and DRM terms were applied by participants during the full course of the 

interviews (Chapter 2). 

Whilst complimentary and overlapping terminologies can be useful in translation and 

communication, an unclarity in their definitions and the respective practical activities that they 

describe can compromise inter-stakeholder coordination on complex drought management 

activities (Kuhlicke et al. 2023; Meadowcroft and Fiorino, 2017; Simion and Kelp, 2020). A 

lack of clarity can also disincentivise investment in those activities if the philosophy and the 

overall direction of coordinated efforts are unclear (Kuhlicke et al., 2023; Sawalha, 2020; 

Bosher et al., 2021; UN, 2016). This study therefore addresses a need to review common 

theoretical drought and DRM concepts and assess whether these reflect the realities and 

objectives of modern drought DRM (Bosher et al., 2021; Dewey, 1925; Kuhlicke et al., 2023; 

Peirce, 1878; Rosch, 1973; Simion and Kelp, 2020). Therefore, taking a mixed-methods 

approach, I complete a narrative literature review of drought and DRM terminologies (methods 

described in Chapter 2.5), and I use both the results of the qualitative coding analysis, 

groundwater data collected in Somaliland (Chapter 2.6), and findings in the literature to 

evaluate conceptual issues and the respective suitability of terms for inclusion in modern 
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drought DRM frameworks. The study is therefore a commentary-style narrative review (Green 

et al., 2006; Patton, 2015), aiming to clarify conceptual issues associated with existing terms 

before proposing an updated drought DRM framework that aligns with modern drought DRM 

practices and objectives. The framework does not intend to innovate new language or 

meanings. Instead, it aims to clarify, condense and refocus an increasingly diverse and complex 

landscape of drought and DRM terminologies (Meadowcroft and Fiorino, 2017; Simion and 

Kelp, 2020). The structure of the chapter is as follows. First, findings from interviews and 

groundwater monitoring are used to highlight and discuss conceptual issues in defining 

drought, which evidences a practical need for the simplification of concepts in drought DRM 

frameworks (Chapter 4.3). Then, interview data and literature are used to evaluate traditional 

and emerging DRM terminologies and their applications to drought management processes and 

objectives (Chapter 4.4). In that section, evidence of conceptual issues in applying the 

‘preparedness’ term to drought, as well as the suitability of ‘anticipatory action’ and ‘resilience 

building’ concepts in addressing those issues, justifies a proposed updating of the common 

DRM framework for droughts. Chapter 4.5 then discusses how to action the framework and 

the need for higher-resolution water monitoring systems as evidence to support the upscaled 

planning and financing of ‘resilience building’ and ‘anticipatory action’ activities. 

 

4.3   Defining Drought for DRM Frameworks 

 

4.3.1   Paradigm Definitions of Drought 

The perception of what a drought is varies between stakeholder backgrounds and management 

contexts (Lloyd-Hughes, 2014; Smakhtin and Schipper, 2008). The gradual development of 

drought, its multi-variate nature, and difficulties in monitoring those variables all make it 

difficult to establish a formal definition (Crausbay et al., 2017; Lloyd-Hughes, 2014; Smakhtin 

and Schipper, 2008; Staupe-Delgado and Rubin, 2022; Van Loon et al., 2014).  

“I mean drought, for most people, drought is like, the animals don't look good.” 

-UA1 

“drought is a natural phenomenon that can't be controlled.” 

-MD3 
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“I think that everyone needs to understand what a drought is… with a drought, the root cause 
of drought is back to back water shortages due to borehole failures.” 

-ND3 

“when we talk about drought, actually, what we're talking about is economic disruption.” 

-PW2 

“it's government drought declarations that will give the mandate for agencies to define the 
situation as a drought.” 

-NF2 

“drought is a pretty useless word in the Somalia context, because it means, like, 100 different 
bad things.” 

-UA1 

 

Gillette (1950) famously first described drought as a ‘creeping’ phenomenon, in contrast to 

other natural hazards where the ‘shock’ event is of a commonly perceived short duration (Haile 

et al., 2020; Van Loon et al., 2016). Wilhite and Glantz (1985) identified over 150 separate 

definitions for drought, and the library of well-reasoned definitions has continually expanded 

since (AghaKouchak et al., 2021; Crausbay et al., 2017; Esfahanian et al., 2016; Lloyd-Hughes, 

2014; Van Loon et al., 2016). Given the multi-variate nature of droughts, and their intrinsic 

coupling within hydrological and agricultural systems to human activity, a universal definition 

of drought is said to be impractical (Haile et al., 2020; Lloyd-Hughes, 2014). However, a 

demand for designing common frameworks to analyse the hazard has established paradigm 

categories.  

‘Drought’ is most commonly defined as a deficit of water compared with normal conditions 

(Sheffield and Wood, 2011; IPCC, 2022; Tallaksen and Van Lanen, 2004), but it is often 

represented as a time-propagation between 4 categories of increasing impact intensity (Figure 

4.2; Odongo et al., 2023; Van Loon et al., 2015; Wilhite et al., 1985).  

Drought onsets as a meteorological drought, characterised by below-average precipitation over 

a specified period (McKee et al., 1993; Van Loon et al., 2015). Meteorological drought or high 

temperatures generate agricultural drought, where soil moisture deficits cause reduced crop 

yields (IPCC, 2022; Wilhite and Glantz, 1985). Van Loon (2015) argues that soil moisture 

drought is a better objective term for agricultural drought, given the potential broader impacts 
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of soil moisture deficits (Corti et al., 2009; Van der Molen et al., 2011). In common 

representations of drought propagation, shortages in runoff, soil moisture and recharge later 

generate a hydrological drought following weeks-months of lag time, measured by anomalies 

in surface and sub-surface water stores (Ogondo et al., 2013; Van Loon, 2015; Wilhite and 

Glatz, 1985). Socio-economic drought develops concurrently to all three phases of drought, 

increasing nonlinearly in intensity as the physical drought intensifies (Christian et al., 2019; 

Otkin et al., 2018). 

 

 

Figure 4.2. The representation of drought propagation by Van Loon (2015), reproduced here, 
is the paradigm representation of drought categories commonly used in academia, policy and 
practice (Van Loon, 2015; Peters, 2003; Stahl, 2001; Van Loon, 2013; Ikeda, 2021; IPCC, 
2022).  
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4.3.2   The Challenges of Representing Drought Propagation Phases 

Lloyd-Hughes (2014) describes the impracticality of a universal definition for the term 

‘drought’, on the basis that definitions using the terms, ‘below normal’, ‘deficit’ or ‘anomaly’ 

predicate that normal conditions exist. In practice, at the community scale where humans are 

exposed to droughts, the strength of human influence on hydrological and agricultural 

processes is so high that norms are either non-existent due to non-stationarities, or they are 

difficult to practically quantify (Lloyd-Hughes, 2014).   

The same argument applies to drought phase definitions of agricultural, soil moisture, 

ecological and hydrological drought, which all similarly require normal conditions to be 

established for their quantification [UA1]. Representative variables for these phases are also 

difficult to measure locally, and the choice of variables used vary between actors [UA2, PW1, 

GO1, NA1, NF2, UA2]. Whilst quantification is achieved with more clarity for agricultural 

drought [UC1, NF2] (Guimarães Nobre et al., 2019), the challenges of quantifying hydrological 

drought with a representative index means it is rarely attempted in practice (Veness et al., 2022). 

Interview accounts and groundwater data analysis exposes a further conceptual issue in the 

common sequential representations of drought propagation frameworks, which show 

hydrological drought commencing at a lag time after agricultural drought onset (Figure 4.2). 

Negative anomalies of surface and groundwater levels can precede significant agricultural 

drought anomalies, especially where drought-vulnerable water supply depends on rainwater 

harvesting, waterholes and shallow groundwater wells [ND3, PW1, UA1, UA2, UW1]. For 

example, during the 2021 – 2023 Horn of Africa drought, a sharp increase in shallow and 

surface water shortages comprised some of the most severe early impacts in the drought [PW1, 

UA1, UA2] (Farr et al., 2022; OCHA, 2021a), involuntarily displacing communities before 

significant food scarcity arose from failed harvests [UA1, NA1, PW1, NE1] (OCHA, 2021a). 

There are manifold reasons why surface and sub-surface hydrological shortages can precede 

shortages in soil moisture or agricultural yields: 

1. Rainfall events with low peak intensities can maintain a high soil moisture, whilst 

failing to recharge shallow groundwater aquifers and baseflow-dominated rivers 

[ND2]. 

2. Human abstraction of groundwater often intensifies upon the earliest onset of 

meteorological drought to compensate rainfall shortages, accelerating the anomalous 

decline of hydrological stores relative to norms [PW1]. 
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3. Irrigation is common and maintains soil moisture throughout a drought, whilst 

accelerating the anomalous depletion of surface and sub-surface water sources. This 

activity can inverse the propagation of agricultural to hydrological drought on the local 

scale [ND5]. 

4. Deeper groundwater levels can have longer-term negative anomalies that overlap 

multiple meteorological drought events, due to aquifer recharge processes with multi-

year lag times [MN1, PW3, PW4] (MacDonald et al., 2021).  

5. Non-stationary human abstraction behaviours can be a significant control of 

groundwater level changes at water points, causing sub-surface storage quantities to 

correlate poorly with seasonal rainfall changes or anomalies [PW1, PW3, PW4]. 

Monitored water levels from an observation borehole (Figure 4.3a) and an abstraction 

borehole (Figure 4.3b) from Hargeisa and Borama, Somaliland under similar climatic 

conditions illustrate the impacts of abstraction and varying aquifer properties on 

groundwater level changes. The observation borehole water level fluctuates in positive 

correlation with seasonal rainfall quantities, for example, recovering its water level in 

the March-June wet seasons (Figure 4.3a). Whereas non-stationary abstraction rates in 

the abstraction borehole cause water level declines during the March-June rainy season 

(Figure 4.3b), when recovery would otherwise be expected under natural conditions of 

surface-connected recharge. 

Some of the experts interviewed contest the common conception that agricultural drought 

precedes hydrological drought, arguing that it risks concentrating ‘early actions’ in drought 

management on the mitigation of agricultural and food shortages in low- and middle-income 

countries, instead of the critical early prevention of water shortages and water insecurity [PW3, 

PW4, MD1, MD2, ND3]. Prioritisation of food security over water security is considered by 

experts to be a common international failure in the management of droughts, with food security 

Early Warning Systems (EWSs) still increasingly gearing drought management architecture 

towards drought emergency responses that are financial indexed by food insecurity indicators 

[PW1, PW3, PW4, A1, A2, UA1, NW3]. Although the agricultural and hydrological drought 

terms remain useful for regional-scale remote sensing analyses, conceptual issues warrant their 

omission from drought management frameworks, especially while local monitoring scarcity 

inhibits local quantification of their intensities.  
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Figure 4.3. (a) Observation borehole water level measured twice daily in Hargeisa, 
Somaliland. (b) Abstraction borehole water level measured twice daily under similar climatic 
conditions in Borama, Somaliland. The Gu and Deyr rainy seasons are highlighted blue. 

 

4.3.3   Suitable Drought Definitions for DRM Frameworks 

The definition of meteorological drought suffers fewer conceptual issues. Although 

anthropogenic climate-change induced non-stationarities have a minor impact on accurately 

establishing rainfall norms, its intensity is measurable relative to long-term climate records 

using globally available meteorological data, and it is frequently quantified by the Standardised 

Precipitation Index in practice (SPI; McKee et al., 1993). As precipitation is the sole input to 

the terrestrial water cycle, it is the primary control of hydrological shortages and therefore the 

primary measure used to quantify the physical intensity of drought as a collective concept 

[NA1]. This is reflected by the definition of drought used by UNDRR (Murray et al., 2021) 

and WMO (2023), who describe drought as “abnormally dry weather characterised by a 

prolonged deficiency of precipitation below a certain threshold.”  



84 
 

 

The concept of socio-economic drought links water deficit to its impacts, which are caused by 

reduced water supply relative to demand (Mishra and Singh, 2010; Van Loon, 2015). This shift 

in the supply-demand equilibrium causes secondary effects on food security, water security, 

nutrition, health, migration and livelihoods, which are themselves further variables of socio-

economic drought intensity. All of these indicators can be affected by other factors such as 

conflict, global trade, pandemics, locust outbreaks, aid and local governance systems (Maxwell 

and Majid, 2016), making the quantification of socio-economic drought as an integrated index 

challenging [UA2, PW3] (Shi et al., 2018).  

In absolute terms, socio-economic drought onsets immediately following the onset of 

meteorological drought, as a rainfall deficit immediately causes some degree of socio-

economic impact by affecting crops, ecosystems or rainwater harvesting systems [MD1, MD2, 

MN1, NW1]. Impacts then continuously increase in intensity as physical drought propagates 

in various hydrological stores. However, a socio-economic drought is only perceived to have 

onset by most drought managing stakeholders once the physical drought has caused widespread 

anomalies in monitored socio-economic indicators [UA1, PW1]. Once the intensity of socio-

economic drought exceeds stakeholder-defined thresholds, a transition in management to ex-

post response actions occurs [UW1]. The positional setting of thresholds varies between 

stakeholder groups, locations and livelihood contexts (Wens et al., 2021), but will follow a lag-

time of weeks to months [PW1, UC1]. 

“in these places, there's not really a well-managed understanding of when a shock has 
occurred.” 

-UA2 

For drought DRM frameworks that are universally comprehensible, applicable and relevant to 

different stakeholder perspectives and situational contexts, it is pragmatic to use more open, 

adaptable representations of drought that do not attempt to over-describe a context-dependent 

phenomenon (MacAskills and Guthrie, 2014; Needham, 1975; Peirce, 1878). Drought DRM 

stakeholders ultimately want to understand how a physical drought will precipitate impacts in 

the socio-economic system [PW1, UA1, UA2, NF1, UC1]. If drought risk managers can 

anticipate physical surface and sub-surface water shortages, then link these to their forecasted 

socio-economic impacts, interventions can be designed to mitigate socio-economic impacts of 

below normal water availability through DRM activities [A2, NA1, NE1, NF1, UA1, PW5, 

UA2, UW1].  
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Therefore, a conceptual simplification for the purpose of DRM frameworks to a ‘physical 

drought’ hazard causing a concurrent ‘socio-economic drought’ eliminates uncertainties in the 

use of deterministic drought-phase definitions, and it eliminates the idea that management 

activities should restrict their focus to managing individual drought phases. Using this 

simplification in the following sections, ‘physical drought’ describes the collective deficit of 

water in the terrestrial hydrological cycle relative to normal conditions. The quantification of 

its intensity is multi-variable and local context-specific, and the practical objective of 

measuring its variables is to provide an evidence-base for anticipating socio-economic impacts 

[UA1, NA1, UA2, PW1]. Simplification to these two concepts ensures drought categorisations 

in DRM frameworks are relevant and inclusive of all drought management stakeholders, as the 

open physical and socio-economic drought terms accommodate contrasting management 

perspectives and objectives (MacAskills and Guthrie, 2014). Reducing the emphasis on over-

defined, discretised drought phases also encourages DRM stakeholders need to adapt 

frameworks to local contexts, as each context has unique physical and socio-economic drought 

inter-relationships and local drought management needs [UA1].  

 

4.4   Disaster Risk Management Terminology and Drought 
 

“the concepts are very confused – people use them interchangeably without really 
understanding the difference.” 

-PW1 

The gradual development of the physical drought hazard creates difficulties applying disaster 

management frameworks in practice [NF2, PW1, UA1, UA2, UC1, UC2, NA1, NA2]. By 

allocating thematic codes of ex-ante and ex-post actions taken by interviewees during the Horn 

of Africa 2021 – 2023 drought to the formal definitions of management stages in the Sendai 

Framework, there is evidence of redundancy between the DRM terms, with actions fitting into 

multiple categories (Table 4.1). For example, the management of water supply networks 

through borehole drilling, water trucking and piped network development takes place in all 

stages of the disaster management cycle in the case of drought, and activities managing social 

support networks, healthcare systems and food systems overlap the prevention, mitigation and 

preparedness categories. 
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Table 4.1. Stages of the Sendai Framework for DRR (UNDRR, 2016), mapped to the actions 
taken during droughts that can be described by their definition. The drought management 
actions are collated from interviewees’ coded responses to Questions 4 – 7, where they 
discussed actions taken to manage droughts. 

DRM Stage Definition Drought Management Actions 

Prevention “Activities and measures to avoid 
existing and new disaster risks.” 

• Borehole drilling/rehabilitation 

• Water governance mediation 

• Water trucking network setup 

• Piped water network construction 

• Desertification rehabilitation projects 

• Drought-resilient agriculture 

• WASH (Water, Sanitation and 
Hygiene) resilience projects 

 

Mitigation “The lessening or minimizing of the 
adverse impacts of a hazardous event.” 

• Borehole drilling/rehabilitation 

• WASH engineering support 
• Social support payments 

• Social support system setup 

• Water trucking network setup 

• Food system resilience projects 

• Healthcare system resilience projects 

• Piped water network construction 

• Drought-adaptive farming practices 

• Drought resilient agriculture 

• Internally Displaced Person (IDP) 
site planning  
• WASH (Water, Sanitation and 
Hygiene) resilience projects 

 

Preparedness “The knowledge and capacities 
developed by governments, response 
and recovery organizations, 
communities and individuals to 
effectively anticipate, respond to and 
recover from the impacts of likely, 
imminent or current disasters.” 

• Borehole drilling/rehabilitation 

• IDP site construction and expansion 

• Social system setup 

• Governance mediation 

• Water trucking network setup 

• Emergency food stockpiling 

• Medical supply stockpiling 

• Sanitation and hygiene stockpiling 

• Pre-position financing for rapid 
emergency response 

• Piped water network testing 

• Increase capacity for monitoring 
humanitarian needs 

• Advocacy for financing 

• Setup of monitoring and forecasting 
systems 

• Capacity building of Water Resource 
Managers 

• Drought-adaptive farming practices 

• Drought management guidance 

• WASH resilience projects 
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Response “Actions taken directly before, during 
or immediately after a disaster in order 
to save lives, reduce health impacts, 
ensure public safety and meet the basic 
subsistence needs of the people 
affected.” 

• Borehole drilling/rehabilitation 

• WASH engineering support 
• IDP site construction 

• Social support payments 

• Governance mediation 

• Water trucking networks expanded 

• Piped network maintenance 

• Emergency food provision 

• Emergency medical care 

• Humanitarian finance appeal 
• Increased monitoring of 
humanitarian needs 

• Advocacy for financing 

• Design of drought management plan 

• Adaptation of farming practices 

• Emergency WASH support 
 

Recovery “The restoring or improving of 
livelihoods and health, as well as 
economic, physical, social, cultural 
and environmental assets, systems and 
activities, of a disaster-affected 
community or society, aligning with 
the principles of sustainable 
development and “build back better”, 
to avoid or reduce future disaster risk.” 

• Borehole drilling/rehabilitation 

• WASH engineering support 
• IDP site operation 

• IDP relocation 

• Social support payments 

• Loss compensation 

• Governance mediation 

• Water trucking 

• Rehabilitation of agricultural and 
food supply systems 

• Emergency food provision 

• Long-term medical care 

• Adaptation of farming practices 

 

Rehabilitation “The restoration of basic services and 
facilities for the functioning of a 
community or a society affected by a 
disaster.” 

• Borehole drilling/rehabilitation 

• Loss compensation 

• Governance mediation 

• Water trucking networks maintained 

• Rehabilitation of agricultural and 
food supply systems 

• Improvement of healthcare systems 

• Restoration of farming practices 

• IDP relocation 

• Community redevelopment 
• Long-term “build back better” 
projects 
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The concept of ‘preparedness’ is difficult to distinguish from other disaster-related concepts for 

drought, with a large range and variability in its applications in academic and grey literature 

(Staupe-Delgado and Kruke, 2018). In its current definition (Table 4.1), the concept 

encompasses both long-term resilience building actions and shorter-term actions made once an 

upcoming drought has been forecasted. For example, long-term preparedness actions for 

drought include WRM capacity building [UW3], WASH engineering support [ND2, ND3, 

NW1] and the development of monitoring and forecasting systems [ND2, NE2, NF1, NW1 

NW2, UW3]. Whereas shorter-term, ex-ante preparedness activities include social support 

system setup [PW1, UW2, NF1, NF2], stockpiling of supplies [NE1] and the preparatory setup 

of water trucking supply networks [NE1, NF1, UW2, PW1]. By lumping long-term, sometimes 

multi-decadal projects with actions taken at weeks-months lag-times before socio-economic 

drought, the clarity and precision of the preparedness concept is reduced (Kuhlicke et al., 2023; 

Sawalha, 2020; Bosher et al., 2021; UN, 2016).  

The clarity of how to apply the preparedness term reduces further once physical drought has 

begun, given that ‘preparation’ and ‘preparedness’ are words most commonly used to refer to 

readiness for activities or events taking place in the future (OED, 2023). In the lag period 

between physical drought onset and the time that socio-economic drought reaches thresholds 

triggering emergency response, preparedness does not explicitly describe the taking of actions 

that resolve intensifying drought impacts that are already developing [UW3] (Table 4.1). 

Instead, preparedness actions are perceived as being in preparation for potential socio-

economic impacts developing in the future [UW3] (Staupe-Delgado and Kruke, 2018). A grey 

area develops in this lag period (Coughlan de Perez et al., 2015), where neither the definitions 

of preparedness or response explicitly describe the urgent, short-term proactive actions that can 

mitigate the progradation of socio-economic drought before forecasted impacts develop [NF2, 

PW1, NA1, NA2] (Figure 4.4).  
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Figure 4.4. Common disaster risk management (DRM) terminologies, with their temporal 
usage in practice for drought mapped to a paradigm drought propagation timeline. The grey 
area between mitigation & preparedness and response in the DRM cycle represents a 
management window between meteorological drought forecasts and response-inducing socio-
economic drought, where both terms apply poorly to the unique forecast-based actions taken 
(Coughlan de Perez et al., 2015; Staupe-Delgado and Kruke, 2018).  

 

4.5   Updating the Common Drought Management Framework 

 

4.5.1   Defining a Place for Anticipatory Action 

The conceptual grey area in existing disaster risk terminologies and the acute underfunding of 

pre-disaster actions has incentivised the adoption of new, conceptually innovative terms to 

describe actions taken in this grey area [UC2] (Figure 4.4; Coughlan de Perez et al., 2015; 

Meadowcroft and Fiorino, 2017; Simion and Kelp, 2020; Staupe-Delgado and Kruke, 2018).  

Early Warning Systems (EWSs) and associated early actions have expanded following 

Somalia’s 2011 drought and famine, where the need for earlier humanitarian financing was 

highlighted (Hillbruner and Moloney, 2012; Maxwell and Majid, 2016; Sivakumar et al., 2014). 

EWSs combine disaster monitoring, forecasting, prediction, risk assessment and 

communication to enable governments, communities, international organisations and other 

stakeholders to take timely actions that reduce disaster risks (UNDRR, 2016). In practice, 

experts describe projects described as early action as often being projects typical of a drought 

emergency response [PW1, NA1, NA2, UA1] (Majid et al., 2022; Maxwell et al., 2021; 

Weingartner et al., 2022), where indicators of increasing food insecurity threshold the financing 

of early actions [NA1, NA2, UA1]. There is flexibility in the interpretation of a ‘timely’ or 
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‘early’ action, and there are clear benefits to DRMs for equivocating their actions as being early 

and proactive to improve their professional and public images [UW3, PW1, UC2].  

“we've had a lot of early response, but we didn't see much early action.” 

-PW1 

“sometimes, what people call anticipatory action, it's actually a response, and not everybody 
understands the difference. And then they use that word just because they want to have more 

money, or access to a different source of money.” 

-UC2 

‘Anticipatory action’ projects are more specifically ex-ante in their definition than early 

actions, and they are increasingly popular for drought management (Costella et al., 2017; 

Guimarães Nobre et al., 2019; UN, 2016; Daniels et al., 2018). In academic and grey literature 

there is a high variance in its description that illustrates a lack of standard definition [PW1].  

“a set of actions taken to prevent or mitigate potential disaster impacts before a shock, or 
before acute impacts are felt.” 

-IFRC (2020) 

The International Federation of Red Cross and Red Crescent Societies’ (IFRC) definition is 

popular (IFRC, 2020), but it fails to explicitly outline that a forecasted or ongoing hazard is a 

pre-requisite to taking anticipatory action, as other definitions and this study’s interviewees 

infer [PW1, UC1, UC2, NF1, NF2] (CERF, 2021a). If anticipatory action’s definition does not 

necessitate a forecast of upcoming impacts, based on some prior evidence of a forecasted or 

ongoing hazard, anticipatory action as a concept would not clearly distinguish itself from the 

preparedness concept (Coughlan de Perez et al., 2015). The IFRC’s definition also assumes the 

presence of a shock, which is less clearly defined during drought.  

Therefore, a clearer, more drought inclusive definition for anticipatory action be ‘action taken 

to mitigate the forecasted impacts of a hazard’. By explicitly requiring a forecast of specific 

future impacts, the definition clearly differentiates anticipatory actions from preparedness and 

response definitions (Table 4.1; CERF, 2021a; Coughlan de Perez et al., 2015; Staupe-Delgado 

and Kruke, 2018). The proposed definition focusses on forecasting impacts, rather than 

forecasting the hazard, as the hazard and impacts do not neatly coincide in a shock event for 

droughts, and the mitigation of socio-economic impacts is the objective of the anticipatory 

actions [PW1, UC2] (Coughlan de Perez et al., 2015). 
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Anticipatory action has become a focal point for international efforts seeking to transition 

drought management from reactive to proactive approaches (Meadowcroft and Fiorino, 2017; 

Wilkinson et al., 2020; FAO, 2021a). International case studies of their implementation show 

positive economic Returns on Investment (ROIs), where the investment in ex-ante 

interventions reduces the later economic cost of response through mitigated humanitarian needs 

[NF1, NF2, UC1] (CERF, 2021b; FAO, 2021a; Wilkinson et al., 2020; Guimarães Nobre et al., 

2019). Beyond the economic savings made by DRMs, anticipatory actions hold further value 

to the individuals assisted through socio-economic benefits and avoided losses [PW1, UC1, 

NF1] (Weingartner et al., 2020). The United Nations Food and Agricultural Organization’s 

(FAO) international anticipatory action projects estimate US$7 of benefits and avoided losses 

among targeted farmers for every US$1 spent in their anticipatory action programmes since 

2017, without including the less quantifiable benefits made to well-being and long-term 

disaster resilience (FAO, 2021a). Mobile cash transfers are an especially promising anticipatory 

action that expedite support directly to the most vulnerable households [NF1, NF2, PW1] 

(Guimarães Nobre et al., 2019; Premand and Storffler, 2020). These are shown to reduce 

livelihood disruption and increase the capability and agency of affected individuals to self-

manage risk (Devereux and Jere, 2008). Similar applications of ‘forecast-based action’, 

enabled by ‘forecast-based financing’, equally show positive ROIs for drought interventions 

indexed by seasonal rainfall forecasts (Brown et al., 2014; Coughlan de Perez et al., 2015; 

Guimarães Nobre et al., 2019). These occupy a similar conceptual space to anticipatory action 

but with a more explicit focus on using physical drought indicators to threshold ex-ante 

interventions [PW1] (Guimarães Nobre et al. 2023; Tozier de la Poterie et al., 2023). 

Most anticipatory action projects during drought remain dependent on socio-economic 

monitoring indicators for setting action trigger thresholds, instead of hydrometeorological 

indicators of physical drought [NF2, ND3].  

“when food security enters ‘alert’, you know it is probably a good time for anticipatory 
action. And then when it's ‘alarm’, you know the crisis is now so humanitarian response is 

happening.” 

-NF2 

For example, FAO (2021) anticipatory action case studies for droughts in Sudan and Colombia 

use livestock and human migration as predicting indicators for triggering actions. The United 

Nations Office for Humanitarian Affairs (OCHA) has also developed high profile anticipatory 
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action projects for drought in Somalia, Ethiopia, Chad, Burkina Faso and Niger, however, these 

all use food security Integrated Phase Classifications (IPC) as part of their financing thresholds 

for anticipatory actions (CERF, 2021b; OCHA, 2023c). A forecasted IPC ‘crisis’ stage among 

30% of the population is the minimum trigger level for anticipatory action in Ethiopia (CERF, 

2021b). IPC classifications are primarily assessed by committee, using increases in socio-

economic indicators of food insecurity such as malnutrition, food prices, disease and migration 

data to guide classifications [NA1, NA2, UA2, NF1]. Therefore, these anticipatory action funds 

are being triggered by indicators of drought impacts that have already reached a severe level 

[PW1, NA2, UA1, UA2]. Whilst these projects are, to an extent, anticipatory of a major famine 

or humanitarian disaster, they set thresholds that trigger many months beyond the initial onset 

of physical drought [PW1, UA1, UC2]. Therefore, physical drought can impact socio-

economic livelihoods for months before any anticipatory actions are taken [PW1, ND5, PW3, 

PW4, UA1, UA2, NA1, NA2].  

“the triggers are set too high in a way, so that they don't really trigger any action until the 
drought's at quite a serious level. So it's not really forecast based, and it’s not really 

anticipatory either.” 

-PW1 

“we need to think about what those anticipatory actions really are for a drought, because 
building new boreholes in areas where water supply has already failed does not really 

count.” 

-ND5 

 

 

Figure 4.5. An updated conceptual framework for drought management, formalising the 
convergence of traditional DRM concepts with the pragmatic conceptual innovations of 
anticipatory action and resilience building. 
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To address the conceptual issues of traditional DRM terminologies, and to formalise the 

position of conceptual innovations that better reflect modern drought management activities 

and objectives, an updated framework for drought DRM is proposed (Figure 4.5). The 

anticipatory action window commences following the forecast of a meteorological and physical 

drought. It continues throughout the early period of physical and socio-economic drought, until 

significant proportions of the population experience increased water or food insecurity for 

common drought response thresholds to be exceeded [UC1; PW1, ND5] (Coughlan de Perez 

et al., 2015). In the framework, I show that the mitigating effects of anticipatory actions should 

delay the onset of response threshold-exceeding socio-economic drought, whilst reducing its 

peak intensity and duration (Figure 4.5; OCHA, 2023c; Weingartner and Wilkinson, 2020).  

“there was a forecast that the upcoming rainy season was going to be poor… we then 
produced an anticipatory action plan jointly with the government to try to address some of 

those concerns and to try to get anticipatory actions in place before the upcoming rainy 
season.” 

-UC1 

To mitigate water and food insecurity for the most vulnerable during drought, anticipatory 

actions are urgent following early signals of drought to attempt to prevent shortages before 

they arise [PW3, PW4, UW1, UW2, UW3, NW1, NW2] (Wens et al., 2021). Therefore, given 

that socio-economic drought indicators respond to precedent water and food shortages, it is 

hydrological indicators of physical drought such as rainfall, soil moisture and groundwater 

levels that will provide the earliest evidence to index anticipatory actions in advance [A2, MN1, 

NA1, NF1, ND2, UA1, UW3, PW4]. Then, as physical drought progresses, increasingly 

confident hydrological indicators and early changes in socio-economic indicators of drought 

impacts can be used to evidence the scaled-up financing of anticipatory interventions before 

emergency response thresholds are reached [PW1, UC1, NA1, UA1, UA2]. 

 

4.5.2   Shifting Towards Resilience Building 

In the updated framework, the conceptual redundancy between preparedness and anticipatory 

action and the conceptual overlap of preparedness with the concept of mitigation are also 

addressed (Staupe-Delgado and Kruke, 2018). Resilience building encapsulates the DRR 

concepts of prevention, mitigation and preparedness, and it is increasingly being used to replace 

them in literature and drought management practice (Hemond and Robert, 2012; IFRC, 2016). 
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In Table 4.1, all activities coded to ‘prevention’, ‘mitigation’ and ‘preparedness’ can also be 

aptly described as resilience building activities according to its definition (UNDRR, 2016). 

“Resilience: The ability of a system, community or society exposed to hazards to resist, 
absorb, accommodate, adapt to, transform and recover from the effects of a hazard in a 

timely and efficient manner, including through the preservation and restoration of its 
essential basic structures and functions through risk management.” 

- UNDRR (2016) 

The adoption of the resilience concept has benefits in drought management applications, as it 

is more people-centred than concepts of prevention, mitigation and preparedness, whose 

definitions focus on the hazard (Chang and Shinosuka, 2004; Hemond and Robert, 2012; IFRC, 

2016). Its use shifts the focus of management towards managing long-term vulnerability and 

exposure, through actions tailored to the context of local livelihoods [UA1] (Lewis, 2013; Wens 

et al., 2021).  

There are also practical benefits to the openness and inclusivity of resilience building as a 

concept, compared to using more precise categories of pre-disaster actions (MacAskills and 

Guthrie, 2014). DRM stakeholders approach drought risk reduction from a range of 

perspectives, with differing objectives all related to building resilience in some part of the 

socio-ecological system to drought (MacAskills and Guthrie, 2014; Needham, 1975). The 

resilience building concept accommodates different perspectives and local contexts, 

encouraging holistic projects and coordination between stakeholders towards a common, 

unifying goal of increasing drought resilience (Blauhut et al., 2022). The resilience concept 

also has critiques, notably the common assumption that management seeks to maintain a steady 

state during a disaster, and its potential confusion in practice with the concept of climate change 

resilience (IFRC, 2016). However, acceptance of resilience as being contextual alleviates these 

issues (MacAskill and Guthrie, 2014), whilst also encouraging those applying the term to 

examine the local context in more detail when designing DRM activities [UA1] (IFRC, 2016; 

Sudmeier-Rieux, 2014). 
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4.6   Actioning the Framework 

 

An updated theoretical framework is only pragmatically useful if it can be applied in practice, 

and formalising terminology alone does not reverse decades of underfinanced disaster risk 

reduction. 

Ex-ante drought interventions have been underfinanced for manifold reasons (Chapter 3), with 

the paucity of local monitoring and forecasting data a major factor [NA1, ND3, NE1, PW3, 

UA1, UA2, UC1, UC2, UW4]. The scarcity of high-resolution, accurate hydrological data 

bottlenecks anticipatory actions in the early phases of drought, as there is insufficient evidence 

of drought severity and potential impacts to justify their financing at scale [UC2, NF1, NF2, 

A1, A2, NA1, NA2, ND2, ND3, NE1, NE2, NW1, PW1] (Chapter 3). Currently, anticipatory 

actions that are using hydrological variables as trigger indices mostly use coarse-resolution, 

satellite-based monitoring of rainfall, soil moisture and vegetation data (CERF, 2021b; FAO, 

2021a). This low-resolution, high uncertainty data contributes to low-confidence forecasts of 

drought, as well as low-confidence assessments of how physical drought will impact the many 

variables of socio-economic drought [ND2, ND3, ND5, NW4, PW3, UA2, UC1, UW1, UW2] 

(Hansen et al., 2022). Low-confidence forecasts cause a lower ‘hit-rate’ for ex-ante 

interventions, meaning a greater proportion of the anticipatory actions taken are later assessed 

to be ‘false alarms’ that were not needed [NF1] (Guimarães Nobre et al., 2019). This reduces 

the ROI of anticipatory actions indexed and triggered solely through hydrological indices, 

causing humanitarian organisations to await more confident socio-economic indices to trigger 

anticipatory action projects at a later phase of the drought’s development [NF1, NA1, NA2, 

UA1, UA2].  

“food security problems stem from water availability issues. Because of this linkage we need 
to collect hydrological information in a more upscaled manner.” 

-ND3 

High-resolution hydrological data and analysis of how physical drought generates socio-

economic drought can be used to confidently forecast future humanitarian needs and the 

subsequent benefits of taking anticipatory actions [A2, MN2, NA1, NE2, NF1, PW5, UA2, 

UC1, UC2, UW1]. This creates an evidence-base for early financing through rapid, index-

based mechanisms that use pre-positioned financing [A1, MN3, NA1, NA2, ND1, UA1, UC2]. 
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“if the shallow wells are showing a very serious downward trend getting close to zero, then 
that is a very good way of anticipating a major crisis because households will then either 
move, or their women will have to start walking huge distances. And all their demand will 
transfer to strategic boreholes, which may be much further away. With water monitoring 

data, you can anticipate that that's going to happen in advance.” 

-PW1 

Standardising the monitoring of anticipatory actions also creates an international evidence-base 

of their value, by enabling ex-post evaluations of their ROIs and benefits to the individuals 

reached [NF1, NA1, UA1, UA2, UC2, PW3, PW4] (Clarke and Dercon, 2016; Weingartner et 

al., 2020). Expanding the evidence-base of anticipatory action’s value therefore incentivises its 

investment, if investors have a more confident expectation of the ROIs and impacts that an 

anticipatory action project will have [NF1, NA1, UA1, UA2, UC2, PW3, PW4]. Furthermore, 

making the evaluation of anticipatory action projects standard practice ensures that the 

implementing organisation can publicly communicate the benefits of their proactive 

investments and actions [NF2, UA2]. It is a significant incentive for most institutions if they 

can quantify the value of their actions and justify that their money is being spent well when 

reporting to financing donors, investors or the public [UC2]. Publicly communicating 

innovative and proactive projects also improves their public and professional images, 

incentivising further investment in these actions and inspiring other organisations in the same 

sector to replicate proactive methods (Depoorter, 2006; Wilkinson, 2012).  

Longer-term drought resilience building activities, especially those managing water resources, 

can use hydrological data to justify their financing in the same model. For example, to attract 

investment in the rehabilitation of boreholes to increase long-term drought resilience, local 

hydrological and socio-economic data can provide evidence to calculate the expected benefits 

of rehabilitation relative to the costs [UW3, UC2]. Equally, once rehabilitated, continuous 

monitoring of how the borehole has benefitted the community enables investing organisations 

to communicate the benefits of the project back to donors, managers or the public [NW2, PW3, 

PW4, MN1, MN2].  

High-resolution hydrological monitoring data, therefore, is an enabler for resilience building 

and anticipatory drought interventions from their initial planning through to their financing. If 

these data are collected alongside the adoption of a clearer, contemporary drought management 

framework, the framework can demarcate a genuine transition towards proactive drought 

management practices. There is now, therefore, a need for more research into how hydrological 
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monitoring systems can be upscaled in drought-vulnerable areas that are historically data scarce 

(Chapters 5 and 6).  

 

4.7   Conclusions 

 

The evidence of conceptual issues in existing drought management frameworks presented in 

this study necessitates three key updates to the common framework. 

First, evidence of conceptual barriers to applying agricultural and hydrological drought 

definitions for DRM activities means drought phases should be omitted from frameworks, in 

favour of the open concepts of ‘physical’ and ‘socio-economic’ drought. The relative timing of 

individual drought stages is variable, difficult to quantify, and, according to interviewees, their 

categorisation is unnecessary for the planning, implementation or evaluation of drought DRM 

activities. 

Second, an updated DRM framework aims to clarify the position of anticipatory action in the 

temporal window between a physical drought’s first forecast and the onset of humanitarian 

response. These actions can explicitly mitigate the forecasted socio-economic impacts of 

physical drought before they arise. Anticipatory actions can be made earlier if they are triggered 

by indicators of physical drought instead of socio-economic indicators, as the latter requires a 

significant degree of drought impacts before their anomaly can trigger interventions. However, 

physical drought-triggered anticipatory actions will be more scalable, with greater returns on 

investment (ROIs) if higher-resolution hydrological monitoring datasets can be collected to set 

more confident action thresholds for DRM interventions. These datasets can also be used to 

evaluate anticipatory actions ex-post, with evaluated case studies generating evidence to 

incentivise greater long-term investment in anticipatory action projects and their pre-positioned 

financing mechanisms. 

Third, the updated framework proposes the replacement of prevention, mitigation and 

preparedness in the drought risk management framework with a single phase of resilience 

building. This resolves the redundancy between these terms and the unclear role of the 

preparedness concept, whilst increasing the management focus on people-centred 

interventions. The openness of the term is inclusive for different stakeholder perspectives, and 

it is more applicable to different situational contexts. Resilience building actions that improve 
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water supply resilience also require higher-resolution hydrological datasets for their planning, 

valuation and evaluation to incentivise investment. 

The advantages of resilience building and anticipatory action over response are now broadly 

understood among academics and practicing DRMs, and this study addresses their absence 

from common drought management and DRM frameworks. However, commitments to these 

ex-ante actions will also require concurrent commitments to local hydrological data collection 

to support their planning and financing at scale.  
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5 Localizing Hydrological Drought Early 

Warning using In Situ Groundwater 

Sensors 

 

Modified from a Water Resources Research publication with corresponding authors (Veness 
et al., 2022): 

W. A. Veness, A. P. Butler, B. F. Ochoa-Tocachi, S. Moulds & W. Buytaert 

5.1   Abstract 

 

Drought Early Warning Systems (DEWSs) aim to spatially monitor and forecast risk of water 

shortage to inform early, risk-mitigating interventions. However, due to the scarcity of in-situ 

monitoring in groundwater-dependent arid zones, spatial drought exposure is inferred using 

maps of satellite-based indicators such as rainfall anomalies, soil moisture and vegetation 

indices. On the local scale, these coarse-resolution proxy indicators provide a poor inference 

of groundwater availability. The improving affordability and technical capability of modern 

sensors significantly increases the feasibility of taking direct groundwater level measurements 

in data-scarce, arid regions on a larger scale. Here, I assess the potential of in-situ monitoring 

to provide a localized index of hydrological drought in Somaliland. I find that calibrating a 

lumped groundwater model with a short time series of groundwater level observations 

substantially improves the quantification of local water availability when compared to satellite-

based indices. By varying the calibration length, I find that a 5-week period capturing both wet 

and dry season conditions provides most of the calibration capacity. This suggests that short 

monitoring campaigns are suitable for improving estimations of local water availabilities 

during drought. Short calibration periods have practical advantages, as the relocation of sensors 

enables rapid characterization of a large number of wells. These well simulations can 

supplement continuous in-situ monitoring of strategic point sources to setup large-scale 

monitoring systems with contextualized and localized information on water availability. This 

information can be used as early warning evidence for the financing and targeting of early 

actions to mitigate impacts of hydrological drought. 
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5.2   Introduction 

 

Drought-prone regions host many of the world’s least developed countries, which are 

experiencing increasing drought risk due to population pressures and increasing drought 

frequencies (UNDRR, 2015). This is especially evident in Somalia, where estimated fatalities 

from the 2011 drought exceeded 250,000, and a further drought in 2017 required humanitarian 

assistance for 6 million people (FAO 2018, FAO, 2019). Drought Early Warning Systems 

(DEWSs) aim to monitor and forecast drought risk, enabling early interventions that mitigate 

the most severe socio-economic impacts. These interventions are often called ‘resilience 

building’, ‘anticipatory’, ‘early’ or ‘forecast-based’ actions, which have all demonstrated a 

capability to mitigate drought’s most intense humanitarian impacts (Chapter 4). However, to 

enable the planning and financing of these actions at scale, DEWSs require higher-resolution 

evidence of drought intensity and community exposure to more confidently estimate the 

present and future socio-economic impacts of droughts (UNDRR, 2015; Brown, 2014). 

Hydrological monitoring of drought is historically challenging (Chapter 3.5; Chapter 6) and 

requires innovative approaches to improve the datasets available to DEWSs. 

 

5.2.1   Current Drought Monitoring Methods for Early Warning 

A range of regional-scale, satellite-based indicators are currently used to monitor physical 

drought development. The Standardized Precipitation Index (SPI) is a popular indicator for 

monitoring meteorological drought (McKee et al., 1993; Van Loon, 2015). The SPI indicates 

rainfall anomaly compared to the long-term average for that chosen time period (Sheffield et 

al., 2014). For agricultural drought (Van Loon, 2015), satellite-based indicators are used such 

as soil moisture and the Normalized Difference Vegetation Index (NDVI; Liang et al., 1994; 

NASA Worldview, 2022; Tarpley et al., 1984). These indicate available soil moisture for 

vegetation growth, which in turn indicates crop failure in areas where agriculture is non-

irrigated (Brown, 2014; FEWS NET, 2023; FSNAU, 2023a; Sheffield et al., 2014). However, 

in most arid zones during late dry seasons, water availability for human consumption depends 

on groundwater supply. As such, these surface indicators are not ideal for assessing 

hydrological droughts – the most intense form of drought that causes water shortages (Kumar 

et al., 2015; MacAllister et al., 2020; Tallaksen and Van Lanen, 2004; Van Loon, 2015). 

Nevertheless, these same satellite-based indicators of meteorological and agricultural drought 
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are used by DEWSs to infer the spatial intensity of hydrological drought by proxy because of 

a paucity of direct groundwater observations (Brown, 2014; FSNAU, 2023a; FEWS NET, 

2023; Kalisa et al., 2018; Kumar et al., 2015; Sheffield et al., 2014; UCSB, 2021). 

 

In practice, these indicators show abnormally large declines during the early stages of drought 

(Kchouk et al., 2021), and thus provide some evidence to trigger a national or regional early 

warning at a good lead-time ahead of the highest intensity phase of drought. However, despite 

useful lead-times, the spatial accuracy of these indicators is low due to the coarse resolution 

and measurement uncertainty of the satellite-data used as inputs (FSNAU, 2023a; Sheffield et 

al., 2014; Karnieli et al., 2010; Sheffield et al., 2014). Furthermore, the extent to which seasonal 

changes in these indicators reflect actual underlying groundwater levels is unknown – aquifer 

recharge and well recovery depends heavily on drainage basin characteristics and human 

activity. As a result, these coarse physical drought indicators are used by practitioners with 

caution when determining which communities are most locally exposed to hydrological 

drought and therefore at risk of water shortages (Karnieli et al., 2010; Kchouk et al., 2021; 

MacAllister et al., 2020; Okpara et al., 2017). 

 

During drought development, these physical indicators are viewed alongside seasonal climate 

forecasts from international organizations such as the GHACOF (Greater Horn of Africa 

Climate Outlook Forum), the Famine Early Warning Systems Network (FEWS NET), the 

National Oceanic and Atmospheric Administration (NOAA) and the UK Met Office, which 

give a low-certainty prediction of how the drought may evolve in future months (Brown, 2014; 

FEWS NET, 2023; FAO, 2021b; Dinku et al., 2018; Mwangi et al., 2014). For shorter-range 

forecasts, the popular United States Geological Survey’s Early Warning Explorer (USGS 

EWX) tool provides open access to the latest 15-day pentadal rainfall forecasts (UCSB, 2021). 

Meteorological forecasts are also compromised by a low spatial resolution and high 

uncertainty, particularly at longer lead-times. Furthermore, the scarcity of national 

hydrological monitoring programs in Sub-Saharan Africa prevents national agencies from 

augmenting these forecasts with local data (Brown et al., 2014; Stephens et al., 2016). 

Therefore, combining low resolution indicators of physical drought intensity with these 

forecasts results in high uncertainty about current and future drought exposure at the local scale 

(Boluwade, 2020; Dinku et al., 2018; (Kumar et al., 2015; Pappenberger et al., 2005). 
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As a result of these limitations, drought managers, including national agencies and international 

NGOs, depend on national socio-economic data to spatially monitor drought exposure through 

evidence of drought impacts (FAO, 2018; FSNAU, 2023a). These data are the primary source 

of information used to plan and finance early interventions with prioritized communities 

(Brown, 2014; Buchanan-Smith and McCelvey, 2018; FSNAU, 2023a; Stephens et al., 2016). 

In Somalia and Somaliland, this information is made available in real-time by the United 

Nations Food and Agriculture Organization’s Food Security and Nutrition Analysis Unit’s (UN 

FAO FSNAU) Early Warning Early Action dashboard (FSNAU, 2023a). It presents monthly 

data on market prices, livestock prices, migration data, disease prevalence, wages and nutrition. 

For example, by October 2016, when the socio-economic impacts of the 2016/17 drought first 

became apparent, the socio-economic indicators had reached the ‘alarm’ phase over 200 times 

across all of Somalia’s administrative regions, over double the previous year’s level (FSNAU, 

2023a). 

 

Socio-economic data is fundamental for monitoring vulnerabilities to drought (Brown et al., 

2014; UNDRR, 2015); however, an over-dependence on socio-economic data for monitoring 

real-time drought exposure is problematic for DEWSs. Requiring signals from socio-economic 

drought impacts for an early warning to be triggered means that opportunities for early, water 

shortage-mitigating interventions have already been missed. A further limitation is the coarse 

spatial and temporal resolution of the socio-economic indicators, with monthly data aggregated 

by FAO FSNAU in Somalia for each administrative region (Brown et al., 2014; FSNAU, 

2023a). This has the effect of smoothing out localized drought impacts, to the extent that 

DEWSs have little information on relative exposure at the community level. This can lead to 

poorly targeted and ill-timed interventions which fail to mitigate water shortages and the 

cascading secondary impacts of malnutrition, economic losses, community displacement, 

famine and conflict in the most exposed regions (Brown et al., 2014; FAO, 2014; MacAllister 

et al., 2020; Stephens et al., 2016). 

 

5.2.2   Modern Sensors for In-Situ Groundwater Monitoring 

The limitations of using regional methods to monitor hydrological drought exposure illustrate 

the need for alternatives. Despite advice in 2003 by UN FAO that data on groundwater-level 

fluctuations are “essential as a basis for management” (FAO, 2003), methods to monitor 

drought still widely omit in-situ groundwater data (Lewis and Liljedahl, 2010). Reasons have 
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included the high economic cost of data collection, the labor-intensive nature of monitoring, 

difficulties with community participation and a lack of hydrological expertise to process the 

data (Ajoge, 2019; Calderwood et al., 2020; Frommen et al., 2019; Pozzi, 2013).  

 

Advances in sensing technology have reduced the cost and complexity of in-situ monitoring to 

a level where it can now be implemented on an unprecedented scale (Buytaert et al., 2016; 

Calderwood et al., 2020; Paul and Buytaert, 2018; Open Geospatial Consortium, 2021). 

Modern automatic sensors have lower costs, greater accuracy, higher-frequency measurements, 

real-time telemetry, longer battery lives and now require less labor and expertise for installation 

and data processing (Calderwood et al., 2020; Paul and Buytaert, 2018). However, the long-

term maintenance of in-situ sensors remains resource intensive. Therefore, in proposing a 

scalable method for groundwater monitoring, understanding the optimal duration of in-situ data 

collection for useful and cost-effective monitoring is crucial. 

 

Here, I explore whether short-term, high frequency monitoring can be used to calibrate a 

groundwater model sufficiently to enable accurate, scalable simulations of groundwater 

availability, using a case study of three abstraction wells in Maroodi Jeex, in the self-declared 

independent republic of Somaliland. The paper is structured as follows. First, I describe the 

groundwater model and calibration procedure. Then, by varying the calibration length between 

1-30 weeks, I assess the value of additional calibration weeks for model performance. From 

this, a 7-week calibration is used to evaluate how effectively the model simulates observed 

groundwater availability compared to satellite-based proxy indicators. The calibrated wells are 

then simulated between 2015-20, to illustrate how the model can be used to index hydrological 

drought during the 2016/17 and 2019 Horn of Africa drought events. This is followed by a 

discussion of how this method can be scaled-up to a large number of wells, and how the 

information can be used to inform the planning of early and effective interventions during 

droughts.  
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5.3   Methods 

 

5.3.1   Modelling approach 

In data-scarce regions, simple conceptual groundwater models are favored over process driven 

models (Beven, 2001; Mackay et al., 2014). Here, I use a modified version of the quasi-

physically based AquiMod model to simulate the local water table in response to satellite 

derived rainfall and evapotranspiration rates (Mackay et al., 2014). The model (fully described 

in Supporting Information; Chapter 5.7) provides a simple and efficient method to simulate 

time-dependent well water levels based on a conceptual representation of groundwater systems, 

with a parameter set small enough to deploy automated calibration procedures at low runtimes 

(Beven, 2001; Mackay et al., 2014). Model inputs, comprised of daily rainfall and actual 

evapotranspiration values for an area surrounding the pumping well, were obtained from 

satellite data (Maidment et al., 2017; Sheffield et al., 2014). The model was calibrated against 

in-situ groundwater-level data using a Monte Carlo approach (Mackay et al., 2014; Pianosi et 

al., 2015).  

 

5.3.2   Input Data 

Daily precipitation and actual evapotranspiration data for the period 2015-2020 were obtained 

from, respectively, TAMSAT (Tropical Applications of Meteorology using Satellite Data; 

Maidment et al., 2017) and AFDM (African Flood and Drought Monitor; Sheffield et al., 2014). 

For point-scale applications, there is higher uncertainty associated with the daily rainfall 

product when used at its finest 4 km spatial resolution, particularly when employing temporal 

downscaling from the initial 5-day cumulation product. To reduce this uncertainty, we 

averaged daily rainfall over a 40 km square (Maidment et al., 2017). Daily AFDM actual 

evapotranspiration data has a spatial resolution of 27 km. The lower spatial variability of 

evapotranspiration means it is associated with less uncertainty than the rainfall input (Sheffield 

et al., 2014). Average evapotranspiration over 54 x 54 km was calculated for model input. 

  

Groundwater levels at 15-minute intervals were obtained using pressure transducers in three 

shallow, large-diameter wells in Maroodi Jeex, Somaliland. Shallow wells provide an ideal 

target for DEWSs because they typically run dry before deeper boreholes and thus display an 

earlier drought signal in rural areas (MacAllister et al., 2020). Sensor installation took place on 

21 July 2017, at sites < 10 km apart (Figure 5.1).  
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The selected wells, although geographically close, displayed markedly different behavior due 

to differences in local geology, construction and usage (Figure 5.4b, 5.4c & 5.4d). Although 

they sit within a common unit – a weathered, unconfined section of the Upper Cretaceous 

Yesomma (Nubian) Sandstone – local differences in porosity, conductivity and specific yield 

were observed due to regional interfingering of clastic and carbonate facies (Ali, 2009, FAO 

SWALIM, 2021). This heterogeneous aquifer was therefore a suitable location to test the 

modelling approach under varying unconfined aquifer properties. A 7-month time series of 

data was collected for the three wells, which reflected some of the outstanding challenges of 

continuous data collection in this environment including logistics, battery supply and staffing 

(Paul and Buytaert, 2018). The three datasets were each used for separate calibrations of the 

modified AquiMod model. 

 

 

Figure 5.1. Location of the three shallow, large diameter wells in Maroodi Jeex, Somaliland. 

 

 

5.3.3   Groundwater Model 

I use a modified form of AquiMod (Mackay et al., 2014) to estimate aquifer recharge (R) and 

calculate groundwater drainage (Qg), outputting a daily water balance for the well. The 

unconfined (saturated) aquifer module is represented as a single locally homogeneous and 

isotropic layer, above which is an equally homogeneous unsaturated module that is, in turn, 

overlain by a soil module (Figure 5.2). Precipitation (P) enters the top soil module following 
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losses due to actual evapotranspiration (AE). If the soil moisture (SM) exceeds the maximum 

soil moisture capacity (SMmax), the surplus water becomes soil drainage (SD) to the unsaturated 

zone module. This drainage is then delayed by being distributed over time using a Weibull 

distribution to provide recharge (R) to the saturated module. In the saturated container, recharge 

from soil drainage is the sole input.  

 

Figure 5.2. Modified AquiMod lumped catchment regional model for a single unconfined 

aquifer layer.  

 

The main output is the volume of groundwater drained (Qg), which represents losses from the 

local groundwater system through regional processes. This assumes that the groundwater level 

drains from the system at a rate proportional to its height (Hg) above the minimum drainage 

level (Hg,min; Cuthbert, 2014). In this study, Qg is adapted from the single layer AquiMod model 

in Mackay et al. (2014), by lumping the parameters used to calculate its value. This allows the 

model to be reduced to a single vertical spatial dimension (Figure 5.2), where Qg is calculated 

according to the difference in the height of the groundwater level (Hg) above the base of the 

aquifer (Hg,min, which is set equal to the pump inlet depth, Hw,min, as this is the ‘effective’ locally 

accessible depth of aquifer) factored by a time constant ‘τ’ [day 1]. Therefore, ‘τ’ is an 

empirical, lumped parameter open for calibration, representing the combined effects of 

groundwater flow from well to outlet, aquifer leakage and nearby abstractions that can all 

combine to decrease the local water level (Mackay et al., 2014). This simplification removes 

the need to represent groundwater flow using Darcy’s law and thus avoids needing to define 

hydraulic conductivity and distances to outlets on the boundary of the model. It improves the 

feasibility of a short calibration period by removing two additional parameters from the 

procedure, which in turn increases the sensitivity of τ to improve the calibration (Beven, 1989). 

The model conceptualization and the adapted equations are fully described in the Supporting 

Information (Chapter 5.7).  
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Equation 1 calculates the change in groundwater level (Hg) for each timestep, by dividing the 

balance between the total recharge (R), drainage (Qg) and well-abstraction (Qw) by specific 

yield (Sy) and a nominal area around the well (A):  

g g w g gw

y y y y

dH R Q Q r q r qQ

dt S A S S A S

   
                                              (1) 

If the area is sufficiently large whereby |R| & |Qg| >> |Qw|, as is common in shallow wells with 

low abstraction volumes, then the impacts on the regional groundwater level due to abstraction 

from the modeled well can be ignored and the recharge and groundwater drainage can be 

modeled as fluxes (r & qg, respectively). Equation 1 is then discretised using an explicit forward 

difference scheme and integrated on a time step of one day, using daily recharge values 

obtained from the soil and unsaturated zone modules. This gives a continuous daily time-series 

of the unpumped groundwater level elevation (Hg) for each well site (Figure 5.4b, 5.4c, 5.4d; 

Veness et al., 2022). 

 

5.3.4   Calibration Method 

I calibrated the model using Monte Carlo and Global Sensitivity Analysis (GSA) methods 

(Ochoa-Tocachi et al., 2018; Pianosi et al., 2015). Following sensitivity analysis, I focused on 

calibrating 4 sensitive parameters, while setting the remaining parameters to fixed values 

estimated from prior understanding of the aquifer and general hydrological systems. I sampled 

10,000 combinations from a uniform distribution using Latin Hypercube Sampling (LHS; 

McKay et al., 1979). Input ranges were set following a manual calibration and an initial scoping 

study of parameter sensitivity. 

 

In this study, the AquiMod calibration is modified so that Hg,i is calibrated to the maximum 

water level in the observed data for day ‘i’ (Hw,i,max). In abstraction wells, pumping causes 

partial recovery (Hw) to the unpumped water table (Hg). This difference is at a minimum 

following well recovery, immediately before the onset of the following abstraction event. 

Therefore, calibrating Hg,i to these daily observed peaks in groundwater level changes Hg to a 

simulation of ‘available groundwater level’ in that well. This requires an assumption that daily 

partial well recoveries reach a constant distance from the natural unpumped water level, which 

was considered appropriate based on the observed well recoveries. In datasets where Hg,i – Hw,i 

≠ constant, this method can be coupled to a pumping model to include the effect of variable 

abstraction rates on the modelled water level (see Supporting Information; Chapter 5.7). For 
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example, given the variable abstraction drawdowns and partial recoveries seen in Well 3 

(Figure 5.4d), coupling a pumping model may improve the fit in future implementations. 

 

5.3.5   Calibration Length Analysis 

To assess the relationship between calibration length and model performance, the calibration 

period was varied at weekly intervals between 1-30 weeks. The Root Mean Square Error 

(RMSE) score was calculated for the full 30-week combined calibration and validation period 

each time (Pianosi et al., 2015). This method highlights an ‘optimal’ calibration period within 

the 30-week range for groundwater modelling in this context, if additional weeks of in-situ 

observations have diminishing value in improving model performance and the challenges of 

monitoring outweigh the benefits. Following this, as explained in the results (Chapter 5.4.1),  

a 7-week calibration was selected as a suitable duration and used for further analysis. 

 

The best scoring parameter sets from the 7-week calibrations at each well (4.5-week for Well 

3 due to a shorter dataset) were used in a 23-week validation (Table 5.1). The fit of the 

validations were compared to satellite-based indicators of NDVI, soil moisture and SPI-3 

(Figure 5.4), as well as uncalibrated simulations of the original AquiMod model at each well 

that define literature derived parameter values (see Supporting Information in Chapter 5.7; 

Allen et al., 1998; Ascott et al., 2020; Domenico and Schwartz, 1990; FAO SWALIM, 2021; 

Jackson et al., 2016; Johnson; 1967; Lohmann, 1972; Mackay et al., 2014). 

 

Table 5.1. Parameter input ranges, calibrated parameter values and RMSE scores for the top 

scoring 7-week calibration sets at Wells 1, 2 and 3.  

 

Parameter Units 

Input 

Range 

(Well 1) 

Calibration 

(Well 1) 

Input 

Range 

(Well 2) 

Calibration 

(Well 2) 

Input 

Range 

(Well 3) 

Calibration 

(Well 3) 

Sy - 0.05 – 0.12 0.0753 0.005 – 0.01 0.00720 
0.025 – 
0.045 

0.0340 

τ day-1 5e-4 – 1e-3 7.29e-4 5e-5 – 1.5e-4 1.02e-4 2e-4 – 

4e-4 
2.65e-4 

k (Weibull) - 3 - 15 3.67 3 - 8 5.24 3 - 30 19.0 𝜆 (Weibull) - 10 - 30 20.1 18 - 30 23.9 10 - 30 14.1 

Hg (t=0) (fixed) m 1.17 1.17 1.9 1.9 1.65 1.65 

SMmax (fixed) m 0.005 0.005 0.005 0.005 0.005 0.005 

SMinitial (fixed) m 0 0 0 0 0 0 

Hg,min (fixed) m 0 0 0 0 0 0 

RMSE 

(calibration) 
m  0.0577  0.339  0.0423 

RMSE 

(validation) 
m - 0.0997 - 0.982 - 0.218 
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Satellite-based indices were downloaded to compare how well they represent these observed 

groundwater levels by proxy. NDVI and Soil Moisture Active Passive (SMAP) data were 

downloaded at Well 2’s coordinates from NASA Worldview (NASA Worldview, 2022), and 

daily SPI-3 values from Princeton’s African Flood and Drought Monitor (Sheffield et al., 

2014). NDVI is generated by the Aqua Moderate Resolution Imaging Spectroradiometer 

(MODIS) instrument and downloaded in 16-day intervals at a 250 m spatial resolution (NASA 

Worldview, 2022). The SMAP layers show a daily composite of surface soil moisture in 

cm3/cm3, calculated by the Single Channel Algorithm V-Pol for the daily half-orbit passes by 

the SMAP radiometer and posted to the 9-km EASE-Grid 2.0 (NASA Worldview, 2022). SPI-

3 is calculated from bias-corrected Multi-Satellite Precipitation Analysis (TMPA) and hybrid 

reanalysis data (Huffman et al., 2007; Sheffield et al., 2014). 

 

5.3.6   Model Simulations during 2016/17 & 2019 Droughts 

Using the same calibration parameters (Table 5.1), the models were simulated from January 

2015 – December 2020 using historic rainfall and evapotranspiration as inputs (Sheffield et al., 

2014; Maidment et al., 2017). The initial heads to start the model have been estimated by 

comparing January 2015 SPI-3/6/12 values with January 2018, for which there is 

corresponding observed groundwater level data, and assessing a likely groundwater level 

relative to the January 2018 level. The 2016/17 drought event is highlighted from the date the 

Somalia government declared drought (Guled, 2017) to the final observed rains of the 

following Gu rainy season. The 2019 drought is highlighted from the declaration date of 

drought emergency made by Oxfam (Barter, 2019), to the final Gu rains that year.  

 

A critical level is defined for each well, below which the regular abstraction drawdowns 

observed during the dry season would not be possible. This is due to the water level falling 

below the pump inlet depth during abstraction drawdown, causing a ‘dry pump.’ A ‘regular’ 

dry season drawdown was calculated as the mean drawdown depth (m) during the final 50 

observed dry season abstractions at each well. This value was then added to the pump inlet 

depth (Hw,min) to calculate the well’s critical level. 
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5.4   Results & Discussion 

 

5.4.1   Calibration Length Analysis 

 

 

Figure 5.3. RMSE for the full calibration and validation period, with calibration lengths 

varied at weekly intervals. 

 

The analysis shows that there is little further improvement in calibration performance after 

extending to 5 weeks (Figure 5.3). At this period (3 weeks at Well 3), the calibration window 

is long enough to include the start of the wet season, with groundwater level observations that 

have increased due to recharge. This causes the recharge parameters of Sy, 𝜆 and k to become 

sensitive and trained in the calibration. It is therefore essential to have a calibration period that 

captures observations from both the wet and dry seasons for sufficient calibration of the model. 

The remaining error in RMSE at the longest calibrations will be sourced from input 

inaccuracies from the rainfall and evapotranspiration data, as well as modelling uncertainty 

with processes uncaptured by the simple, lumped parameter model (Ascott et al., 2020; Mackay 

et al., 2014). Following this analysis, a 7-week calibration period, covering approximately 

equal intervals of dry and wet season conditions is selected as a suitable time window (Figure 

5.4b, 5.4c & 5.4d). The three calibrated wells achieve an efficient fit to the observed water 

levels in validation, with RMSE scores of 0.0997 m, 0.982 m and 0.218 m respectively. 
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5.4.2   Model Performance 

 

 
 

Figure 5.4. (a) Normalized satellite-based proxy indicators of physical drought intensity 

compared to Well 2’s observed daily maximum water levels. Calibrations of (b) Well 1, (c) 

Well 2 and (d) Well 3 are shown to compare performance with the proxy indicators and an 

uncalibrated AquiMod groundwater model. Observed water levels and the corresponding 

calibration targets set at the daily maxima are shown for comparison of fit. 

 

The satellite-based indicators (Figure 5.4a) are not suitable proxies of local groundwater level. 

Soil moisture approaches its minimum months before the observed wells and remains at a flat 

minimum level throughout the long dry season. SPI-3 represents rainfall anomaly instead of 

absolute rainfall, so is unlikely to follow groundwater levels closely due to its calculation 

(Kumar et al., 2015). NDVI shows the closest fit to observed groundwater levels, but it 

underestimates the dry season water level decline and suffers from a low temporal resolution. 

This potential for NDVI to misrepresent ground conditions was highlighted recently by UN 

FAO SWALIM, who removed it as a parameter from their Combined Drought Index DEWS 

platform, citing a “poor correlation” between NDVI and ground information (FAO SWALIM, 

2022).   
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Compared to the regional indicators, the calibrated model provides a substantially improved 

representation of observed groundwater levels (Figure 5.4b, 5.4c & 5.4d). The locally 

calibrated simulations capture the unique response of each well to recharge and dry periods, 

giving a more reliable indication of water availability. In comparison, the poor performance of 

the uncalibrated groundwater model highlights the need for a local calibration, as literature-

derived parameters fail to capture differences in well and local aquifer properties. 

 

There are remaining limitations in the model performance, with compounding uncertainties 

from input data, lumped model design and the short calibration (Mackay et al., 2014). Although 

it is difficult to quantify the contribution of individual uncertainties to model error, validation 

tests of this approach when implementing it in a new region will highlight if there are local 

causes of significant error requiring factoring into the modular AquiMod model (Ascott et al., 

2020). It is recommended to extend this validation testing in a sample of wells to multi-year 

durations, to assess if any inter-annual variabilities in aquifer or human behaviors affect the 

performance of parameters fixed by the short calibration. In any application, the outstanding 

uncertainty of simulations and the potential causes and effects of inter-annual variability must 

be carefully conveyed to users (Twomlow et al., 2022).  

 

The required model performance depends on the use case and the specific decisions being 

informed by the real-time simulations (Maxwell et al., 2021; Twomlow et al., 2022; Zulkafli 

et al., 2017). This can be modified to an extent, by adjusting the model setup or extending 

calibration durations where practical. In some implementations, strategic wells within the 

simulated monitoring network may warrant continuous monitoring to reduce monitoring 

uncertainties further. However, in drought-prone areas where no groundwater information is 

currently available and communication between communities and intervening authorities are 

weak, short monitoring may provide best value and practicality for generating useful evidence 

to support early interventions by stakeholders who are increasingly adopting ‘no regrets’ 

approaches to anticipatory action (Lentz et al., 2020). 

 

5.4.3   Simulating the 2017 & 2019 Droughts 

To demonstrate the model’s use as a localized index of groundwater availability, the calibrated 

wells are simulated during the two most recent droughts in Somaliland (Figure 5.5). These 
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water levels are put into the context of local water availability by plotting each well’s critical 

level, below which a full, regular abstraction drawdown would not be possible (Chapter 5.2.6). 

 

 
 

Figure 5.5. 2015-20 simulations of the three wells using the 7-week calibration parameters. 

Water levels are normalized to the distance between the top of the well and the pump inlet 

depth. The two droughts are indicated from the dates that humanitarian crises were declared 

by the Somalia president (2017; Guled, 2017) and Oxfam (2019; Barter, 2019). The critical 

level is the level below which the mean observed dry-season abstraction drawdown would 

not be possible due to water level falling below the pump inlet. 

 

The lowest water levels are seen during the two documented droughts (Figure 5.5; Barter, 2019; 

FEWS NET, 2023; FSNAU, 2023a; Guled, 2017). Wells 1 and 2 fall below their critical level 

during the two droughts, indicating that regular abstraction drawdowns would have been 

restricted. Well 3 remained above its critical level throughout. This indicates that Wells 1 and 

2 suffered abstraction shortages during the two droughts, which may have required 

interventions depending on the function of the well, the availability of alternative water sources 

and the socio-economic context of the community using it for water supply. 

 

During long dry seasons where recharge is typically zero from January – early March (Figure 

5.5, Maidment et al., 2017), this real-time visualization of water level decline enables a visual 

trajectory of the lead-time before the wells reach their critical levels. Users can also compare 

real-time water levels to simulations of water levels during previous drought years, such as 
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2017 (Figure 5.5), to contextualize the severity of the real-time water shortage with their 

experiences or understanding of previous droughts in that region (Campbell et al., 2021; 

Sword-Daniels et al., 2016). For both hydrologists and non-experts, this direct comparison 

connects an understanding of the potential impacts of current water shortages, as well as the 

actions that can be taken to mitigate them based on learned lessons (Hillbruner and Moloney, 

2012). 

 

Forecast inputs have not been explored here, as they suffer from high cascading uncertainties 

at lead-times beyond 1-week (Pappenberger et al., 2005; Walker et al., 2019). However, future 

development of this approach may explore the use of meteorological forecast data to simulate 

future water-levels. On a lead-time of 1-2 weeks, datasets such as the 15-day CHIRPS-GFES 

pentadal rainfall forecasts can be used (UCSB, 2021). If forecasting months ahead, seasonal 

forecasts from GHACOF (Mwangi et al., 2014) can be used to project future water levels under 

different rainfall scenarios. This can further support decision-makers in planning interventions, 

by translating how water levels will respond to upcoming surface conditions. 

 

5.4.4   Discussion: Model applications for DEWSs 

For DEWSs, maps and hydrographs of real-time water levels can be presented alongside 

simulated water levels during historic drought events to place the real-time hydrological 

drought intensity into context (Twomlow et al., 2022). Stakeholders with lived experience of 

previous droughts can then interpret the likely processes and socio-economic impacts that will 

arise from groundwater levels being higher or lower than previous drought years (Campbell et 

al., 2021; Hillbruner and Moloney, 2022). For national and humanitarian stakeholders, spatial 

maps of relative drought exposure can inform the national programming of anticipatory action 

and emergency response. Furthermore, with forecast-based financing systems in need of more 

evidence to confidently trigger earlier anticipatory financing release (Stephens et al., 2016), 

maps of drought exposure can be used to trigger the release of intervention financing. A recent 

growth in parametric insurance for drought, seeking to payout ahead of peak impacts based on 

hydrological parameter threshold exceedance, also suggests demand for groundwater 

availability as a localized parameter to index these policies (Okpara et al., 2017). For local 

stakeholders, access to localized, community-scale information enables actions that mitigate 

water shortages. Early interventions include site visits, advice and technical assistance, scaling 
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up proportionately to emergency water supplies, other lifestyle-sustaining supplies and cash 

transfers (Brown et al., 2014, Stephens et al., 2016; Wendt et al., 2021). 

 

 

5.5   Conclusions 

 

This study finds that groundwater models with short calibrations, in this case using just 7-

weeks of wet and dry season observations, offer substantial improvements in quantifying local 

groundwater availability when compared to satellite-based indicators used to infer this by 

proxy (Brown, 2014; FEWS NET, 2023; FSNAU, 2023a; Kalisa et al., 2018; (Kumar et al., 

2015; UCSB, 2021). Furthermore, by presenting water levels relative to each well’s unique 

critical depth, the method provides a local and contextualized indicator that translates water 

levels to water availability (Kcouck et al., 2021; Sutanto et al., 2019). 

 

By only requiring short observation periods, the barriers to scaling-up these methods in a 

national-scale monitoring system are reduced as the sensors can be relocated to calibrate a large 

number of wells (Paul et al., 2020). Taking short, high-frequency measurements, as completed 

here, also captures abstraction behaviors to enable contextualizing calculations of each well’s 

critical water level. Although serious challenges and ethical considerations in implementation 

remain, such as monitoring system governance, sensor security and community consent to 

participation (Buytaert et al., 2014; Paul and Buytaert, 2018), this study highlights the renewed 

technical feasibility of large-scale groundwater monitoring for hydrological drought 

monitoring and early warning. 

 

The methodology outlined in this report is deliberately parsimonious, and it aims to serve as a 

demonstration of technical feasibility upon which greater complexity can later be introduced. 

There are considerable limitations in these methods from a traditional hydrological modelling 

perspective, from input uncertainties to the lumping of model parameters and the use of 

empirical ‘critical level’ calculations (Mackay et al., 2014; Maidment et al., 2017; Sheffield et 

al., 2014). However, groundwater modelling in a data-scarce region is intrinsically bound to 

modelling limitations that cannot be resolved without collecting extensive field-data, and this 

is not a feasible requirement across a monitoring network in this context (Beven, 2001). Further 
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development of this approach should therefore focus on more validation testing of short 

calibrations in larger pilot schemes, whilst resolving the degree of uncertainty that is acceptable 

for users in guiding specific decisions and actions that mitigate water shortages (Zulkafli et al., 

2017; Maxwell et al., 2021). Monitoring systems can then be designed that equilibrate practical 

feasibility with acceptable uncertainty and simulation accuracy (Maxwell et al., 2021). 

 

Drought-prone, data-scarce regions such as the Horn of Africa are challenging environments 

for modelling, yet these areas can benefit the most from groundwater models to improve 

drought monitoring and early warning. Overcoming these challenges requires innovative 

approaches in both data collection and analysis to generate useful, decision-informing early 

warning information (Nature Sustainability, 2021). Therefore, this study proposes a viable 

method of generating a useful, localized groundwater availability index for DEWSs and 

anticipatory actions, that remains mindful of the fundamental requirement of a groundwater 

monitoring solution to be technically and practically feasible (Beven, 1989). 

 

 

5.6   Data Availability Statement 

The input data and model implementation are available online 

(https://doi.org/10.5281/zenodo.6631801).  

 

 

 

5.7   Supporting Information 

 

This supporting information document outlines the full details of the modified AquiMod model 

used in this study (Chapter 5.7.1 & Chapter 5.7.2; Mackay et al., 2014). Chapter 5.7.3 illustrates 

the presence of parameter sensitivity during the 7-week calibration. Chapter 5.7.4 provides the 

literature-derived parameter values used in Figure 5.4b, 5.4c and 5.4d plots of an uncalibrated 

AquiMod model at each well. Chapter 5.7.5 provides an example radial flow model that can 

be coupled with the AquiMod simulation in wells where abstraction drawdowns have high 

seasonal variability. Explanatory diagrams and text should be reviewed in the main paper prior 

to review of these methods.  

https://doi.org/10.5281/zenodo.6631801
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5.7.1   AquiMod Recharge Model 

The soil moisture storage (SM) is calculated by Equation 1. Any excess water at SM(t) above 

SMmax becomes soil drainage [m]: 

 

 

max max

max

0                                                                   if ( 1) ( ) ( ) 0 

( ) ( 1) ( ) ( )       if 0 ( 1) ( ) ( )  

                                     

SM t P t AE t

SM t SM t P t AE t SM SM t P t AE t SM
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   
         

max                      if ( 1) ( ) ( )SM t P t AE t SM




    

              (1) 

 

       max

max max

0                              if  ( 1) ( ) ( ) 0 
( )

( 1) ( ) ( )      if  ( 1) ( ) ( ) 0 

SM t P t AE t SM
SD t

SM t P t AE t SM SM t P t AE t SM

    
          

                         (2) 

 

The input to groundwater storage, soil drainage (SD; Equation 4), is modified by a time and 

head-dependent delay to give the recharge rate at time ‘t’ (rt) [m/day]. The time-delay is defined 

by the Weibull probability density function, which is a two-parameter function (Equation 3). 

The 𝜆 parameter controls the position of the peak recharge, while k is a time constant [day-1] 

that dictates the density of the recharge distribution around the peak (Mackay et al., 2014).  
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                                      (3) 

  

where: f is the probability distribution, x is the Weibull time step, 𝑘𝑤𝑒𝑖 > 0 is the shape 

parameter, and 𝜆 > 0 is the scale parameter of the distribution. 

 

The recharge is calculated using Equation 4, where ‘rt’ is the recharge, ‘𝛼’ is a scaling 

parameter, ‘f(x)’ is the Weibull probability density function, ‘SD’ is the soil drainage [m], ‘x’ 

is the Weibull timestep following soil drainage input [day] and ‘t’ is the overall timestep [day]. 
 

1

1

( ) ( , , )
n

wei t x

i

r t f x k SD   


                                            (4) 

 

 

 

5.7.2   Modified AquiMod Groundwater Model 

Consider an arbitrarily large area A [L2] surrounding an abstraction well in a near surface 

unconfined aquifer. Let Hg(t) [L] represent the mean height of the regional water table above a 
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datum at the end of day t, and Hg,min [L] represent a groundwater drainage outlet at the base of 

the aquifer. Given that the depth of the shallow alluvial aquifer is unknown for all wells in this 

study, Hg,min is assumed to be at the aquifer base, which is set equal to the base of the well to 

assume a fully-penetrating well. Assume that the loss of water from the aquifer Qg [L
3T-1] is a 

linear function proportional to the height of the water table above the outlet (Equation 5), where 

τ is a decay time constant that can be calibrated by the observed data [T-1].  

 

 ,min ,min

,min

( 1)     if H ( 1) 0
( )

0                                     if H ( 1) 0

g g g g

g

g g

A H t H t H
Q t

t H

      
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                    (5) 

 

The total daily recharge [L3] is given in Equation 6, where r(t) is the output from the soil water 

model [L].  

 

( ) ( )R t Ar t                                                        (6) 

 

The total daily abstraction volume is Qw(t) [L3]. If the specific yield of the aquifer is given as 

Sy [-], then the daily change in groundwater storage is described by Equation 7. 

 

( ) ( )( )g g w

y y y

dH Q t Q tR t

dt AS AS AS
                                                 (7) 

 

Equation 8 describes the daily change in regional water table in response to a 1-dimensional 

recharge (r), groundwater drainage (qg) and well-abstraction (qw). In this study, long term head 

change due to well-abstraction volumes is assumed negligible when A is large, so qw is set to 

0. Solving the ODE in Equation 8 can create a continuous time-series of the local water table 

elevation.  

 

( ) ( )( )g g gw

y y y y

dH q t r qq tr t

dt S S S S


                               (8) 

 

As the input P and AE data are a daily rate, a daily value for the water elevation (Hg) at the 

start of each day (‘t’) in the data collection period is calculated. This is achieved by discretizing 
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Equation 8 and using an explicit forward difference scheme, integrated on a time step of one 

day. This outputs a continuous daily time-series of the water elevation (Hg) for each well. 

 

5.7.3   Parameter Sensitivity During 7-week Calibration Procedure 

The dotty plots show the sensitivity of the parameters during the 7-week calibration of Well 2 

(Figure 5.6a), with the convergence of lower RMSE calibration scores towards a specific 

parameter value indicating sensitivity of the model performance to that parameter’s value. The 

other dotty plots offer a comparison with the same input ranges for Well 2 following a 7-month 

calibration (Figure 5.6b). This indicates that the parameter ‘k’ is not sensitive, but it does show 

that the 7-week calibration does not constrain τ as well as a 7-month calibration. 

 
 

 

Figure 5.6. Dotty plots showing RMSE scores for parameter input values during (a) a 7-week 

calibration and (b) a 30-week calibration at Well 2. 

(a) 

(b) 
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5.7.4   Literature-derived Parameters for Uncalibrated AquiMod Model 

The calculation used original equations from Mackay et al.’s single layer model (2014). Daily 

water levels (Hg) were calculated using literature derived parameter values and an 

understanding of the wells’ locations in the alluvial, unconfined aquifer (Table 5.2; Mackay et 

al., 2014; Ascott et al., 2020; Jackson et al., 2016; Allen et al., 1998; FAO SWALIM, 2021; 

Lohmann, 1972; Johnson; 1967; Domenico and Schwartz, 1990). 

 

Table 5.2. Parameter values used in uncalibrated AquiMod model simulations. 
 

Parameter Units Uncalibrated Model 

Sy - 0.1 

K  mday-1 25 

k (Weibull) - 3.5 𝜆 (Weibull) - 3.5 

Hg (t=0) (fixed) m variable 

SMmax (fixed) m 0.005 

SMinitial (fixed) m 0 

Hg,min (fixed) m 0 

X – Boundary Dist. m 100 

Y – Boundary Dist. m 100 
 

 

 

5.7.5   Example Radial Flow Abstraction Model for Coupling to AquiMod 

This section provides an example radial flow model that was used in experiments to include 

seasonal variations in abstraction rates to the simulation of groundwater levels in the well. To 

investigate this, we used a numerical solution of the radial flow equation for a finite diameter 

well. Employing the Dupuit-Forchheimer approximation for radial flow to a well, where there 

is spatially uniform but time varying recharge and aquifer drainage, gives Equation 9. 

 

  

21

2

qh Kh h Kh h r g

t S r r S S Sy y y yr

           
        

                         (9) 

 

We assume a far boundary condition of constant head, as the radius of the system is large. The 

near boundary condition is derived from the water balance at the well, which has a constant 

radius of rw and a (time dependent) pumping rate of Qw, hence (Equation 10): 
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This gives the boundary condition for the model as (Equation 11): 

 

2 2
w

r h Qh w w wh
r K t r Kwr r 
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 
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                                         (11) 

 

The equations (9) and (10) are solved in MATLAB using a finite difference representation of 

the radial differentials, which are integrated over time using ODE solver ode15s. Logarithmic 

spacing was used to provide nodes closely spaced near to the well and becoming progressively 

further apart away from the well. The code was verified against the analytical solution of 

Papadopoulos and Cooper (1967).  

 

The input value and duration of Qw was estimated from observed drawdowns during wet and 

dry seasons enabled by the high-frequency data, and knowledge of the wells’ dimensions and 

volume. The value of K was manually calibrated using observations of best-fit with the 

drawdown and recovery curves. 
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6 Unlocking the Benefits of Groundwater 

Data  

 

6.1   Abstract 

 

The global scarcity of high-resolution hydrological monitoring data is a well-known constraint 

to sustainable water resources management (WRM), especially in low- and middle-income 

countries. However, an understanding of the benefits of hydrological data and clear practical 

pathways to collecting these data is still missing in the case for their investment. Here, the 

beneficiaries of groundwater data are scoped through inductive interviews of 42 expert 

stakeholders based in the Horn of Africa, who also assess the outstanding barriers to monitoring 

and their potential solutions. The benefits of groundwater data are mapped for 18 different user 

groups. Groundwater data is found to support a systemic change in decision-making among 

WRM user groups, evolving water management towards evidence-based, proactive and more 

decentralised processes. Emergent user groups with no prior experience of groundwater data 

also identify potential value for a range of applications, including forecast-based humanitarian 

financing, drought early warning, and parametric insurance indexing. To overcome monitoring 

challenges and realise these benefits, automated data collection and analysis through improved, 

cost-effective monitoring sensor technologies and investment in WRM capacities is required. 

To guide implementation, the paper concludes with a 5-stage framework for sustainably scaling 

decision-integrated groundwater monitoring systems. The implementation framework advises 

thorough preparation, procurement and piloting to design user-centred monitoring and 

communication networks where data collection is institutionalised, informed WRM is 

decentralised, and operational systems are sustainably financed and governed.  
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6.2   Introduction 

 

Groundwater is the primary source of clean water in Sub-Saharan Africa, and it remains an 

abundant resource across the continent (Ford et al., 2022). However, fragile water 

infrastructure and low-capacity water resource management (WRM) mean that over 350 

million people have no access to basic water services (Grafton et al., 2023; UN-Water, 2022). 

Cyclical droughts repeatedly expose the fragility of groundwater supply systems, causing mass 

displacement and disastrous humanitarian impacts (FEWS NET, 2023; Kreibich et al., 2022; 

MacAllister et al., 2020). These same supply systems now face unprecedented pressure from 

intensive abstraction and climate variability (Ascott et al., 2022; He et al., 2021; Scanlon et al., 

2023).  

Despite groundwater’s established value (UNESCO, 2021), the state of most aquifers and 

boreholes are unquantified due to the absence of any long-term, high-resolution groundwater 

monitoring networks (IGRAC, 2020; World Bank, 2018). This paucity of monitoring means a 

fundamental evidence-base for informed WRM is missing in Sub-Saharan Africa (Foster et al., 

2012; Garrick et al., 2017; Gaye and Tindimugaya, 2018; FAO, 2003; UNESCO, 2021; 

UNESCO, 2022). This contributes to WRM institutions being trapped in processes of reactive 

management for water supply shortages, unable to transition to evidence-based planning of 

more resilient, sustainable solutions (UN-Water, 2022; Garrick et al., 2017; Gaye and 

Tindimugaya, 2018).  

The issue of groundwater monitoring data scarcity has been identified as a barrier to 

development and humanitarian drought management in Chapter 3, and the issue is now being 

highlighted on the international platform. “Making the invisible visible” was the slogan and 

primary focus during the 2022 United Nations (UN) Water Summit on Groundwater 

(UNESCO, 2022; USAID, 2022), which set the groundwater dialogue ahead of a landmark 

2023 UN-Water conference (Ovink et al., 2023). Groundwater data is now being acknowledged 

as an important ecosystem service that improves WRM practices value to with potential further 

value for social, economic and environmental well-being (Pandeya et al., 2016; Ovink et al., 

2023).  

However, like other hydrological variables, detailed valuations have not yet been completed to 

elucidate its value in full to potential users (Dasgupta, 2021; Pandeya, 2021; UNESCO, 2021). 
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Furthermore, investment in groundwater monitoring remains scarce following numerous 

monitoring projects that have failed to scale after facing manifold implementation challenges 

(Foster et al., 2012; IGRAC, 2020; Pavelic et al., 2012; Sarni et al., 2018; World Bank, 2020; 

Adelana, 2009). In these projects, monitoring networks are rarely maintained properly for 

technical and financial reasons (Calderwood et al., 2020; IGRAC, 2020). Further challenges in 

processing, digitising, and communicating data means users also typically see few outputs from 

the process. A lack of sustained, useful output has gradually caused a general decline in interest 

for in-situ groundwater monitoring (World Bank, 2020).  

However, disruptive technologies present an opportunity to resolve implementation barriers 

(Schwab, 2017; Sarni et al., 2018). Emerging groundwater monitoring technologies and the 

Internet of Things significantly improve the viability of integrated, long-term groundwater 

monitoring (Calderwood et al., 2020; Kombo et al., 2019; MacAllister et al., 2020; Sarni et al., 

2018). More capable and cost-effective wireless sensors can now automate the collection and 

transmission of groundwater data over Sub-Saharan Africa’s growing telecommunication 

networks (Chan et al., 2020; Serele, 2018; Solinst, 2021). Furthermore, as explored in Chapter 

5, dedicated data platforms can automate complex methods of data processing, analysis and 

communication, thus reducing the technical and staffing burden of generating useful insights 

from the data for relevant stakeholders (Sarni et al., 2018). An increasingly technologically 

capable public, and an improving professional understanding of how to implement monitoring, 

for example, through citizen science approaches, further improve viability (Nath and Kirschke, 

2023). An ever-improving technical capacity of water authorities means they are increasingly 

well placed to host these systems (Gale and Tindimugaya, 2018; Serele, 2018; FAO SWALIM, 

2023; World Bank, 2022b).  

However, despite accelerating technical opportunity, monitoring investment remains low and 

there remains no detailed valuation or clear cost-benefit basis to incentivise investors (Chapter 

3; UNESCO, 2021; Kumar et al., 2010; Garrick et al., 2017). Qualitative methods are pre-

requisite to quantitative valuations to ensure that the deductive designs of quantitative 

valuations capture the full scope of users for which the data has potential value. Therefore, this 

study completes a pre-valuation qualitative scoping of the potential beneficiaries and their 

respective applications for groundwater data, before evaluating the mechanisms that currently 

prohibit the resolution of groundwater data scarcity. Through interviews of 42 expert 

stakeholders based in the Horn of Africa and subsequent thematic coding analysis (Chapter 2), 
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the study first maps the benefits of groundwater data access to 18 different stakeholder groups, 

implicitly assessing positive value (benefits) as progress toward the Sustainable Development 

Goals (SDGs) framework (United Nations, 2015; Pandeya et al., 2021; UNESCO, 2021). It 

then assesses the challenges of setting up groundwater monitoring networks, and it concludes 

with a 5-stage implementation framework that advises how to overcome these challenges and 

develop scalable systems that can realise the data’s full potential value to users (Maxwell et 

al., 2021). 

 

6.3   Results and Discussion 

 

6.3.1   Mapping the Benefits of Groundwater Monitoring Data 

The qualitative scoping results detail the benefits of groundwater monitoring data for 18 

different stakeholder groups, including users that are Water Resource Managers (WRMs) as 

well as emergent users with no prior experience of groundwater data. As an overview, 

groundwater-data provides WRMs with detailed, regular evidence of aquifer and water 

infrastructure status. These data can flag supply issues in need of urgent short-term 

interventions, whilst informing the long-term development of more resilient supply 

infrastructure in productive aquifers, where water infrastructure is maintained by stakeholders 

that are held accountable through shared monitoring data. WRMs also gain system-wide 

benefits through collaborative groundwater monitoring that builds knowledge-capacities and 

improves stakeholder inter-relationships. Emergent stakeholders gain a new evidence-base for 

triggering early drought, humanitarian and water management financing, among a range of 

other applications, if groundwater data can be communicated to their information needs and 

levels of data literacy. 

 

6.3.1.1   Benefits for Water Resource Managers (WRMs) 

6.3.1.1.1   Local Water Authorities 

Local water authorities such as district water bureaus, basin authorities and private cooperatives 

extract value from groundwater data for day-to-day operational management, decisions on 

local crisis management, new well installations and long-term water supply planning.  
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For new well installations, monitoring evidence of aquifer productivity helps to site more 

resilient sources at strategic sites [MD1, MN2, MD2]. New well specifications can be 

optimised to the aquifer based on monitoring data from nearby wells for best efficiency and 

yield [A3, MN1, MN2, MD2, NF1, PW5]. 

“if we actually have this information on aquifer performance, we can start to triangulate 
between the boreholes to work out where the yields are going to be good. Then you can site 

your new boreholes there, instead of waiting for the water running out to tell you who needs 

the next one.” 

-PW5 

For the management of existing water sources, near real-time access to groundwater level and 

quality information enables local authorities to make early interventions, instead of waiting for 

failure reports by word-of-mouth to act [MN1, UW3]. Recurrent borehole failures are endemic 

in the Horn of Africa - borehole functionality was at 55% and 60% in Ethiopia and Kenya 

respectively during the 2016-17 drought (MacAllister, 2020; Thomas et al., 2021).  

“some kind of data is a totally fundamental prerequisite for any action – you can’t have 
informed, proactive action without the data being there.” 

-NW2 

With assistance from Non-Governmental Organisations (NGOs) and the national water 

authority, early interventions by the local water authority include: pumping and technical 

advice, private sector negotiation, equipment supply, water purification, borehole 

rehabilitation, new borehole drilling, water trucking, subsidies and cash transfers [MN2, MN3]. 

These anticipatory interventions have a system-wide positive financial return on investment, 

as these interventions are cheaper, less staff intensive, less disruptive and more lifestyle-

sustaining than the expensive and complex practical solutions needed when a water source fails 

(MacAllister et al., 2020).  

“this year we drilled 6 boreholes, all up to 370 m depth at $600 per metre, but they have all 

failed in this area – all 6.” 

- MD5  

It is a common misconception that borehole failures are mostly caused by droughts and over 

pumping [PW4]. Instead, most failures stem from poor borehole siting, bad equipment and 

poor construction methods [ND4, ND5, PW4, UW2].  
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“water levels are dropping in the aquifer! It’s the first thing that the community says when its 
borehole fails. But it’s probably failed because it was drilled by a Mickey Mouse contractor 

who designed and structured it badly.” 

-PW4 

The absence of monitoring and post-construction pumping tests prevents confident diagnosis 

of why each borehole is failing [PW4]. It is often therefore “simpler” [MD5] to abandon the 

borehole in favour of constructing another nearby that may be prone to the same problems 

[MD5]. A lack of failure diagnosis prevents accountability for the root cause of failures. For 

instance, if a failure was caused by corner-cutting during the drilling process, this can be 

diagnosed after initial monitoring pumping tests and drillers can be held accountable [PW5, 

PW4; NW2, UW2, MN3, MD1]. If a failure is caused by over-pumping, this can be interpreted 

from monitoring data and communicated to the users during borehole rehabilitation to prevent 

reoccurrence [NW2].  

“in communities there can often be different ideas about what is causing problems with water 

supply; there can be different views… that's also why this groundwater data is essential to try 
and understand what's really, really causing the problems.” 

-NW2 

“what is causing the shortages at so many shallow wells and boreholes? If you monitor it, 

then everyone actually knows what is causing that. And then you make policies to change 

that.” 

-NW5 

Groundwater monitoring enables accountability for the human root-causes of failures by 

making evidence available, and it clarifies the benefits of investing more to ensure boreholes 

are constructed by reputable contractors and drilling supervisors [NW2, NW5, MN2] (Klassert 

et al., 2023). With greater aquifer knowledge and accountability among stakeholders, 

professionalisation in the local water sector is encouraged (Danert et al., 2020). By taking a 

more active role in cooperative monitoring at the local community level, the local water 

authority also gains greater trust and future cooperation with the communities it serves [PW4, 

NW2]. 

“if they see the local government are more engaged with them, and possibly improving 
service at the village level, then there’s a big incentive for community volunteers to provide 

support.” 

-NW2 
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6.3.1.1.2   National Water Authorities 

National water authorities, as close partners to local water authorities, share much of the 

benefits experienced at district-level but on a larger scale of management. However, experts 

expect further value to pooling data to the national level. Databases of water levels, quality and 

aquifer performance can inform a more equitable long-term spatial planning of national water 

infrastructure to ensure water supply is strengthened in the least resilient areas [A3, MD2, 

MN1, MN2, MN3, PW5].  

“it tells us which areas are going to be having pressures. Then what strategies can we put in 
place to address those pressures? Could groundwater depletion occur? Maybe we can do 

artificial recharge. Are there areas where we can [have] conjunctive use of groundwater and 

surface water? Does it need water trucking or new infrastructure?” 

-MN1 

In drought, spatial maps of well performance and water stress can assist with water and WASH 

(Water Agriculture Sanitation and Hygiene) needs assessments [MN1, A2, ND3, MD2]. With 

high-confidence, granular and real-time evidence of specific communities and water sources 

that require WASH and lifestyle-preserving interventions, resources can be allocated in priority 

of need. High-confidence, more detailed proposals about finance needs can then also ensure 

these actions are funded earlier and at larger scale by the government and donor organisations 

[MN1, A2, NF1, NF2]. This timely financing can be distributed to the local and district water 

authorities for proactive WASH interventions that mitigate supply failures [MN1, A2]. 

Together with the provision of finance and data, the national authority can provide advisory 

frameworks for integrating data into decentralised, local decision-making to ensure 

information translates to action (Welle et al., 2016).  

“if an area dependent on groundwater is under pressure, then you’re going to use 
[monitoring information] to mobilise resources and combat that. In the long term, if people 

realise that it’s a resource being depleted, they might make the investments before those on 

the ground suffer.” 

-MN1 

To support the process of increased accountability and professionalisation in WRM, 

groundwater data provides an evidence-base for a national authority to enforce drilling and 

supervision standards [PW5, NW5]. Professionalised and accountable local WRMs unlocks a 

decentralisation of aquifer management from the central authority to those with local 

experience, knowledge and connections [PW2, PW4, MN1] (Danert et al., 2020). By freeing 
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up its staff from field engineering projects, this enables the national authority to more formally 

adopt a coordinating, legislating and resource managing role that manages a wider professional 

network of WRMs [UW1, NW5].  

Transparent sharing of groundwater data can also improve inter-district and international 

relations at transboundary aquifers, where disputes can arise over unsubstantiated accusations 

[ND4, NW5, NW2]. Whilst it may expose agreement violations in the short term [NW2], a 

collaborative sharing of data and management of transboundary groundwater can shift these 

from areas of tension and conflict to areas of co-development, trade, enterprise and sustainable 

resource management (Nijsten et al., 2018; Sanchez, 2022). 

 

6.3.1.1.3   Non- & Intergovernmental Organisations (NGOs & IGOs) in WASH 

In their technical support role to public and private authorities, non-governmental WASH 

(Water, Sanitation and Hygiene) teams often have a greater technical capacity to extract 

interpretations from groundwater data and strategically advise on long-term aquifer 

development [ND2, NE1, NF1, NF2, NW5, PW4, UW2]. The data can contribute to rigorous 

aquifer assessments for new borehole siting and identification of areas experiencing 

unsustainable groundwater decline to anticipate humanitarian needs [ND1, UW1, NE1, PW1, 

UA1, MD3, MD4, NW5, UW2].  

“we want to monitor all the strategic water sources. They’re the boreholes where we want to 
know where they are located and how they're functioning. You know, we take some important 

parameters from these boreholes because we want to be ahead of the people and even the 

drought emergency response team to tell everyone where the water is.” 

-UW1 

“this data will tell us where water levels are reliable and where they become low during 

droughts. This data can also help us when the drought is not occurring to review the places 

that ran out of water and say, yes, we should build more boreholes or water infrastructure 

there for next time.” 

-ND2 

During drought, WASH teams can use forecasts from real-time groundwater data and 

subsequent modelling to secure backup water supply in areas forecasted to have impending 

shortages through water trucking, water purification, emergency well construction and other 

technical support [ND2, ND3, NW1, NW5, UC2 UW1, UW2, UW3, UW4]. Furthermore, 
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given their role in Internally Displaced People (IDP) camp construction and management, 

WASH advisors can use existing aquifer data to site camps in sustainable locations with more 

reliable water access [PW5, MN1].  

 

6.3.1.1.4   UN & NGO Emergency Response 

Groundwater data can provide a new index to spatially program anticipatory action and drought 

emergency response according to water and WASH needs [A1, A2, NA1, NA2, NE2, NF1, 

NF2, NW1, NW2, UC1, UW1, UW3, UW4]. Compared to existing early warning and 

humanitarian programming platforms, groundwater information is water resource specific, 

more localised and can be monitored in real-time (Gure, 2021; Veness et al., 2022). This 

information can also support existing platforms by triangulating, calibrating and validating 

coarser satellite indicators of drought intensity [NA1, NA2, NE2, NF1]. 

“it would be useful to help form a drought response plan” 

-UC1 

Alongside other indicators in common aid frameworks (FEWS NET, 2023; FSNAU, 2023b), 

groundwater levels and quality can be used to trigger interventions and their financing once 

they exceed or are forecasted to exceed thresholds [A2, MN1, NA1, ND2, NF1, PW1, UA1, 

UW3]. Whilst this information can initially guide anticipatory action at the start of drought, it 

can continue to guide emergency humanitarian response by highlighting communities and 

districts suffering the greatest water shortages. With the displaced typically the most vulnerable 

to food insecurity, the ability to anticipate displacement and subsequent migration routes is 

considered useful [A1, ND3, NE1, NE2, PW1, UA1], as emergency response can be targeted 

towards those areas [PW1, PW3, UA1, UW1].  

“it’s useful for trying to map out where your anchor sources are, as it helps you understand 

where people are going to be migrating to during the dry season” 

-UA1 
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6.3.1.1.5   Local Communities 

Whether governed by a community water management committee, private suppliers or public-

private partnerships, local community WRMs benefit from regular data and relevant analysis 

of their individual water sources [NW1, NW2, NW3, UW1, UW2].  

Issues in water level, yield and water quality can be flagged by monitoring before source 

failures occur [UW2], leading to rationing, alternative water sourcing and other resilience 

building actions [NW1, MD3]. Information on borehole and shallow well water performance 

also forms a basis for negotiation up to the district level, where transparent aquifer data for the 

surrounding region can help community members find backup water sources nearby in the 

event of local well failures [A3, MD3, NW1].  

For pastoralists, data sharing can lead to more informed dialogue and planning over nomadic 

migration routes towards aquifers and point sources proven to have extra capacity [UA1, 

UW2]. For agricultural and agro-pastoral farmers, forecasted water availability based on 

existing groundwater levels can also inform the planning of crop sowing, offtake collection 

and herd size management [PW3]. 

Wider local community benefits from participation in groundwater monitoring include job 

opportunities, roles for women and a professionalised water sector that creates economic 

multiplier effects among WRMs [ND4] (Danert et al., 2020). Furthermore, groundwater 

monitoring data collection, sharing and co-development of solutions improves the trust 

relationship between local communities and government, leading to greater geopolitical 

stability by setting a foundation of collaboration for the public good [NW2, MD3, PW2, PW3].  

 

6.3.1.2   System-wide Benefits for WRMs 

6.3.1.2.1   Capacity Building 

Close collaboration with technical partners for setting up monitoring networks transfers 

technical skills to water authorities and community members, creating better capacity to make 

evidence-based, proactive management decisions [MN1, NW1, NW2, MD4] (Scheihing et al., 

2020). Groundwater information sharing also prompts discussions about data interpretation and 

subsequent actions that naturally transfer knowledge and skills [NW2]. Pre-analysed 

information that’s accessible to non-expert and emerging stakeholders can increase their 
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engagement and familiarity with technical groundwater considerations as well [NW2]. 

However, this transfer of knowledge requires dedicated funding to create spaces and networks 

for capacity building [A2, MN1, MN2, MN3, NA2, NE2, NF1, NF2, NW3, PW3, UA1, UA2, 

UC1, UW2, UW3, UW4]. 

“it is about systems strengthening because, if we are able to strengthen the capacity of the 
relevant water authority to monitor water resources across the region, it becomes easier for 

them to timely respond and timely advocate for resources.” 

-NW2 

 

6.3.1.2.2   Communication, Coordination & Trust 

“if you want to develop conditions of trust and accountability, you need to work with actual 

practical resources to establish environments of cooperation rather than conflict.” 

-PW3 

In areas of weak governance, collaborative groundwater monitoring and water resource 

management can be a foundational step for further collaboration in WASH and other areas of 

development [PW3, PW4, PW5]. With data sharing, a pathway for communication and 

dialogue is established between community, government and influential local stakeholders 

[NW5, GO1, A2]. This can improve coordination towards common goals, mobilising local 

experts, community members and private stakeholders [NW1, NW2, GO2, MD4, MN1]. Over 

time, as personal relationships and a culture of trust are developed, synergies and society 

resilience to conflict can also increase [NW1, NW2] (Peters et al., 2021).  

 

6.3.1.3   Benefits for Emerging Stakeholders 

6.3.1.3.1   NGO & UN Advocacy, Analytics & Financing 

Groundwater monitoring data can be used as an index to improve the feasibility of earlier, 

larger and more accurate financing of drought anticipatory actions (Chapter 3), by providing a 

more confident indication of areas in need of early inventions. It can equally encourage 

anticipatory actions to have a clearer focus on securing strategic water points than existing 

anticipatory action schemes, which have a predominant food security focus [A2, MN1, NA1, 

ND2, NF1, PW4, UA1, UW3]. These actions can have significant positive returns on 



133 
 

 

investment, as they can mitigate community displacements and other cascading secondary 

impacts that result from water shortages [UA1] (Gumucio et al., 2022).  

“I know that OCHA [the UN Office for Coordination of Humanitarian Affairs], for their 
anticipatory action framework, are trying to identify context specific indicators that they can 

trust for use as trigger points for releasing extra funds.” 

-NA1 

“I could see myself adding this to the presentations that I'm already doing, and then that 
would help inform kind of the advocacy and the larger scale resource mobilisation relating to 

drought response. Both from a food security standpoint, but also I think, on the water and 

sanitation standpoint.” 

-UC1 

 

6.3.1.3.2   Parametric Insurance & Commodity Traders 

Agricultural and drought parametric insurance schemes are yet to scale in Sub-Saharan Africa, 

primarily due to a high basis risk - there is a low accuracy and spatial resolution in the existing 

satellite-based parameters used to index areas experiencing drought stress [ND2, NF1]. High-

resolution monitoring of groundwater levels has the potential to lower basis risk by taking a 

direct, objective measure of hydrological drought intensity at points of water abstraction 

[NW2]. From farmer-scale to national-scale policies, groundwater data can provide a new 

index for more financially viable and scalable insurance policies [NF1]. Agricultural 

commodity traders and their information providers can also use groundwater data as a predictor 

of future crop harvests and political risk, as groundwater levels are likely to correlate with these 

and provide a predictive index months in advance [NA2, NE1].  

Any open-access information would be used by traders, analysts and brokers to inform 

investments that stay ahead of the market to make profit [NA1]. Public information can also 

inform a largely free-market global food system of impending shortages that can encourage 

investment in supplying food to areas where demand is expected to increase [NF2]. Given the 

unknown potential externalities of influencing global commodity flows like this, more research 

is required into the benefits and risks of providing this information to global markets, as well 

as the ethical implications of providing access to elements of local community-hosted data.  
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6.3.1.3.3   Academics, Scientists & Experts 

High density, long-term groundwater monitoring networks would create new research 

opportunities in hydrology, hydrogeology, climate sciences and socio-hydrology. WRMs in 

this study proposed interest in projects investigating aquifer recharge relationships with heavy 

rainfall events [UA1], studies of the degree to which groundwater data can be generalised for 

different aquifers [MN3] and the impacts of sand dams or other managed recharge schemes on 

water tables [A3, PW3]. WRMs also propose practical studies on the reliability of citizen 

science groundwater monitoring [NW2], studies of the extent to which communities can use 

groundwater data [NW2] and studies on how water authority technical capacities can be 

improved to integrate groundwater data into management processes [GO1]. Some WRM 

focussed academics are interested in quantitative analysis, using the data to calibrate and 

validate local or global predictive models for hydrological modelling and forecasting [PW3, 

A1]. 

Emerging stakeholders suggest research areas concerned with the correlation between 

groundwater and other sociological parameters. They are interested in how groundwater 

shortages generate food shortages [A1, A3], displacement [A1, NF1] and other drought impacts 

such as conflicts [A1, UW1, PW3] (Mach et al., 2019; Peters, 2021). Humanitarian 

stakeholders are interested in using groundwater data to triangulate and validate their existing 

early warning satellite and socio-economic indicators [PW3, UW3] (Gure, 2021). 

Humanitarian stakeholders also recommend studies quantifying the benefits of quality borehole 

construction instead of least-cost drill contracting [ND2], and they seek a cost-benefit analysis 

of boreholes versus water trucking for different livelihood zones and aquifers [ND5]. 

There are benefits to these stakeholders beyond research studies. Humanitarian decision 

making during droughts is “very much driven by personalities from a small group” [UA1] of 

academics, scientists and experts. In humanitarian forums, meetings and over social media, 

they can use groundwater information to better communicate the realities of water access on 

the ground and the emergency actions required [A2] at earlier stages of drought assessment 

and advocacy. Researchers can also form collaborations between high and low resource 

institutions to co-develop projects around groundwater datasets, developing in-country 

capacity to work with groundwater data and advancing the science [ND4].  
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6.3.1.3.4   Press 

Public groundwater information availability can mitigate media speculation about water supply 

matters, which can misdiagnose the cause of water supply failures and spread misinformation 

to the public [PW4]. Accurate reporting can instead contribute to greater stakeholder 

accountability in WRM [PW4]. Journalists interested in climate change will also benefit from 

better quantification of changing drought and water availabilities [NW3].  

 

6.3.1.3.5   Private Sector Industries 

Monitoring holds economic value to industries where reliable water supply enables industrial 

processes to continue, whilst increasing the likelihood of securing further investment and 

improving public relations through good data reporting and working practices [PW4]. 

Development arms of multinational companies may also value monitoring technologies as an 

appropriate application of their technical expertise for non-profit objectives (NE2, ND4).  

The benefits to all stakeholder groups are visualised in a thematic map (Figure 6.1), where the 

themes and sub-themes of groundwater data benefits are assigned to the benefitting stakeholder 

group(s) identified by the interviewee(s). 
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Figure 6.1. Thematic summary of the benefits of groundwater monitoring data for different 

stakeholders. Stakeholders are grouped as either Water Resource Managers (WRMs), the 

primary users of groundwater data, or emergent stakeholders – those with no prior experience 

of groundwater data who can benefit from analysed data. Background descriptions of these 

stakeholder groups are given in the methods (Chapter 2.3.3). Themes of benefits (bold) and 

sub-themes from thematic analysis are plotted for each of the 18 different stakeholder 

categories (underlined).  
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6.3.2   Discussion: Systemic Decentralisation of WRM 

Better information for decision-making at the local level reduces community, local authority 

and private supplier dependencies on centralised NGO and national water authority assistance, 

thus unlocking their local capacity to develop a more resilient water supply independently 

(Figure 6.2; Foster et al., 2012; Scheihing et al., 2020). In this way, the national water authority 

diversifies from its active engineering role to also become a centre for data management, 

communication and coordination (Buytaert et al., 2014). The data should be pooled at the 

national level to ensure there is sufficient technical capacity and institutional support to 

generate and return advanced insights to local WRMs. Centralising data management is 

therefore a necessary step for decentralising WRM activities while technical skill shortages 

remain at the local and district scale (Chapter 3), though long-term operational networks should 

seek to develop increasingly polycentric and decentralised data management systems as local 

capacities improve (Buytaert et al., 2014). 

If processed and communicated according to user information needs and levels of data literacy, 

advanced insights such as pumping rates, anomalies, models, forecasts, well efficiencies, 

aquifer parameters and qualitative advisory outputs can inform important local decisions 

(expert recommendations for groundwater data communication are outlined in the Supporting 

Information; Chapter 6.5.2). Local access to hydrological information enables a 

decentralisation of WRM decision making that harnesses the skills, interest, local expertise and 

innovation of locally based communities, WRMs and engineers. This sets a path away from 

criticised implementations of centralised WRM, where national authorities do not have the 

capacity, local knowledge or local presence to skilfully manage complex and distant local water 

supply networks (Buytaert et al., 2016; Zulkafli et al., 2017). To communicate these systemic 

differences brought by data-informed WRM, an interpretive conceptual model is presented that 

visually compares the current paradigms of WRM in the Horn of Africa, as described by 

interviewees, with their descriptions of decentralised systems of WRM. Their descriptions of 

decentralised WRM systems is prospective and predicated upon decentralised stakeholders 

having regular groundwater data access and financially supported capacities to take local 

actions (Figure 6.2). 
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Figure 6.2. An interpretive conceptual model of the data-enabled transition from centralised 

WRM paradigms to decentralised WRM.  

 

6.3.3   Implementation Challenges 

Whilst all participants responded positively to the technical feasibility of upscaled monitoring 

systems, many stressed the importance of explicitly addressing implementation challenges if 

future implementations are to realise the data’s potential value. The expert-perceived 

challenges for integrated groundwater monitoring systems have been thematically categorised 

(Figure 6.3).  



139 
 

 

 

Figure 6.3. Thematic summary of expert-identified challenges for the setup of integrated 

groundwater monitoring systems. 

 

The modal perceived challenge is generating the institutional capacity to setup, maintain and 

use the outputs from the monitoring system. A shortage of professional staff with low technical 

skills will be a barrier unless there is investment into staff, their capacity and improved 

technologies that alleviate their monitoring workload [UA1, UW3, MN2, MN1]. There are also 

financial challenges in funding monitoring sensors, employing full-time staff members to 

operate the monitoring system, and in the potential need to financially incentivise some 

community participants [A2, MN1, MN3, NE2, NF1, NF2, NW3, UW3]. 

“we're cautious all the time about the cost of operation and maintenance.” 

-MN1 

Low technical WASH skills also cause “a lot of data literacy issues” [UA2], which can be a 

challenge for ensuring monitoring data is used. If a monitoring system fails to process, simplify 

and communicate monitoring outputs to users with lower data literacy, stakeholders will not 

use the monitoring information, its potential value will not be realised and demand for the 

monitoring system will decline [UA1, PW3, UW4].  

Community participation in groundwater monitoring with automated sensors is sensitive and 

requires a commitment to ethical practices, citizen science and user-centred design (Zulkafli et 
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al., 2017). Without steps to inform, negotiate and make agreements with community 

participants, sensors are more likely to be vandalised [MN2, NA1, NA2, MD2] out of curiosity 

[UW1], lack of trust in their reasons for being there [MD2, PW3, UW1] or genuine conflicts 

of interest with stakeholders concerned about sensitive data becoming public knowledge and 

creating competition for water sources. Data access is therefore a fundament to be discussed 

and agreed prior to installation, with permissions likely to vary between stakeholders and 

communities [MN2, NA1, NA2, MD2]. The challenge of data literacy in communities equally 

requires capacity building for output information to be integrated into community decision 

making [MD5, MN3, NW3]. 

“are these things going to be destroyed right away? Have you created trust and interest in 

the community to let those [sensors] stay?” 

-NA1 

Many experts express concerns about existing automated technologies being unfit for purpose 

[MD2, MD3, ND5, NW2, NW3, NW4, PW3, UA2, UW1, UW2]. Pressure transducers are 

considered difficult to install, unreliable, difficult to collect and process data from, insufficient 

in battery life and can be difficult to connect by cable to automated data transmission units.  

“you wonder, is it a help or a hindrance? These automatic divers that are so difficult to use, 

and people forget about them or move them or forget to collect the data. Or they run out of 

battery and you have to send them off for replacement.” 

-NW4 

“if you have a sensor network that has quite a high maintenance overhead, as in, the units 
keep breaking down, it's expensive to get someone out there to sort them out and it’s going to 

be kind of counterproductive.” 

-NW2 

Innovative automated monitoring solutions are required to overcome the technology challenge, 

which can also alleviate the capacity challenges of staff, technical skills and cost if they are 

more reliable and able to send data to a platform that automatically processes the data [NE2, 

NW3, PW1, UW1] (Calderwood et al., 2020; Solinst, 2021). 

Accessing hard-to-reach and conflict affected areas is a prohibitive localised challenge to 

groundwater monitoring [NA1, NA2, ND1, ND2, ND5, NF1]. However, historical and nearby 

groundwater datasets can be used to calibrate groundwater simulations in affected areas, 

offering modelled groundwater information to high-level programmers in times of conflict 
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[PW4, UA1] (Veness et al., 2022). Equally, prior experiences of monitoring may incentivise 

local monitoring for better self-management of scarce resources in conflict areas [ND2].  

“in northern Tigray, Ethiopia, you don't have a chance… Like, the government's never gonna 
let you bring a bunch of sensors into Tigray.” 

-NA1 

Low interest in groundwater monitoring is an outstanding challenge due to a lack of 

understanding of the data’s value at high levels of decision making [UA1, UA2, MN1, NA1, 

NE1, UA2]. This includes politicians, who are in positions to institutionalise groundwater 

monitoring through legislation, licencing and policy [NE1, NF1, PW2, PW3, UC2]. Both 

humanitarian and government stakeholders have short institutional memories due to regular 

staff turnover and short-term funding periods, which has contributed to the discontinuation of 

previous monitoring projects [NE1, PW3]. Therefore, groundwater monitoring programs 

require local-national scale institutionalisation to be sustained long-term through future 

funding and political cycles [PW2, NE2].  

 

6.3.4   Groundwater Monitoring Implementation Framework 

This section completes an analysis of the thematically-coded expert recommendations for 

resolving monitoring system challenges, which have been interpretively organised into 5 

chronological themes. The analysis culminates in the presentation of a conceptual 5-stage 

implementation framework for groundwater monitoring that summarises the key 

recommendations. 

 

6.3.4.1   Stage 1 – Preparation & Procurement 

At the start of groundwater monitoring programs, there is typically initial enthusiasm among 

funding and implementing partners to skip to Stage 2 and immediately install sensors in a pilot 

system [MD5, PW3, PW5]. However, careful procurement and setup is required to avert 

challenges from arising later that will compromise project momentum [PW3, PW5]. 

“what we see time and time again is that people undertake a groundwater monitoring 
campaign with no actual plan about the management, presentation and frequency of 

collection or upkeep for that data. So what happens? Monitoring occurs for a couple of years 
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and then everyone forgets about it. Why? Because they can’t see the data. They can’t use it if 
they can’t see it, and then they wonder what the point of spending time and money on it is.” 

-PW5 

Starting with procurement, sensor testing must be completed to ensure those chosen are reliable 

and connecting to selected telecommunications networks where possible [MD2, MD3, MD5, 

UW2]. Furthermore, fully operational data servers and an online platform should be setup and 

populated with historic groundwater data collected through census of all relevant WRMs 

[PW5]. The platform should also digitise relevant planning information such as geological 

maps, borehole drilling reports, historic pumping tests and community key informant contact 

information to assist with data interpretation and increase engagement with the platform [MD5, 

MN1, PW5]. 

“before we start everything else - we just need in Somaliland a full water point census to 

figure out where they all are and what the baseline water table level is across the country.” 

-PW5 

Dedicated, full-time staff are needed to form a ‘data management centre’ at the national level, 

and district-level managers should be hired to coordinate management of local monitoring 

stations and data communication [PW3, PW5]. Field technicians with the skills to maintain 

sensors and communicate with hosting communities should also be resourced in project areas 

[PW3]. Initially, these staff bodies require partnership with external expert organisations to 

provide technology support, technical advice and continuous capacity building of the WRMs 

[UW2, ND4, MN2, A2]. This can be a consortium of partners across NGOs, the UN, the private 

sector and academic institutions to contribute respective expertise and improve institutional 

memory for the project [PW3, A2, MN2, ND4, NF2, NW3, UA1, UA2]. Non-profit partners 

are likely to be the source of project funding for the first years of the monitoring system before 

circular or alternative funding sources are secured at later stages [A2, ND4, NF2, NW4, PW2]. 

“you need information centres; you need small scale institutions that will champion 
monitoring. And that essentially means setting up work environments where you have got six 

or seven people working in smaller groups who are actively involved in quality assuring the 

integrity of data that's collected, entering it, and then making sure that the platform of data 

can fit into tools that people can use.” 

-PW3 

Data sharing agreements should be in place with partners and communities hosting the pilot 

system [A2, NW3, NW5]. Interviewees stressed the importance of making data open access 
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where possible [A2, NW3, PW2, NW4, UA1], though the feasibility of fully open data access 

depends on the public sensitivity of the wells being monitored and stakeholder-agreed data 

permissions [MN1, NW3]. For example, government and utility owned well data can be fully 

open access in politically stable areas [A2, NW3, PW2], whilst privately owned sources will 

require some data privacy restrictions following consultation with hosting community 

stakeholders [MN1, NW3].  

Local communities and WRMs are integral to the co-design of groundwater monitoring data 

outputs according to their information needs and data literacy [MD2, NF1, PW4, UC2, UW1 

UW2, UW4] (Contzen et al., 2023; Smith et al., 2023; Twomlow et al., 2022; Zulkafli et al., 

2017). Optimal outputs and design will vary between regions and stakeholder groups, so must 

remain adaptable during the remaining framework stages (Smith et al., 2023; Zulkafli et al., 

2017). Participant recommendations from this study of how to present groundwater data to 

different stakeholder groups are outlined in the Supporting Information (Section 6.5.2). 

 

6.3.4.2   Stage 2 – Pilot 

A dense network in a pilot district is a better simulation of the final monitoring system than 

sparse coverage across a national scale [MN1, NW1, GO1, A3] (IGRAC, 2020). Each 

installation requires community and local authority consultations, data-sharing agreements, 

trainings and capacity building workshops to secure long-term participation and active 

engagement [UW2, A2] (Contzen et al., 2023). Community capacity building is a resource-

intensive but essential systemic step for overcoming the challenges of groundwater monitoring 

(Figure 6.3) and unlocking the potential capacity of decentralised WRM stakeholders (Figure 

6.2).  

“without these trainings it is impossible to maintain monitoring because skilled local 

volunteers or paid workers are needed.” 

-UW2 

“Strategic” boreholes are a priority for monitoring, as well as being the most accessible for 

monitoring as they are often operated by the government, UN or NGOs [MD1, MD3, UW2, 

ND3]. A borehole is considered strategic if it has a high supply volume and resilience to 

drought, meaning it becomes an “anchor” borehole in dry seasons when other nearby sources 
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fail [UW1, UW2, PW4]. Experts stressed the importance of securing the supply of these in 

drought to avert mass displacement and food insecurity [UW1, UW2, NE2].  

“strategic boreholes, put the word in capitals and underline it - strategic boreholes!” 

-UW1 

“we cannot be only focused on the boreholes but also the major shallow wells” 

-UW4 

However, monitoring shallow wells and low volume boreholes is also important with many 

supplying 100s-1000s of people. These are a key early warning indicator of drought stress, 

since these shallow sources are frequently first to fail in drought [PW2, UW4] (Ford et al., 

2022). Securing these water points is important for mitigating the initial displacements and 

lifestyle impacts that mark the onset of socio-economic drought [PW2, UW4, MD3, ND2, ND3 

NW1, NW3, NW5, PW5, UA1, UC2, UW1, UW2, UW3, UW4]. Where long-term 

maintenance of monitoring in small community wells is too challenging or resource intensive, 

a short 1-year monitoring campaign can be sufficient for calibrating shallow well and borehole 

simulations in the monitoring system [UA1, UA2, PW4, PW5] (Veness et al., 2022). 

For privately owned boreholes, the operational benefits of data visibility will often be a 

sufficient incentive to participate if terms of data privacy are satisfied [UW1, NW1, NW4]. 

However, some owners may require financial or legal incentives to cooperate depending on 

local interest and context [MN2, UW2, NW1, NW4]. The growing popularity of Public Private 

Partnerships (PPPs) over community management committee approaches in WRM provides 

case studies of private providers transparently sharing public groundwater updates in this way 

[A2, MD5, NW1, PW2, PW3] (Adams et al., 2019; Hashi et al., 2016; Hashi and Barun, 2019). 

“we have these private companies and most of them do not have issues, because they also 
want to know this information. You know, they are curious to know how the water level is, 

how many hours were they pumping and how the drawdown is going. They're quite interested 

in knowing this information.” 

-UW1 

In some areas, manual groundwater monitoring may fulfil information needs and be easier to 

collect than sensor-borne monitoring information [NW2, NW4, PW5] (Ford et al., 2022; Mao 

et al., 2020, Zulkafli et al., 2017). Regardless of location and method, it is important that 

monitoring programs document key informant, engineer and relevant community details to 
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ensure institutional memory of previous interactions between stakeholder groups [PW3].  

 

6.3.4.3   Stage 3 – Expansion  

Once a pilot has achieved genuine support and engagement with the data by the intended 

stakeholders, the model can be repeated in other districts. The co-design process should 

continue with local stakeholders to account for different local capacities and information needs 

[A2, NW3, PW2, NW4, UA1]. Community workshops and capacity building programs must 

also scale through training of local implementation partners in each new district [UW2, ND4, 

MN2, A2]. 

 

6.3.4.4   Stage 4 – Institutionalisation 

Demonstrable benefits from monitoring will be persuasive evidence for political 

institutionalisation of the practice [MN1, PW5]. Positive value experienced at the local level 

will also increase support and compliance with legislation enforcing borehole monitoring and 

data reporting, which is an essential step for the institutionalised long-term maintenance of the 

system [MN1, PW5, MD5, NE1, PW4] (Foster et al., 2012).  

“you absolutely need to have long-term monitoring and pumping tests become a mandated 

part of the borehole drilling process.” 

-PW5 

Monitoring legislation should be introduced concurrently with formal drilling, borehole 

ownership and drilling supervision licences for those that comply with government standards 

[MN1, PW5]. The availability of monitoring data improves the feasibility of regulating and 

enforcing these standards [MN1]. This promotes professionalisation among decentralised 

WRMs, but it will require substantial financing to raise awareness of the policy change, provide 

training to licenced professionals and subsequently enforce the new laws [PW4]. 

“until the water authority has that power and has the resources to enforce [drilling 

standards and borehole supervision], or, if necessary, deploy its own supervision staff, 

nothing’s going to change.” 

-PW4 
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Depending on the financial capacity of the government and partner stakeholders, the 

monitoring can either continue to be funded by internal and donor funding, or ‘circular funding’ 

options can be considered, whereby revenue is generated by data productisation and reinvested 

into the monitoring system [PW4, PW5].  

“users would reasonably be expected to pay something for access to your data, which doesn't 

seem unfair, because keeping a database going costs money” 

-PW4 

A range of emerging stakeholders can gain significant value from groundwater monitoring 

data, to the extent that they would be willing to pay for access [PW4, PW5, A2, ND4, NF2, 

NW4, PW2] (Figure 6.1). Free, user-tailored access and communication must be maintained 

for founding WRM partners and communities. Furthermore, non-sensitive public groundwater 

information should remain open access [A2, NW3, PW2, NW4, UA1]. However, there is a 

clear and substantial revenue-generating potential in creating value-added, inter-operable 

hydrometric data products from insensitive or aggregated elements of the wider groundwater 

data suite [NA2, NE1, NF1, MD4]. This can be through simple fee-for-data services to users 

such as academics, NGO/UN analytics teams and private borehole drilling contractors, or 

through major financial players such as parametric insurance providers and commodity 

analysts that may invest in partnerships and access tailored data products [NA2, NE1, NF1]. 

The economics, ethics, potential externalities and appropriate structuring of productising and 

selling groundwater data all require further research and review, as these datasets will become 

a tempting revenue stream for its gatekeepers as the volume of data grows. An awareness of its 

economic value can help to ensure that it does not become corrupted and fraudulently sold, 

whilst also creating opportunity to negotiate among partners and develop new circular-funding 

arrangements. These partnerships can harness both the economic potential value and the social 

value of providing data products to emerging stakeholders [PW4, A2, NF2].   

 

6.3.4.5   Stage 5 – Operational System 

“It is important in the long term that the government then takes control of this system and 

their monitoring database too, so we are just the partners that are helping them to get setup 

with this process.” 

-UW2 
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Given the need for advanced skills capacities to maintain sensor technologies, coordinate 

monitoring networks and the generate advanced insights from data, the modal recommendation 

is long-term government water authority ownership of the data and monitoring system [A2, 

MD2, MN1, NA2, ND4, NE2, NW1, PW1, PW2, UW2, UW3]. This reflects the transition of 

the central water authority’s role from the practical completion of water engineering projects 

to a higher-level managing and coordinating body (Figure 5.4). Therefore, where monitored 

sources are privately or community-owned, these sources require data sharing agreements in a 

public-private partnership model specifying privacy and data access [NW1, NW4, A2, MD5, 

PW2]. In areas with weak government reach or capacity, non- or inter-governmental 

organisations can be initial providers of monitoring system governance before handing over to 

national or district governments once capacity and authority are established [PW3] (SWALIM, 

2023).  

This requires sufficient capacity in the receiving entity [UW2, PW3]. Private partners may 

remain necessary for technical support through the management of sensors and data, and they 

may assist with productisation and revenue-generation from the data if that funding pathway is 

chosen [MN1, PW3].  

Continuing communication between central government, district and community partners 

remains essential to avoid monitoring system failure due to a lack of locally observed benefits 

and a loss of local stakeholder support for data collection [PW3, NW2, UW2]. Maintaining this 

communication is also key to unlocking the capacity of decentralised WRMs (Figure 6.2). To 

ensure this, the monitoring system should complete annual reviews to continue optimising its 

setup and to ensure the data continues to be useful to its intended users (Maxwell et al., 2021).   

“If [local stakeholders] are not seeing those benefits, then that voluntary motivation could 

erode over time.” 

-NW2 

Participants stressed the need for substantial concurrent investment into the financial, technical 

and staffing capacities of government water authorities to make groundwater monitoring 

systems useful [A2, MN1, MN2, MN3, NA2, NE2, NF1, NF2, NW3, PW3, UA1, UA2, UC1, 

UW2, UW3, UW4]. Many evidence-based actions taken by WRMs would be resource and staff 

intensive, so there must be the capacity in place to proactively act upon data evidence.  
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“It doesn't matter if the government has all the information in the world if they only have one 
staff member, no money, and maybe no understanding of how to actually do anything with the 

data.” 

-UA1 

“we need capacity building of the team so that we can actually be able to take advantage 

over the data and take decisions when it is made available.” 

-MN1 

“there's currently a massive underinvestment in what's required to facilitate this transition 
and make it successful.” 

-PW2 

These expert recommendations are presented in a 5-stage conceptual implementation 

framework for the setup and governance of integrated groundwater monitoring and decision-

making systems (Figure 6.4). The framework presents the individual recommendation codes 

from the thematic analysis analysed in this section, and it interpretively organises them into a 

5-stage chronological sequence until an indefinite operational system is reached in Stage 5. 
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Figure 6.4. Expert-guided implementation framework for setting up integrated groundwater 

monitoring and decision-making systems in resource-scarce contexts. The bullet points 

represent individual recommendation codes from the thematic analysis of responses to 

interview Questions 10 – 12 (Chapter 2), whilst the codes are interpretively organised into an 

approximately chronological 5-stage sequence. Whilst these are pragmatically presented as a 

sequence, some stage transitions may be concurrent, iterative or cyclical in practice. 

 

6.4   Conclusions 

An inductive assessment of groundwater monitoring data’s potential applications and 

beneficiaries identifies substantial benefits for 18 different stakeholder groups (Figure 6.1). For 

Water Resource Managers (WRMs), the primary users of groundwater data, groundwater 
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information can support a systemic change to decision-making that evolves management 

towards more evidence-based, proactive and decentralised methods (Figure 6.2). Experts also 

identify system-wide benefits for WRMs through greater capacity building, communication 

and co-ordination of management activities. Emergent stakeholders with no prior experience 

of groundwater data may be able to use monitoring information as an evidence-base for aid 

financing and numerous other applications, if it can be processed and communicated to their 

information needs and levels of data literacy.  

The major challenges to the setup of monitoring systems are technology, capacity and 

community participation (Figure 6.3). Continuing to improve user-friendly groundwater 

monitoring sensors for automated data collection, transmission and processing has the potential 

to significantly alleviate monitoring implementation challenges. However, this must also be 

supported by concurrent investment in the financial and technical capacities of authorities, 

communities and partner WRMs to ensure they can take scaled, evidence-based actions upon 

groundwater data. Overcoming these challenges requires cross-disciplinary partnerships to 

support water authorities, drawing together experts in the relevant political, humanitarian, 

economic, social and technical fields. 

A 5-stage, expert-guided implementation framework organises expert recommendations for 

setting up sustainable groundwater monitoring and decision-making systems that realise the 

data’s potential value to users (Figure 6.4). Thorough preparation, procurement (Stage 1) and 

piloting (Stage 2) can ensure sufficient monitoring infrastructure, institutional capacity and 

stakeholder co-design are developed before expansion (Stage 3). Skipping these first two stages 

has been a persistent cause of monitoring system failures in Sub-Saharan Africa previously 

(Adelana, 2009; Foster et al., 2012; IGRAC, 2020; Maxwell et al., 2021; Pavelic et al., 2012; 

World Bank, 2020). Institutionalisation (Stage 4) for long-term maintenance of groundwater 

monitoring can be achieved through legislation and professional licencing to make 

groundwater monitoring mandatory. Equally, long-term funding may be secured for the system 

through the sale of value-added groundwater data products or by securing long-term grant 

funding. Governments, communities and local partners will be able to take responsibility and 

ownership for the operational monitoring and data system (Stage 5) if there is a commitment 

to capacity building by partner stakeholders throughout the first 4 stages.  

By assessing the benefits and outstanding challenges of groundwater monitoring, this paper 

advances the evidence basis for decisions regarding its investment. By constructing an 
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implementation framework, it provides a pragmatic guide for the setup of these systems once 

programs are funded. Unbiased appraisals of groundwater monitoring programs are 

uncommon, but it is important that the next generation of monitoring systems are continuously 

evaluated to both optimise those systems and generate case-studies that elucidate their value 

and attract further investment. 

The qualitative scoping in this study can instigate two streams of further research. First, the 

qualitative scoping of users and beneficiaries is an important pre-requisite step before 

quantitative valuations (Kumar et al., 2010). Therefore, now that the users, applications and 

benefits of groundwater data have been scoped in the Horn of Africa’s context, deductive 

quantitative valuations for these users can be completed to further elucidate the value of 

groundwater data to potential investors or donors. Second, valuations and clear implementation 

pathways are absent for most hydrological variables and contexts, but they are needed to 

provide a better cost-benefit basis for their investment. Therefore, the simple qualitative 

approach demonstrated in this study can be replicated for other variables and situational 

contexts to fill this knowledge gap. Valuation is fundamental to investment (Garrick et al., 

2017), and hydrological data needs much clearer value propositions and pathways to 

implementation if it is to attract greater interest from potential investors or donors.   
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6.5   Supporting Information  

6.5.1   Recommended Groundwater Data Presentation 

User-centred design is an important but frequently neglected step in the setup of monitoring 

and communication networks (Maxwell et al., 2021; Zulkafli et al., 2017). For information to 

be useful to users, systems must provide the desired data in an interpretable and engaging 

format at the correct spatial resolution and frequency (Twomlow et al., 2022). Participants in 

this study made recommendations for groundwater data presentation (Figure 6.5).  

 

Figure 6.5. Expert recommendations for groundwater data presentation, thematically coded to 

the relevant stakeholder group. 
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The modal suggestion is for groundwater levels to be contextualised with historical data, so 

water levels can be presented as anomalies and be directly compared to water levels during 

previous drought events [NA1, NE1, NE2, NF1, PW5, UA2, UC1]. This simple contextualising 

information transforms a raw groundwater level reading into an understanding of its local and 

regional socio-economic impacts. Although each drought has unique factors modifying the 

event, comparison of water levels to previous droughts enables a 1st order comprehension of 

the severity [NF1, UC1]. A lack of long groundwater time-series is a challenge to providing 

this; however, short time-series of groundwater level readings can be used to calibrate borehole 

simulations of water levels over previous decades to generate this comparison (Veness et al., 

2022).  

“we get a lot of questions of how's the current situation compared to 2011 or 2017, which 
were the last big drought emergencies [in East Africa]. And so, in any of these maps, you 

should be able to pick those years and compare.” 

 

-UC1 

“But we need more than just, oh, the water level’s low. We need to know if it's historically 
low when compared to 2010, in the lead up to a famine, or, if it's historically low compared 

to 2016 - 2017. Well, we know that was, you know, one of the worst droughts ever, right? 

Like, that little bit of synthesis of the information, even within a dashboard is like, incredibly 

useful, I think, to us.” 

-NA1 

Thresholds for action can be defined for different stakeholders and communicated alongside 

groundwater data. This “combines groundwater data with the common analytical frameworks” 

[NA1], where typically a range of monitoring indicators are used by governments and 

humanitarian agencies with thresholds beyond which pre-defined actions are triggered. By 

clearly displaying the data relative to the threshold-levels for triggering action, the data 

becomes more actionable [NF1]. For WRMs and communities, the interpretation of the data 

will often need to be more detailed and granular, therefore requiring full data access for more 

detailed planning than simple thresholding [UA1].  

 

WRMs require full detail data access as well as simplified pre-analysed groundwater data 

outputs, accounting for the range of data literacy in these institutions and the complexity of the 

decision-making required [NF1]. However, a groundwater information system should also 

contain supplementary planning information to contextualise the quantitative water level, 
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quality and pumping data with qualitative groundwater data [NA1]. The well’s function, 

historic engineering reports and the livelihoods of those accessing the water adds decision-

making value to the groundwater data by framing it in the context of the users. For example, 

water quality can be maintained at a higher threshold if the well is known to be used for 

drinking, or, a borehole’s functionality can be prioritised if it is the anchor domestic drinking 

source in the local district [NA1, UA1].  

 

“in which livelihood zones is this shortage occurring? And is this occurring in areas where 
you know water levels are important, and may be a tipping factor as they are in agro-

pastoralist areas where, if you lose water supply, your goats can't get to the next water point 

along and you're looking at a collapse of the market?” 

 

-NA1 

Qualitative, contextualising information on livelihoods and their vulnerability to groundwater 

shortages is also important for emerging stakeholders, whose lack of groundwater expertise 

risks misinterpretations of raw data [UC2, UW4]. It is better therefore to provide pre-analysed 

groundwater data outputs, where pre-analysed figures are explained by an expert using simple 

terminology [UW4, NF1]. Periodic reports and data outputs on a weekly or monthly basis are 

useful, given the longer temporal gap between high-level decision-making among emerging 

stakeholders [NF1]. These outputs should be interoperable with other hydrological data, 

integrated with existing monitoring and early warning systems, and presented in an attractive 

style that will increase engagement by potential users [UA2, NA1]. 

 

For community WASH committees, private engineers and domestic users, effective 

communication of data analysis insights can be useful for highlighting invisible threats such as 

declining borehole efficiencies and water qualities [PW3]. It can also help diagnose the cause 

of borehole failures when causes are complex [PW3, PW4, NW2]. Where there is low data 

literacy, findings need to be explained verbally or through simple data presentation and basic 

explanation of findings [MD2]. Data literacy and usage of smart phones are increasing across 

Sub-Saharan Africa (IGRAC, 2020; World Bank, 2022a), so for many, online platforms and 

smart phone applications can be an effective tool for a 2-way transfer of monitoring 

information, data insights and discussion. Communities must be regularly engaged as central 

participants in monitoring and linked decision-making systems through regular forum between 

stakeholders, where information, ideas and solutions can be shared [UW1]. 
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7 Discussion 

7.1   Overview 

 

Prior to the conclusion (Chapter 8), which sets out academic contributions and a research 

outlook, this chapter draws together the findings to discuss their relative contributions to the 

overarching issue of resolving data scarcity in WRM (Chapter 7.2). It then hosts a discussion 

of the study limitations, the subsequent confidence in my findings, and the generalisability of 

those findings to evaluate the validity and strength of the respective chapter conclusions 

(Chapter 7.3). Chapter 7.4 then extends the discussion of attracting investment towards water 

monitoring, exemplifying the need for innovation and rebranding to attract investors once a 

clearer investment and feasibility basis has been established. 

 

7.2   Towards Resolving Data Scarcity in WRM 

 

Each of the chapters address different knowledge gaps across the theme of resolving data 

scarcity issues in WRM. Chapter 3 first contextualises the problem of data scarcity using the 

case study WRM and drought in the Horn of Africa. By initially establishing barriers to drought 

management, the chapter exemplifies the impacts of data scarcity and its inter-relationships 

with other drought management barriers in the Horn of Africa. By then establishing stakeholder 

information needs in drought and water resources management, Chapter 3 also elucidates the 

potential role of hydrological data in the humanitarian management of droughts. Its mapping 

of water monitoring information needs sets up Chapters 5 and 6, which assess the practical 

viability of meeting groundwater data information needs in the Horn of Africa and the benefits 

of groundwater data to those stakeholders. Although Chapter 4 principally focusses on the re-

conceptualisation of the drought DRM paradigm framework, its emphasis on shifting 

operational frameworks towards ex-ante drought management also highlights the importance 

of hydrological data in enabling ex-ante management mechanisms. Chapters 3 – 6 therefore all 
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serve to elucidate the benefits of water monitoring data to advance its investment basis, and 

Chapters 5 – 6 further advance the feasibility basis of monitoring through improved technical 

and operational methods of setting up groundwater monitoring systems.   

Given the broadness of the theme, the chapters as a collective do not fully ‘resolve’ all the 

knowledge gaps related to data scarcity in WRM. For example, the sole focus of Chapters 5 

and 6 on groundwater data omits other hydrological variables, and the regional focus on 

Somaliland, Somalia and the Horn of Africa does not capture drought processes in other global 

regions similarly suffering from data scarcity. However, in taking the case of the Horn of Africa, 

where the nexus of issues in groundwater, drought and WRM are especially acute, the research 

targets priority issues relevant to data scarcity and has findings that have relevance for WRM 

and drought DRM internationally (Chapter 7.3). The chapters also aim to instigate further 

research into the theme with their respective contributions. For example, Chapter 5 invites 

adaptation of the groundwater model and data presentation to local contexts, and Chapter 6 

provides a methodological template for further qualitative research into the value of other 

hydrological variables and situational contexts. The full list of identified research topics to 

build upon the findings of this research are detailed in Chapter 8.  

 

7.3   Limitations, Confidence and Generalisability of Findings 

 

The limitations of the semi-structured interviews (Chapter 7.3.1), quantitative methods 

(Chapter 7.3.2) and the extent to which they effect the confidence of respective findings are 

discussed here. The generalisability of the findings considering the spatial scope of the data 

collection (Chapter 1.2) is also discussed (Chapter 7.3.3). Given the range of limitations and 

the varying generalisability of the findings across the chapters, the inclusion of this discussion 

aims to support the reader in their own interpretations of their confidence in the findings, 

conclusions and the extent to which they can be generalised. 

 

7.3.1   Qualitative Methods 

The semi-structured interviews (Chapters 3, 4 and 6) had limitations in their sampling, 

interview methods, data presentation and results validation. 
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For interview sampling, capturing a representative set of interviewees for analysing complex 

multi-stakeholder, multi-scale drought and water resource management systems was a 

challenge. The scale of the systems meant that it was not possible to represent all positions 

across all stakeholder groups, so it was a practical decision to prioritise experts above a 

minimum level of experience who could account for their own roles and those of their 

colleagues during the interviews (Gumucio et al., 2021; Mach et al., 2019). In the 42-expert 

sample, stakeholders in academic and regional roles are over-represented compared to local 

stakeholders, and it is a further limitation of the regional system-scale analysis that local 

stakeholders were mostly sourced from Maroodi Jeex, Somaliland, with only 1 district level 

stakeholder from ASALs in each of Ethiopia, Uganda and Kenya. Not all major institutional 

groups are captured in the Horn of Africa region either, such as some government ministries or 

meteorological organisations. Sampling was limited by access, time, funding and difficulties 

of engaging expert stakeholders during the humanitarian disaster that followed drought during 

2022-2023 (Chapter 2.2; OCHA, 2021a; UNHCR, 2021). To reduce representation gaps, 

stakeholders were encouraged to discuss the roles of other stakeholders in their interviews 

(Chapter 2), and the later sampling was targeted to ensure that most of the stakeholders 

previously identified as being important were represented. The number of new codes arising 

during the qualitative coding of each interview was tracked in NVivo as an indicator of when 

to complete interview sampling, which was at the stage when the amount of information arising 

from interviews became relatively low (Galletta, 2013; Saldana, 2021). 

One limitation of the interview method related to the diversity of backgrounds among the 

participants interviewed. There was a need to simplify or situationally rephrase questions to 

stakeholders of different job roles, educational backgrounds or language capabilities, risking 

the introduction of interviewer bias in the responses (Galletta, 2013; O’Keeffe et al., 2016). 

The frequency of this was reduced by designing a simple interview template with open 

questions that were relevant and comprehensible by different stakeholder groups. A further 

limitation was the choice to conduct different interview sections for Chapters 3 and 6 during 

the same interview, which risked a bias in the results from the second part of the interview 

towards themes discussed in the first part of the interview. This was partly mitigated by 

significantly shifting the topic of questioning in the second part towards groundwater 

monitoring issues to avert significant overlap in the answers.  
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Whilst the data presentation of thematic plots to show the codes, themes and sub-themes from 

the thematic analysis are straightforward representations of the analysis results, the conceptual 

diagrams presented in the discussions of Chapter 3, 4 and 6 are more subject to bias in their 

design (Chapter 2.3.5; Patton, 2015; Mills et al., 2006; Saunders et al., 2015). The design of 

the conceptual diagrams represents my interpretations of the interview findings, but bias may 

be sourced from my pre-conceptions on the topic and my subjective interpretations of the 

interview data and its meanings. To avert these biases, the diagrams were iteratively discussed 

with colleagues familiar with my research during their design. All conceptual diagrams also 

received general feedback following their initial design from one of the expert participants 

(Thomas, 2016). This is less robust than a validation of the findings through feedback from 

multiple participants, however, repeat contact with the majority was difficult given their expert 

roles and their ongoing involvement in the Horn of Africa drought (Chapter 2.2). More 

participants are now being contacted for feedback as these chapters are prepared for academic 

publications, and the chapters will subsequently undergo a further academic peer review 

process prior to publication. 

Despite facing these limitations, the methods followed common procedures of semi-structured 

interview and qualitative analysis (Chapter 2), and the research chapters reach conclusions 

supported by evidence from an expert stakeholder sample representative of most major 

stakeholder groups in WRM and DRM in the Horn of Africa. Whilst there is greater subjectivity 

in the weakly validated conceptual models (Thomas, 2016), these are transparently presented 

as being conceptual in the discussion sections of the chapters and they are closely derived from 

interpretations of the interview data in their design. 

 

7.3.2   Quantitative Methods 

The discussion and conclusions of Chapter 5 discuss uncertainty explicitly in challenging a 

paradigm in academic literature of favouring hydrological modelling confidence over practical 

viability in resource-scarce contexts (Beven, 2001; Mackay et al., 2014; Nature Sustainability, 

2021). The limitations and uncertainties are therefore transparent in its methods. There is input 

uncertainty from the TAMSAT rainfall data, calibration uncertainty from equifinality, 

uncertainties in the lumped model design due to unrepresented physical processes, uncertainty 

in the short validation approach, and the study is only completed on 3 wells. However, in 

discussing the trade-offs between practical utility and modelling uncertainties, the conclusions 
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invite those adopting the method in practice to establish acceptable uncertainty thresholds that 

are specific to the local decisions that the modelling is being used to inform (Maxwell et al., 

2021; Zulkafli et al., 2017).  

 

7.3.3   Generalisability 

In its focus on the ASALs of the Horn of Africa, especially the neighbouring ASALs of 

Somalia, Somaliland, eastern Ethiopia, northern Kenya and northern Uganda, the study 

captures a cross-border region with similar rural and urban livelihoods, climates, 

infrastructures, levels of governance, and issues of WRM (Chapter 1.2; Bjornlund et al., 2020; 

Hughes, 2019; Thomas et al., 2020; UNESCO, 2021; UN-Water, 2022). There are limitations 

in generalising this specific region, such as an under-representation of frequent conflict zones, 

political differences, local differences in livelihood vulnerabilities and areas of more acute 

water scarcity (Krampe et al., 2020). However, the similarities (discussed in Chapter 1.2) are 

appropriate for collective consideration in a systems-analysis that needs to be regional scale to 

fully capture important humanitarian stakeholders that operate at the regional level. A 

consideration of intra-regional differences and nuances is also maintained throughout the 

interviews and analyses, and elements of discussion in each of Chapters 3 – 6 raise the 

importance of localising the qualitative and quantitative approaches that build on the methods 

of this study in future research and practice.  

The generalisability of the findings beyond the data collection area of Somaliland and the Horn 

of Africa ASALs (Chapter 1.2) is variable depending on the specific finding (Polit and Beck, 

2010). Specifically, the generalisability depends on the contextual similarity of the 

phenomenon between the study region and other regions (Larsson, 2009; Lincoln and Guba, 

1999). Issues of barriers and information needs in drought management are particularly 

context-specific, modified by significant differences in local climates, populations, livelihoods, 

infrastructure, stakeholders and governance systems. As such, Chapter 3 makes its conclusions 

for the Horn of Africa specifically, with the ASALs within the Horn of Africa the subject of 

most of the discussion and analysis as the most vulnerable regions with the most acute 

management challenges (Chapter 1.2). However, given the humanitarian target audience and 

the international remits of major humanitarian stakeholders in NGOs, the UN and the private 

sector, the findings in the Horn of Africa will have some familiarity and relevance for 

stakeholders operating internationally, especially in ASALs of low- and middle-income 
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countries (Larsson, 2009). Chapter 6, like Chapter 3, presents the results and conclusions from 

the interviews as a case study of the Horn of Africa. However, its focus on groundwater 

monitoring data scarcity is a theme that is similarly shared across ASALs of low- and middle-

income countries internationally. The chapter makes clear that valuations and benefit scoping 

will be context specific, and it encourages the application of similar methods in different 

situational contexts to generate local investment bases for groundwater monitoring. 

Chapter 4, in contrast, makes conclusions on drought management themes for countries 

internationally, due to the inclusion of internationally-focussed literature in its commentary-

style narrative review. Interview data from the Horn of Africa and groundwater data from 

Maroodi Jeex, Somaliland are used as a collective case study to evaluate traditional and 

emerging drought DRM concepts. The interview data from one case study is in this case is 

considered sufficient to demonstrate practical issues in applicability of existing drought DRM 

concepts and the practical advantages of emerging concepts (Larsson, 2009). The proposal of 

an updated drought management framework deliberately includes terms that are adaptable to 

different local contexts, and the discussions within the chapter encourage the further adaptation 

of the proposed framework to local contexts. 

Chapter 5 demonstrates a method that is applicable to other well sizes, climates, 

hydrogeological settings, and it invites adaptations of its methods according to local context.  

 

7.4   Attracting Water Monitoring Investments 

 

Chapters 3 – 5 each state a policy recommendation for greater investment in local hydrological 

data in their conclusions. Chapter 6 then advances the investment basis for groundwater data 

through a scoping of stakeholder benefits and an assessment of expert recommendations for 

practical implementation. Providing an improved investment basis is critical to attracting 

investment towards hydrological data collection, however, concurrent efforts to rebrand and 

communicate the value of these data is also necessary to engage potential investing 

stakeholders (UNESCO, 2022; UN-Water, 2023). 

In Chapter 6, WRM stakeholders noted that hydrological monitoring does not have a reputation 

that excites investors or donors. Perceptions of the practice have been eroded by the technical 

challenges of collecting the data, the unclarified value of the data, a history of poor 
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communication of data insights, and a longer history of failed attempted monitoring projects 

(Foster et al., 2012; IGRAC, 2020; Pavelic et al., 2012; Sarni et al., 2018; World Bank, 2020; 

Adelana, 2009). In the food security and humanitarian sectors, there are comparable examples 

of data services with contemporary branding that have achieved substantial investment and 

engagement, such as The Humanitarian Data Exchange (HDX), the Famine Early Warning 

Systems Network (FEWS NET), and privately-owned Gro Intelligence (Chapter 3). For water 

monitoring systems, input from communication experts can help to establish how they can 

similarly reimage the practice to appeal to potential investors and users. The development and 

promotion of monitoring systems can be catalysed by championing organisations or consortia 

(Chapter 6.2.4.1). Such organisations will need specialist expertise in both the sociological and 

technical elements of water monitoring systems for them to support the range of implementing 

stakeholders with expert capacity (Bosco, 2006; Cressman, 2009; Krige, 2001; Law, 1992; 

Law et al., 2012). 

Investments in hydrological monitoring systems should be matched with parallel investments 

in resolving the implementation challenges identified in the thematic analysis (Chapter 6; 

Maxwell et al., 2021; UN-Water, 2021b). Monitoring technologies, despite their potential to 

significantly reduce the challenges of hydrological monitoring, still suffer from high costs, 

unreliability and issues of power and telecommunication despite advancements in low-cost 

sensor networks and IoT (Chapter 6). Continued innovation in environmental sensors can 

improve existing technologies for purpose in low- and middle-income countries. There is 

equally a need for concurrent investment in WRM institutional capacities so that they can 

effectively govern water monitoring systems and have sufficient capacities to act upon 

information provided by hydrological data (Chapter 6). Attracting investment in institutional 

capacities also requires more regular valuations (Garrick et al., 2017). As such, there is also 

potential for hydrological monitoring data to generate evidence to support value propositions 

for investing in long-term institutional capacities (Chapter 6).   
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8 Conclusions and Outlook 

 

The first findings presented in this thesis identified water monitoring data scarcity to be one of 

the leading barriers in the disaster risk management (DRM) of droughts in the Horn of Africa 

(Chapter 3), exemplifying the humanitarian consequences of reactive, information scarce 

systems of water resources management (WRM). The proceeding findings have then addressed 

key knowledge gaps relevant to the objective of resolving data scarcity and associated issues 

of WRM and drought DRM. The findings advance our understanding of the potential benefits 

and applications of water monitoring data, as well as our understanding of how data scarcity 

can be resolved in practice. Here, the individual academic contributions of the chapters are 

synthesised (Chapter 8.1) and their collective contribution towards resolving data scarcity in 

WRM is reviewed (Chapter 8.2). The thesis then concludes by outlining the outstanding 

research needs to further develop the research findings (Chapter 8.3). 

 

8.1   Academic Contributions 

 

8.1.1   Chapter 3 – Proactive Drought Management Needs Water Security Data 

After contextualising the issue of data scarcity as one of the leading barriers to drought DRM 

in the Horn of Africa (Objective 1), Chapter 3 responds to calls for humanitarian information 

systems to be more user-centred in their design, by assessing the respective information needs 

of expert stakeholders in drought management (Objective 2; Maxwell et al., 2021; Zulkafli et 

al., 2017). It found that over 75% of its expert interview participants perceive unmet water 

security information needs for improved drought DRM, identifying potential applications for 

the data that fall into two major themes. First, WRM stakeholders can use higher-resolution 

datasets of water availability, access and use to inform their long-term planning of more 

resilient water supply systems, as well as the shorter-term, rapid detection of water insecurity 

risk to guide anticipatory actions. Second, humanitarian financing stakeholders described the 
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potential for processed water security data to improve the confidence of value propositions for 

financing WRM and humanitarian anticipatory action projects. The chapter is novel in its 

inductive assessment of drought DRM stakeholder information needs at the system-level 

(Objective 2), and the finding that local water security datasets can support ex-ante mechanisms 

of humanitarian financing has important actionable implications for stakeholders in 

coordinating and financing roles.  

 

8.1.2   Chapter 4 – Updating the Drought Management Framework 

Chapter 4 took a novel mixed-methods approach to assessing paradigm concepts of drought 

and DRM, in a commentary-style narrative review designed following the identification of 

conceptual barriers to DRM in Chapter 3 (Objective 3). Using expert interview accounts of 

management during the Horn of Africa 2021 – 2023 drought and groundwater data collected 

in Somaliland, it is novel in reviewing whether existing paradigm concepts in the literature 

reflect the modern operational objectives and practical realities of drought management. The 

study first found that practical realities do not accord with the literature’s paradigm 

representation that agricultural droughts precede hydrological droughts. For manifold reasons, 

such as complex hydrogeology and non-linear human abstraction behaviours, negative 

anomalies in groundwater or fluvial stores can precede those measured in agricultural and soil 

moisture stores. Therefore, to avert an incorrect inference that agricultural shortages are likely 

to precede water shortages, the conclusions recommended the omission of drought propagation 

concepts from drought DRM frameworks.  

Next, by comparing interview accounts of drought DRM actions taken in the Horn of Africa 

with definitions of mitigation, preparedness, response and recovery from the common DRM 

framework (UNDRR, 2016), the findings demonstrate conceptual issues with applying the 

preparedness concept to drought. The common perception of the term ‘preparedness’ as 

referring to preparation for events occurring in the future creates a conceptual ‘grey area’ 

following the physical onset of drought and before the onset of humanitarian emergency 

response. This ‘grey area’ fails to attract significant disaster risk financing investments, yet it 

is an urgent management window of weeks-months where specific and targeted actions can 

mitigate the translation of physical drought into socio-economic impacts (Coughlan de Perez 

et al., 2015; Staupe-Delgado and Kruke, 2018). Based on literature and expert applications of 

the term in the interviews, the study concludes that the ‘anticipatory action’ conceptual 
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innovation closely aligns with this window and better describes the unique, evidence-based 

mitigating actions taken between a drought’s first forecast and the onset of humanitarian 

emergency response (CERF, 2021b; FAO, 2021a; Wilkinson et al., 2020; Guimarães Nobre et 

al., 2019). In the chapter’s conclusions, I recommend the inclusion of anticipatory action in 

common drought management frameworks together with the concept of ‘resilience building’, 

which is conceptually more people-centred and context-specific in its definition and application 

for pre-disaster activities than the concepts of mitigation and preparedness (Chang and 

Shinosuka, 2004; Hemond and Robert, 2012; IFRC, 2016). The proposed update of the 

framework to resilience building – anticipatory action – emergency response – recovery is a 

pragmatic recommendation based on the updated concepts better reflecting the objectives and 

operational realities of drought management, as well as the increasing popularity of the 

resilience building and anticipatory action conceptual innovations in literature and practice 

relative to traditional DRM concepts (Meadowcroft and Fiorino, 2017; Wilkinson et al., 2020; 

FAO, 2021a).  

 

8.1.3   Chapter 5 – Localizing Hydrological Drought Early Warning Using In Situ 

Groundwater Sensors 

Chapter 5 addresses the need to assess the practical feasibility of upscaling water monitoring 

networks in challenging monitoring environments, given their potential humanitarian benefits 

identified in Chapters 3 and 4 (towards Objective 5). The chapter developed methods of 

groundwater well simulation that require weeks rather than multiple years of observational 

data. These findings challenge the multi-year calibration paradigm in groundwater modelling 

literature, demonstrating that models with short calibrations still improve the data available for 

drought early warning and humanitarian decision making compared to having no local data 

inputs at all. The study found that simple lumped groundwater models with short calibrations, 

trained by just 7-weeks of observations covering both wet and dry season intervals, 

significantly improve the quantification of local groundwater availabilities when compared to 

satellite-based indicators frequently used to infer water availability by proxy. The results also 

presented an appropriate method of groundwater level data analysis and presentation that is 

tailored to non-expert humanitarian users. Water levels were presented relative to each well’s 

unique critical depth to contextualise water levels in terms of relative water availability, and 

the model further demonstrated a capability to simulate water levels during historic drought 
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events for comparison with real-time water levels to support humanitarian decision-making 

(Objective 4).  

 

8.1.4   Chapter 6 – Unlocking the Benefits of Groundwater Data 

Chapter 6 explicitly addressed the practical need for a clearer investment basis for hydrological 

data (Garrick et al., 2017; Hamel et al., 2020; Pandeya et al., 2016; Stewart, 2015; Sugg, 2021; 

UN-Water, 2021a), by establishing groundwater monitoring data’s potential applications and 

beneficiaries in the Horn of Africa (Objective 4), as well as the outstanding challenges for 

sustainable monitoring systems and how they can be resolved (Objective 5). Many benefits 

were identified for 18 different stakeholder groups in the thematic analysis. For Water 

Resource Managers (WRMs), the primary users of the data, groundwater information is 

considered to shift methods of WRM towards more evidence-based, proactive and 

decentralised approaches. Applications of groundwater data were also identified for emergent 

stakeholders with no prior experience of working with the data, such as for humanitarian 

financing and parametric insurance applications, if the data can be analysed and tailored to 

their information needs. The study found that immature technologies, weak institutional 

capacities, and difficulties of community access and participation are the principal challenges 

for upscaling monitoring networks. Its conclusions emphasise the need to address these 

challenges with concurrent investments in technological innovations, institutional capacity 

building and improved monitoring practices for monitoring systems to achieve long-term 

sustainability and fully realise their potential value to stakeholders. Expert recommendations 

for future implementation practices were summarised in a 5-stage framework, detailing 

perceived best practices through the different stages of groundwater monitoring system setup 

from preparation (Stage 1) and piloting (Stage 2) through to expansion (Stage 3), 

institutionalisation (Stage 4) and a fully operational monitoring system (Stage 5).  
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8.2   Contribution Towards Resolving Data Scarcity in WRM 

 

Through their respective contributions (discussed in Chapter 7.2), Chapters 3 – 6 all advance 

the investment basis for water monitoring data by elucidating its potential benefits and 

applications, and Chapters 5 – 6 further advance the feasibility basis of monitoring by 

improving the technical and operational methods of monitoring. Collectively, the chapters do 

not entirely resolve the many outstanding knowledge gaps related to data scarcity in WRM, 

given this study’s principal focus on groundwater data, drought and the Horn of Africa 

compared to other hydrological variables and situational contexts. Furthermore, wider 

reductionism or generalisation of the findings should be applied cautiously, due to the 

limitations of sampling representative experts in this study and the locational nuances of the 

management of these issues (Chapter 7.3). However, by studying the Horn of Africa, where the 

nexus of issues in groundwater, drought and WRM are especially acute, the research addresses 

critical knowledge gaps pertaining to the issue of data scarcity, with many of the findings 

having a wider relevance to international WRM and drought DRM (Chapter 7.3).  

The final research chapter (Chapter 6) most explicitly addresses the issue of resolving data 

scarcity in WRM. Through its novel assessment of the benefits and recommended practical 

solutions for monitoring, the chapter most directly advances the investment basis for 

groundwater monitoring systems. Its methods and findings can support two important streams 

of further research to continue developing the investment base for hydrological data. First, the 

findings of the mapping can be used to guide quantitative valuations of groundwater data in 

the Horn of Africa, ensuring that a more complete range of beneficiaries and applications are 

accounted for. Second, its qualitative methods can be replicated for other hydrological 

variables and situational contexts to generate a larger global evidence base of the value and 

feasibility of hydrological data systems. Establishing more confident value propositions and 

clearer feasibility bases can increase investment in water monitoring systems if communicated 

effectively to potential investing stakeholders (Chapter 7.4). Therefore, concluding the 

research with Chapter 6 and its outlined routes to further develop the findings intends to 

instigate further research, practical solutions and investment towards resolving data scarcity 

and associated issues in WRM (Chapter 8.3). 
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8.3   Research Outlook 

 

In Chapters 3 – 6, many knowledge gaps in need of academic research to build upon the 

findings were identified and elaborated. Here, they are organised into themes and presented in 

Table 8.1, with an explanation of their importance to policy and practice. In total, 27 areas in 

need of academic research are detailed. Each of the topics are constructive towards the 

objective of resolving data scarcity in WRM by improving the investment basis or the practical 

feasibility of integrated monitoring systems. The abundance of unresolved knowledge gaps 

exemplifies the role of research scarcity in the subsequent scarcity of water monitoring 

solutions, as well as, inversely, the potential for academic research to now affect future 

decisions regarding water monitoring investments. 

 

Table 8.1. Academic research needs identified during the research study and their importance 

to policy and practice relevant to resolving data scarcity in Water Resources Management 

(WRM).  

Theme Academic Research Needs Importance to Policy and Practice 

Financing Qualitative & subsequent 

quantitative valuations for all 

hydrological and water security 

parameters (general, non-context 

specific). 

Elucidates the value of water 

monitoring data as a basis for their 

investment. 

Deductive, quantitative system-level 

valuations for water monitoring 

systems in low- and middle-income 

countries. 

Elucidates the value of water 

monitoring systems as a basis for 

their large-scale, long-term 

investment. 

 

Evaluations of the relationships 

between water availability, water 

security and food security in 

different contexts. 

Establishing the link enables the 

forecasting of water and food 

security from hydrological data. 

Attracts investment in WRM from 

broader development-interested 

stakeholders. 

Political barriers to disaster risk 

management (DRM) financing and 

how to solve those barriers. 

Provides a more complete 

assessment of causes of low 

investment in DRM for their 

resolution. 

Potential for indexing agricultural 

microinsurance and drought 

parametric insurance by in-situ water 

monitoring data. 

Resolving the monitoring scarcity, 

basis risk barrier to greater asset 

insurance can unlock pre-positioned 

finance for timely, index-based 

drought and asset financing. 

Detailed study of how to integrate 

water monitoring data into ex-ante 

Creating a clearer feasibility basis 

and pathway for water monitoring 
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humanitarian financing mechanisms, 

through a deeper interview study of 

financing stakeholders. 

data indexed humanitarian financing 

can encourage their development. 

Users Communication methods for water 

monitoring data according to 

different user needs. 

Optimised communications increase 

value realisation of monitoring data. 

Rebranding of water monitoring to 

investors and users. 

Attracts investment in water 

monitoring data and its engagement 

by users. 

Innovative communication of water 

monitoring analysis to users of low 

data-literacy. 

Formalising methods and best-

practices for qualitative discourse 

and quantitative data communication 

to low-literacy users is under-

researched for water monitoring data. 

It optimises the data’s value 

realisation. 

Training and capacity-building 

methods for WRM stakeholders in 

low- and middle-income countries. 

Theory of how to optimise and 

structure capacity building can 

increase efficacy and investment. 

Perceptions in other sectors of water 

security’s importance to their 
practice. 

Identifies sectors undervaluing water 

to appeal to with rebranding and 

communications. Attracts users and 

investment. 

Implementation Development of affordable in-situ 

hydrological sensors with 

commercial reliability, easy 

implementation and real-time 

transmission (e.g., local rainfall, 

groundwater level, river level, water 

quality sensors). 

Existing sensors are not yet fit for 

commercial purpose, despite 

sufficiently advanced technology. 

Fit-for-purpose sensors can be 

developed ready for 

operationalisation. 

More reliable methods of data-

transmission in signal-poor areas. 

Enables automated monitoring in 

hard-to-reach areas. 

Technical and institutional 

structuring of national and district 

information management centres; 

potential for integration with existing 

Early Warning Systems (EWSs). 

Lack of framework for their setup 

prohibits investment and may reduce 

their efficacy in data management. 

Best practices for operationalisation 

of densely gauged hydrological 

monitoring systems in low- and 

middle-income countries. 

Guidance for legal setup, funding 

mechanisms, staffing, reporting, 

community engagement, information 

management, data access rights, and 

other issues of governance. 

Water prices as a predictor for food 

insecurity in drought-prone regions. 

It is an easy early warning index, and 

a potential proxy for water security, 

that can expedite investments in food 

security anticipatory and 

humanitarian response actions. 

Integration of water and food 

household surveys. 

Can increase the density of water 

security data for WRM valuations 

and as a predictor of food insecurity, 

migration and other humanitarian 

needs. 
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Negative externalities of dense 

hydrological data networks in low- 

and middle-income countries. 

The availability of these data creates 

potential for water corruption, 

influencing of migration, aquifer 

over-development and other 

externalities that need to be assessed 

and mitigated during 

operationalisation. 

Data Analysis User-centred design of online 

platform(s) and mobile applications 

for water monitoring data 

communication that is tailored to 

different user groups. 

Optimised communication increases 

value and accessibility of insights to 

users. 

Hydrological data insights useful for 

each user group (e.g. groundwater 

pumping rates, well efficiency, 

annual mean decrease). 

The variable information needs of 

specific water monitoring insights 

have not been established for 

different user groups, so this can 

optimise value to users. 

Methods for developing local, in-situ 

data calibrated hydrological system 

models in densely gauged 

catchments with outputs for low- and 

middle-income context users. 

Building on Chapter 5 in this study, 

calibrated local hydrological models 

can provide higher-confidence 

outputs than global, satellite-data 

inputted models for decision-making. 

Assessments of the degree of 

confidence required in modelled or 

forecasted hydrological variables for 

their actioning by different users. 

Establishing sufficient confidence 

levels ensures models are designed 

appropriately to local information 

needs to generate value, whilst 

avoiding unnecessary complexities 

or costs. 

Actioning Data Easy-to-use framework for 

calculating local, context-specific 

(qualitative and quantitative) 

valuations of WRM actions using 

locally collected water and 

humanitarian monitoring data. 

The context-specific nature of WRM 

requirements means local valuations 

are needed to justify investments in 

WRM capacity and actions. A rapid 

system of local valuation may enable 

fast, index-based mechanisms for 

financing actions assessed to have 

sufficient potential value. 

Inductive assessments of how to 

resolve the other political, access and 

physical barriers to resilient WRM. 

These less frequently mentioned 

barriers to WRM (Chapter 3) have 

not been fully explored in this 

research and are important in 

understanding how to resolve low 

WRM capacities in low- and middle-

income countries. 

Operationalisation Pilot projects of dense water 

monitoring networks, tailored 

according to user information needs, 

in different context catchments in 

low- and middle-income countries. 

High-density monitoring at the 

catchment scale simulates the many 

of the implementation challenges 

that monitoring will face at national 

system-scale, enabling the design of 

solutions to those challenges before 

upscaling. 

Long-term, continuous evaluation of 

monitoring systems once they are 

operational.  

Establishes best practices for other 

monitoring systems. Enables 

continuous improvements and 
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optimisation of the sustainability and 

value generated by the monitoring 

system. Evaluations can be used to 

justify investment in monitoring 

systems elsewhere. 

Other Studies of the relationship between 

water insecurity and conflict at the 

process-level in Sub-Saharan Africa. 

Subsequently, also, the relationship 

between improved water governance 

and reduced conflict risk. 

A demonstrated link between water 

insecurity and conflict can attract 

investment from wider political and 

development sectors to focus on 

improvements in WRM to reduce 

risk of conflict and its externalities. 
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