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Abstract

Droughts are complex, multifaceted hazards that affect many regions of the world. They
cascade through socioecological systems at different scales and cause severe environmental
and social impacts. Agriculture bears much of the impact and, in many countries, it is the most
heavily affected sector. As agricultural systems are social-ecological systems characterised
by close human-environmental interaction, drought risk assessments for agricultural systems
should be based on a socioecological system's perspective. Despite this, comprehensive
drought risk assessments that consider the complex interaction of drought hazards, exposure,
and vulnerability factors with a social-ecological approach are still the exception. Addressing
this gap, this thesis presents for the first time an integrated assessment of drought risk for both
irrigated and rainfed agricultural systems at the global and national scales. At the global scale,
composite hazard indicators were calculated for irrigated and rainfed systems separately using
different drought indices based on historical climate conditions. Exposure was analysed for
irrigated and non-irrigated crops. Vulnerability was assessed through a socioecological-
system (SES) perspective, using socioecological susceptibility and lack of coping-capacity

indicators weighed by drought experts from around the world.

The findings of the global assessment show that drought risk of rainfed and irrigated
agricultural systems displays a heterogeneous pattern at the global level, with higher risk for
southeastern Europe as well as northern and southern Africa (e.g., South Africa and
Zimbabwe). In fact, environmental and socioeconomic factors in South Africa’'s and
Zimbabwe's agricultural systems have been affected by drought in the past, creating
cascading pressures on the nation's agro-economic and water supply systems. To understand
the key drivers of drought risk and to inform proactive drought risk management, a sub-
national level drought risk assessment is also presented for both countries. This assessment
pioneered national-level assessments for irrigated and rainfed systems that take into account
the complex interaction between different risk components, using modelling and remote
sensing approaches and involving national experts in selecting vulnerability indicators and

providing information on human and natural drivers.

Recognising that global drought risk assessments have been conducted to highlight the
regions or countries most at risk, and that their outcomes are deemed useful to inform
adaptation finance decisions, this thesis also compares the outcomes of global and regional
drought risk assessments for different clusters of countries of particular relevance to

international climate and disaster risk policy. The findings highlight the importance of analysing



risk at multiple spatial scales to ensure no country is "left behind" in global risk and adaptation

finance decisions.

Finally, the thesis discusses a systemic perspective as a way forward to assess and manage
drought risks effectively. A novel drought risk framework that highlights the systemic nature of
drought risks is presented. This thesis highlights the need for solutions to tackle the growing
drought risks that not only consider the underlying drivers of drought risks for different sectors,
systems or regions but also require an understanding of sector/system interdependencies,
feedback, dynamics, compounding and concurring hazards, as well as possible tipping points

and globally and/or regionally networked risks.
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Zusammenfassung

Durren bergen komplexe, vielschichtige Gefahren (,hazards‘), die viele Regionen der Welt
betreffen. Sie wirken sich auf verschiedenen Ebenen von soziotkologische Systemen aus und
verursachen schwerwiegende 0kologische und soziale Folgen. Einen Grol3teil dieser Folgen
tragt die Landwirtschaft. Diese ist in vielen Landern auch der am starksten betroffene Sektor.
Bei landwirtschaftlichen Systemen handelt es sich um sozial-6kologische Systeme, die durch
eine enge Interaktion zwischenMensch und Umwelt gekennzeichnet sind. Daher sollten auch
Durrerisikobewertungen  fur  landwirtschaftliche  Systeme eine  sozio-6kologische
Systemperspektive berlicksichtigen. Trotzdem sind umfassende Diirrerisikobewertungen, die
die komplexen Wechselwirkungen zwischen Gefahr (,hazards‘) , Exposition (,exposure‘) und
Vulnerabilitat (,vulnerability’)mit einem sozial-6kologischen Ansatz berticksichtigen, immer
noch die Ausnahme. Um diese Licke zu schlielRen, wird in dieser Arbeit zum ersten Mal eine
integrierte Bewertung des Diirrerisikos sowohl fir bewésserte als auch fir regengespeiste
landwirtschaftliche Systeme auf globaler und nationaler Ebene vorgestellt. Auf globaler Ebene
wurden zusammengesetzte Gefahrenindikatoren fir bewésserte und regengespeiste
Systeme getrennt berechnet, wobei verschiedene Diirreindexe auf der Grundlage historischer
Klimabedingungen verwendet wurden. Die Exposition wurde fur bewdasserte und
unbewasserte Kulturpflanzen analysiert. Die Vulnerabilitat wurde aus der Perspektive des
sozio-Okologischen Systems (SES) bewertet, wobei Indikatoren fiir sozio-6kologische
Vulnerabilitat und fehlende Bewadltigungskapazitaten verwendet wurden, die von

Durreexperten aus aller Welt gewichtet wurden.

Die Ergebnisse der globalen Bewertung zeigen, dass das Diirrerisiko von regengespeisten
und bewasserten landwirtschaftlichen Systemen auf globaler Ebene ein heterogenes Muster
aufweist, mit einem héheren Risiko fir Stdosteuropa sowie fur das nérdliche und sudliche
Afrika (z. B. Sudafrika und Simbabwe). In der Tat waren die Umwelt- und sozio6konomischen
Faktoren in den landwirtschaftlichen Systemen Sidafrikas und Simbabwes in der
Vergangenheit von Durre betroffen, was zu einer kaskadierendenBelastung der
agrarokonomischen und wasserwirtschaftlichen Systeme der L&nder fuhrte. Um die
wichtigsten Faktoren fur das Dirrerisiko zu verstehen und Informationen fur ein proaktives
Durrerisikomanagement zu erhalten, wird fiir Stidafrika und Simbabwe auch eine Bewertung
des Ddurrerisikos auf subnationaler Ebene vorgelegt. Mit dieser Bewertung wurde auf
nationaler Ebene flr bewésserte und regengespeiste Systeme Pionierarbeit geleistet, denn
sie  beriicksichtigt die komplexen Wechselwirkungen zwischen verschiedenen

Risikokomponenten, nutzt Modellierungs- und Fernerkundungsansatze und bezieht nationale
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Experten in die Auswahl von Vulnerabiligtsindikatoren und die Bereitstellung von

Informationen Uber menschliche und natirliche Faktoren mit ein.

In Anerkennung der Tatsache, dass globale Dirrerisikobewertungen durchgefihrt wurden, um
die am starksten gefahrdeten Regionen oder Lander hervorzuheben, und deren Ergebnisse
als nutzlich erachtet werden, um Entscheidungen zur Anpassungsfinanzierung zu treffen,
werden in dieser Arbeit auch die Ergebnisse globaler und regionaler Durrerisikobewertungen
fur verschiedene Landergruppen verglichen, die fur die internationale Klima- und
Katastrophenrisikopolitik von besonderer Bedeutung sind. Die Ergebnisse verdeutlichen, wie
wichtig es ist, das Risiko auf mehreren raumlichen Ebenen zu analysieren, um sicherzustellen,
dass kein Land bei globalen Risiko- und Anpassungsfinanzierungsentscheidungen

"zurlckgelassen" wird.

AbschlieRend wird in dieser Arbeit eine systemische Perspektive erértert, die eine wirksame
Bewertung und Bewadltigung von Dirrerisiken ermoéglichen soll. Es wird ein neues
Rahmenwerk fUr Durrerisiken vorgestellt, der den systemischen Charakter von Diirrerisiken
hervorhebt. Diese These unterstreicht die Notwendigkeit von Losungen zur Bewaltigung der
zunehmenden Diirrerisiken, die nicht nur die zugrunde liegenden Faktoren fir Durrerisiken in
verschiedenen Sektoren, Systemen oder Regionen bericksichtigen, sondern auch ein
Verstandnis der gegenseitigen Abhangigkeiten von Sektoren/Systemen, Rickkopplungen,
Dynamiken, sich verstarkenden und konkurrierenden Gefahren sowie mdglicher Kipppunkte

und global und/oder regional vernetzten Risiken erfordern.
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1. Introduction

1.1. Research background and problem statement

Drought is a recurrent global phenomenon considered one of the most complex hazards with
manifold cascading impacts on many sectors - including agriculture, water supply energy
production, water-borne transportation, among others - communities, ecosystems, and
economies. It is generally defined as an exceptional and sustained lack of water caused by a
deviation from normal conditions over a given region, which is long enough to cause a serious
hydrological imbalance (IPCC, 2012; Van Loon et al., 2016; Schwalm et al., 2017). Due to the
strong influence of human activities on the water balance, droughts are the result of a complex
interplay between natural and anthropogenic processes.

Drought propagates through the hydrological cycle and will likely have more impacts on
ecosystem services and human activities as the propagation in the hydrological cycle
advances (UNDRR, 2021). While droughts can develop gradually over several months, they
can also act as a sudden trigger for famine or ecosystem loss when an ecological or social
tipping point is crossed (Hagenlocher et al., 2023). Drought can affect different systems at the
same time, but sometimes also asynchronously, including propagation from one sector to
another creating cascading effects (Brunner & Tallaksen, 2019, UNDRR, 2021, Hagenlocher
et al., 2023). In fact, drought is the most significant of all natural hazards when measured in
terms of the number of people affected (WMO, 2021; Guha-Sapir, D. et al., 2023, UNDRR
2021). Moreover, according to the IPCC, (2023) drought occurrence as a result of climate
change is projected to increase across the continents and several regions (i.e. Southern
Europe and the Mediterranean, central Europe, central America and Mexico, north-east Brazil,
and southern Africa) and become more common in many susceptible parts of the world,
particularly in areas with rapid population growth, vulnerable populations, and food security
issues (CRED & UNDRR, 2020, Cook et al., 2020; Spinoni et al., 2020).

To obtain an overview of the potential impacts of droughts and to represent the different
aspects of it, droughts are often characterised in terms of their frequency, magnitude or
severity, duration, intensity and extent (Zargar et al., 2011, UNDRR, 2021). However, severe
droughts in recent years have clearly shown that impacts associated with droughts are not
only linked to the onset, duration, severity and frequency of drought events. Instead, the risk
of drought impacts depends on the degree of exposure, the intrinsic and dynamic vulnerability
conditions of a given socioecological system (SES), as well as adaptation decisions and their

interconnectedness (Wens et al., 2019; Hagenlocher et al., 2023).
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While many sectors are affected by drought, agriculture's high dependency on water makes it
particularly susceptible and it is often the first of the most heavily affected sectors (Dilley et
al., 2005; UNDRR, 2019), threatening the livelihoods of many, and hampering the
achievement of the Sustainable Development Goals. In fact, 82 per cent of all drought-related
losses and damages globally between 2008 and 2018 are concentrated in the agricultural
sector (FAO, 2021). Furthermore, drought is considered a major driver of crop yield volatility,
with direct impacts in reduced crop yields, leading to substantial financial losses (Bucheli et
al., 2021). With nearly 866 million people (i.e. 27% of the global workforce) employed in
agriculture (FAO, 2022), droughts are putting the livelihoods of many at risk.

Diverse authors have been assessing and proposing new methodologies to capture drought
risk in agricultural systems better. However, most of the assessments are focused just on the
hazard (Blauhut, 2020; Hagenlocher et al., 2019) and the most used conceptual frameworks
aiming to explain the propagation from drought hazards to drought impacts (Van Loon et al.,
2016; Wilhite & Glantz, 1985) also remain primarily hazard-focused and do not consider
systematically the exposure and vulnerability of the assets of potentially affected sectors and
their associated socioecological systems (SES). This is particularly relevant, especially when
assessing drought risk in the context of agricultural systems, which are, by definition,
themselves SES. An SES perspective can help to better understand the role of ecosystems
and their regulating services as an opportunity for drought risk reduction (Kloos and Renaud,
2016).

Given the characteristics, complexities, and cascading impacts of drought risks, no country is
immune to drought (UN-Water 2021) and the need to identify pathways towards more drought-
resilient societies remains a global priority of many different political agendas (e.g. Sendai
Framework for Disaster Risk Reduction (UN, 2015), the Integrated Drought Management
Programme (https://www.droughtmanagement.info), the UNCCD 2018/19 Drought Initiative

(https://www.unccd.int/actions/drought-initiative) and the GAR Special Report on Drought
2021 (UNDRR, 2021)).

Developing adequate risk management strategies to reduce drought's social and ecological
impacts is essential to understanding droughts' physical and socioecological drivers. This
includes how droughts propagate through the water cycle, as well as the related societal and
environmental vulnerabilities of different actors, sectors, and systems (UNDRR, 2021). As the
decisions made by national stakeholders might differ from those made by international

stakeholders and policymakers, assessing drought risk at different scales ensures that the
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information is actionable at the relevant level and enables the development of appropriate
mitigation and adaptation strategies (Tijdeman et al., 2022). While global assessments are
important to highlight drought risk hotspots and guide initial assistance decisions, in-depth,
country-level assessments are also necessary. Relying solely on global assessments can limit
and potentially bias the ability of decision-makers, regional organisations, and funding
mechanisms to focus their assistance efforts in an equitable and effective manner (King-
Okumu et al., 2020; Dudley et al., 2022). Understanding and then reducing the impacts of
drought will contribute to achieving SDGs such as poverty reduction, zero hunger, good health
and well-being, clean water and sanitation, and sustainable cities and communities (UNDRR,
2021).

While major progress has been made in mapping, predicting, and monitoring drought events
at different spatial scales (local to global), comprehensive drought risk assessments that
consider the complex interaction of drought hazards, exposure, and vulnerability factors with
an SES approach are still the exception. According to the IPCC (2014), for effective
development of targeted drought risk reduction, resilience and adaptation strategies, it is
necessary to conduct impact or sector-specific assessments. These assessments should
identify the who (e.g., farmers) and what (e.g., crops) are at risk, specify what they are at risk
of (e.g., abnormally low soil moisture, rainfall deficit, below-average streamflow), and
determine where and why. So far, a global and national drought risk assessment for
agricultural systems which addresses these aspects and integrates hazard, exposure and
vulnerability to risk for irrigated and rainfed agriculture separately at the national and sub-

national scale was lacking (Meza et al., 2020, 2021 see Chapter 4).

The global scale can capture the spatial and temporal variability of drought patterns and
recognise the transboundary nature of drought risks, enabling the examination of shared
vulnerability drivers and the identification of potential cooperation opportunities for drought
management and resilience building. By providing information on the underlying drivers and
patterns of drought risk, a global-scale approach supports the identification of priority regions
and provides entry points for targeted drought risk reduction and adaptation options to move
towards resilient agricultural systems. Also, global assessments can encourage the exchange
of knowledge and best practices amongst nations facing similar challenges, facilitating the

formulation of effective adaptation strategies.

Countries with weak economies often suffer the most from the impacts of drought, given the
restricted amount of resources available to deal with it proactively (Belle et al., 2017). Hence,

the highest drought mortality risk arises in Sub-Saharan Africa. In contrast, regions like
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western and southern Europe, Central America, the Middle East, Australia, and north-eastern
China have the highest economic losses (Carrdo et al., 2016; Hohenthal & Minoia, 2017).
Global assessments focused on drought risk of impacts on agriculture have shown that
southern Africa is at particularly high risk (Carréo et al., 2016; Meza et al., 2020). Zimbabwe
and South Africa are among the countries in southern Africa that are heavily affected by
droughts (Jiri et al., 2017; Brazier, 2015; WFP, 2014; Makaudze & Miranda, 2010; Ndlovu,
2014; Baudoin et al., 2017; Gibberd et al., 1996; Jordaan et al., 2017a). The agricultural sector,
in particular, is severely challenged by this hazard (World Bank, 2019), exposing farmers to

insufficient rainfall patterns (Leichenko, 2002).

Distinguishing the risk components for irrigated and rainfed agriculture is crucial as highlighted
in Meza et al. (2021), since i) rainfall deficit is the main factor impacting drought hazard for
rainfed systems, whereas availability of irrigation water is more relevant for irrigated systems,
i) spatial patterns and growing periods of irrigated and rainfed crops are diverse, resulting in
different exposure for different systems, iii) factors and weights affecting the vulnerability of
the systems differ for irrigated and rainfed systems as the vulnerability levels may constantly
change due to variability in farming systems and associated technologies. Therefore,
vulnerability can differ significantly even in the same region (Downing and Bakker, 2000).

Over the past years, composite-indicator approaches have been promoted as useful tools to
assess, compare, and monitor the complexity of drought risk from local to global scales (e.g.,
Blauhut et al., 2016; Hagenlocher et al., 2019; de Sherbinin et al., 2019; Meza et al., 2019).
However, the contribution of the individual indicators in explaining drought vulnerability and
ultimately the risk of sectoral drought impacts is often only weakly understood. As a result, the
majority of assessments, notably at the global scale (e.g. Carrédo et al., 2016), rely on equal
weights for all indicators (Hagenlocher et al., 2019). As different sectors are affected in distinct
ways, different indicators, weightings, and variables need to be used to characterise and
assess their vulnerability according to the geographical and socioecological context (Peduzzi
et al., 2009; World Bank, 2019).1t is necessary to recognise the dynamics and variability in the
climate, vulnerable communities, exposed elements, and the environment to understand and

mitigate drought impacts and start moving towards drought-resilient agricultural systems.

1.2. Research objective and questions

To address the gaps identified in the sections above, the present thesis aims at assessing

drought risk from a novel perspective - which, as opposed to the classical hazard and human-
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centred approach - considers, along with climate drivers, socioeconomic preconditions
through a coupled perspective on socioecological systems. Also, this thesis makes a
contribution to the way in which we characterise and understand drought risks (chapter 6.2)
with a novel drought risk framework that highlights the systemic nature of drought risks.

Further knowledge gaps are identified in Chapter 2.4 (see Table 2.5). This thesis addresses

specifically the next gaps:

Table 1.1 Summary of knowledge gaps of conceptual, methodological, and practical nature

identified in chapter 2.4, and where the gaps are addressed in this thesis.

Identified gaps

Addressing the gaps

Conceptual perspective on drought risk for people

1. Existing frameworks that explain pathways from
drought hazard to impacts are hazard-centric and do
not sufficiently take into account exposure and
vulnerability as drivers of drought risk and impacts

2. Human-environmental interaction is increasingly
attributed to the occurrence of droughts, but not yet well
conceptualised in drought vulnerability and risk
assessments

1. The assessments adopted a conceptual framework(s)
for characterising drought risk that defines the risk of
negative impacts as a function of hazard, exposure, and
vulnerability (see Chapters 3, 4). Further, chapter 6.2
proposes a hovel framework.

2. The thesis focuses on understanding the role of
ecosystems and their services as a driver of drought risk
and opportunity for increasing resilience. (see chapters
3 and 4).

Methodological perspective on assessing drought
risk for people

1. Assessments often use the same set of vulnerability
indicators for different sectors, context, and scales,
neglecting inherent differences

2. There is little evidence of relevance of individual
drought vulnerability indicators as determinants of
drought risk and potential impacts

1. Research with experts and on literature was
conducted to identify the most relevant vulnerability
specifically for the agricultural sector at global and
country levels (see chapters 3 and 4).

2. Research on the relevance of individual drought
vulnerability indicators was conducted (i.e. expert
indicator weights) (see chapters 3 and 4).

Practical perspective on drought risk for people

1. Less than half of the assessments provide entry
points for potential solutions (e.g. drought risk reduction
or adaptation measures)

1. Chapters 4, 5 and 6 provide guidance on how risk
assessments can support the identification, planning,
monitoring, and evaluation of risk reduction and
adaptation strategies.

The thesis also aims at performing a drought risk assessment that considers drought exposure
and wvulnerability socioecological factors, complemented by spatially- and temporally-
consistent hazard information. Finally, the thesis also explores which drought vulnerability
indicators are the most representative for the society and the environment, and at what scale

they are relevant.



The broad objective, therefore, is to develop a drought risk assessment across multiple scales

at the global level and national levels, with specific analyses in Zimbabwe and South Africa by

operationalising a drought risk framework that brings together a socioecological perspective

as well as data from multiple sources and disciplines for rainfed and irrigated agricultural

systems, taking into account relevant indicators of drought hazard, exposure and vulnerability

at the global and national scale.

Specific questions are formulated in order to guide the research:

1.
2.

Which key gaps exist in understanding, characterising, and assessing drought risk?
What are the most relevant drought vulnerability indicators for the agricultural sector
according to expert judgement?

What is the current drought risk at global level for agricultural systems? And which
regions are most severely affected by droughts?

What is the current drought risk at the national level for agricultural systems in
Zimbabwe and South Africa? And which regions are most severely affected by
droughts?

How do drought risk patterns of irrigated and rainfed systems manifest when
assessing them separately within agricultural systems?

How does considering social and ecological factors help us to understand and
manage drought risk in agricultural systems?

What are the most relevant drought risk indicators and drivers that lead to greater
impacts on the agricultural sector?

How does country selection bias at the global level influence the outcomes of drought

risk assessments?

The link between the research questions and the different thesis chapters is shown in

Figure 1.1.



Research Research Research Research Research Research
question 1 question 2 questions 3 & 5 questions 4 & 5 questions 6 & 7 question &

| I | I | |

Chapter 2. Chapter 3. Chapters 4.1.3.3 Chapter 3.2 Chapter 4.1 Chapter 4.2 Chapters 2, 3 and 4 Chapter 5

and 4.2.2.5

| | | | | | ] |

Identification of Identification of Identification of Global-scale National scale National scale Consideration Identification of Global and regional
gaps and research wulnerability wulnerability drought risk drought risk drought risk of SESin the most drought risk
agenda indicators for global- indicators for assessment for assessment for assessment for drought risk  relevant drought assessments for
scale drought risk national-scale agricultural agricultural agricultural risk and drivers different clusters of
assessments drought risk systems systemin systemin South for the countries of relevance
assessments (i.e. Zimabwe Africa agricultural to international climate
Zimbabwe and South system and disaster risk policy
Africa)

Figure 1.1. Breakdown of the research questions addressed in the different chapters of the
thesis.

1.3. Study area

1.3.1. Zimbabwe

Zimbabwe faces climate-related hazards regularly, of which droughts represent the major
share; other hazards, such as floods and cyclones, have less severe isolated impacts (World
Bank 2019b). In fact, drought development and monitoring have received increased attention
in Zimbabwe due to the devastating impacts of droughts in many parts of the country (Frischen
et al., 2020). The impacts of drought expose farmers to nhew and unfamiliar conditions
(Leichenko & O'brien 2002); in particular, smallholders growing crops under rainfed conditions
are highly susceptible to drought and will be disproportionately affected due to their high
dependency on climate-sensitive resources (Muzari et al., 2016; Mudzonga 2012; Makaudze
& Miranda 2010).

Zimbabwe is characterised by a semi-arid climate with limited and unreliable rainfall patterns
(Ndlovu et al., 2014). The cool, dry season usually lasts from April to August, whereas the hot
rainy season persists from late October to March (Mutowo & Chikodzi, 2014). For detailed
information regarding Zimbabwe's climatic regions, location, drought challenges, and policy

relevance see Chapter 4.1.

1.3.2. South Africa

Severe drought affects Africa more than any other continent, with more than 300 events
recorded in the last 100 years, accounting for 44% of the global total; more recently, sub-
Saharan Africa has experienced the negative impacts of climate-related hazards becoming
more frequent and intense (Taylor et al., 2017; Guha-Sapir, D. et al., 2021). In fact, in many

regions of Africa, the combined impacts of climate change, accelerated population growth,



and several socioeconomic factors will intensify drought hazards, exposure, and vulnerability
in the long term (Ahmadalipour et al., 2019).

Drought in South Africa has led to increased unemployment and substantial water restrictions
in many regions (Baudoin et al., 2017). In fact, in 2020, the South African treasury invested
over USD 13 million in the Drought Relief Intervention Project (Government of South Africa,
2020). With rainfed agriculture accounting for most of the country's harvested area (Hardy et
al., 2011), the agricultural sector is highly susceptible to drought. Further, agriculture is an
important source of livelihood for 14% of the households in South Africa (approximately 8.5

million people), with 35% focused on crop farming (DAFF, 2018).

South Africa exhibits diverse agro-climatic regions, ranging from arid and semi-arid areas to
temperate highlands. Agricultural systems range from rainfed agriculture to large-scale
irrigation systems. By examining the drought risk in the different rainfed and irrigated
agricultural systems, a holistic understanding of the drivers and spatial patterns of agricultural
systems to drought can be explored in order to identify the implications for drought risk
management. For detailed information regarding South Africa's climatic regions, location,
drought challenges, and policy relevance see Chapter 4.2.2.1 (case study region).

1.4. Outline of the thesis

The thesis is organised into seven chapters, which are informed by different articles published

in peer-reviewed journals as shown in Table 1.2.



Table 1.2 Structure of the thesis based on the different publications

Chapters 1 United Nations Office for Disaster Risk Reduction (2021). GAR Special Report
and 7 on Drought 2021. Geneva (Lead author)
https://www.undrr.org/media/49386/download Minor contribution

Chapter 2 Hagenlocher, M., Meza, ., Anderson, C. C., Min, A, Renaud, F. G., Walz, Y.,
Siebert, S., & Sebesvari, Z. (2019). Drought vulnerability and risk assessments:
state of the art, persistent gaps, and research agenda.
https://doi.org/10.1088/1748-9326/ab225d Major contribution

Chapter 3 Meza |., Hagenlocher M., Naumann G., Vogt J. V., Frischen J. (2019) Drought
Subchapter 3.1 vulnerability indicators for global-scale drought risk assessments.
https://doi.org/10.2760/73844 Major contribution

Chapter 3 Meza l., Siebert, S., Doll, P., Kusche, J., Herbert, C., Rezaei, E. E., Nouri, H.,
Subchapter 3.2 Gerdener, H., Popat, E., Frischen, J., Naumann, G., Vogt, J., Walz, Y.,
Sebesvari, Z., & Hagenlocher, M. (2020). Global-scale drought risk assessment
for agricultural systems. https://doi.org/10.5194/nhess-20-695-2020 Major
contribution

Chapter 4 Frischen, J., Meza, |., Rupp, D., Wietler, K., & Hagenlocher, M. Drought risk of
Subchapter 4.1 agricultural systems in Zimbabwe (2020). A spatial analysis of hazard, exposure
and vulnerability. Sustainability. https://doi.org/10.3390/su12030752 Major
contribution

Chapter 4 Meza, I., Rezaei, E. E., Siebert, S., Ghazaryan, G., Nouri, H., Dubovyk, O.,
Subchapter 4.2 Gerdener, H., Herbert, C., Kusche, J., Popat, E., Rhyner, J., Jordaan, A., Walz,
Y., & Hagenlocher, M. (2021). Drought risk for agricultural systems in South
Africa: Drivers, spatial patterns, and implications for drought risk management.
https://doi.org/10.1016/j.scitotenv.2021.149505 Major contribution

Chapter 5 Dudley, A. L., Meza, I., Naumann, G., & Hagenlocher, M. (2022). Do global risk
assessments leave countries behind? How the selection of countries influences
outcomes of drought risk assessments.
https://doi.org/10.1016/j.crm.2022.100454 Major contribution

Chapter 6 Hagenlocher, M., Naumann, G., Meza, 1., Blauhut, V., Caotti, D., Déll, P., Ehlert,
Subchapter 6.1 K., Gaupp, F., Van Loon, A. F., Marengo, J. A., Rossi, L., Sabino Siemons, A.
S., Siebert, S., Tsehayu, A. T., Toreti, A., Tsegai, D., Vera, C., Vogt, J., &
Wens, M. (2023). Tackling growing Drought Risks — The Need for a Systemic
Perspective. https://doi.org/10.1029/2023EF003857 Major contribution

Chapter 1 presents the introduction, the research background and problem statement for
drought risk assessment at global and national levels (i.e. Zimbabwe and South Africa). This
chapter also presents the research objective and guiding questions. It also includes a short
introduction of the Zimbabwean and South African study areas, which are further developed
in Chapter 4. Chapter 1 concludes with this outline of the thesis, describing the structure of

the thesis.

Chapter 2 provides a comprehensive literature review of the state of the art, persistent gaps,
and research agenda in drought vulnerability and risk assessments. The systematic review of

105 research articles helps to identify persistent knowledge gaps in the field as well as to
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propose a research agenda to advance our understanding of drought risk and support
pathways towards more drought-resilient societies. Some of these gaps, as well as the
research agenda identified in this chapter are addressed in this thesis; they are highlighted in
Chapter 1.2 "Research objectives and questions”. Chapter 2 was published as a topical review
in Environmental Research Letters with the title "Drought vulnerability and risk assessments:

state of the art, persistent gaps, and research agenda".

Chapter 3 presents the assessment of drought risk for agricultural systems at global scale.
The chapter is divided into two subchapters: i) chapter 3.1 presents the results of an expert
survey conducted to weigh drought vulnerability indicators according to their relevance for
agricultural systems and domestic water supply, in order to identify the most relevant drought
vulnerability indicators for global-scale drought risk assessments. This chapter was published
as a technical report with the Joint Research Centre (JRC), the European Commission's
science and knowledge service. The report is entitled "Drought vulnerability indicators for
global-scale drought risk assessments”, and informs the global assessment in Chapter 3.2. ii)
chapter 3.2 presents a global-scale drought risk assessment for agricultural systems and
discusses the main findings showing that drought risk of rain-fed and irrigated agricultural
systems display different heterogeneous patterns at the global level. Findings from this
chapter inform the selection of the countries for the national-level assessment in Chapter 4,
as the higher drought risk areas for agricultural systems are located in southeastern Europe
as well as northern and southern Africa. This chapter was published as a peer-reviewed paper

in the Natural Hazards Earth System Sciences (NHESS) journal.

Chapter 4 explores the drivers, spatial patterns, and implications for drought risk management
for agricultural systems in Zimbabwe and South Africa. This chapter is divided into two
subchapters for each country, respectively. Chapter 4.1 focuses on drought risk to agricultural
systems in Zimbabwe. The chapter was published in Sustainability as a peer-reviewed paper
under the title, "Drought Risk to Agricultural Systems in Zimbabwe: A Spatial Analysis of
Hazard, Exposure, and Vulnerability". Chapter 4.2 focuses on drought risk to agricultural
systems in South Africa; it analyses the drivers and spatial patterns of drought risk for rainfed
and irrigated agricultural systems in order to identify entry points for action. The chapter was
published in the journal, Science of the Total Environment, as a peer-reviewed paper entitled,
"Drought Risk for Agricultural Systems in South Africa: Drivers, Spatial Patterns, and

Implications for Drought Risk Management".

Chapter 5 examines the impact of selecting different clusters of countries on the outcomes of

global drought risk assessments. It also discusses the limitations of global assessments and
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highlights the importance of analysing risk at multiple spatial scales to ensure that no country
is "left behind" in global risk and adaptation finance decisions. The paper also emphasises the
need for tailored risk reduction and adaptation strategies that address the most relevant
elements contributing to risk in each subset of countries. The chapter was published as a peer-
reviewed paper in the Climate Risk Management journal with the title, "Do global risk
assessments leave countries behind? How the selection of countries influences outcomes of

drought risk assessments."

Chapter 6 discusses the thesis's main findings and proposes in Chapter 6.1 a new approach
to assess and manage drought risks, emphasising the interconnected nature of drought risks,
impacts, and responses. The chapter was published as a commentary with the title, "Tackling

Growing Drought Risks—The Need for a Systemic Perspective," in the journal Earth's Future.

Lastly, Chapter 7 provides a conclusion drawn from the previous chapters
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2. Drought vulnerability and risk assessments: state of the art, persistent gaps,

and research agenda

Hagenlocher, M., Meza, |., Anderson, C. C., Min, A., Renaud, F. G., Walz, Y., Siebert, S., &

Sebesvari, Z.

Published as topical review in Environmental Research Letters (2019):
https://doi.org/10.1088/1748-9326/ab225d

Abstract

Reducing the social, environmental, and economic impacts of droughts and identifying
pathways towards drought resilient societies remains a global priority. A common
understanding of the drivers of drought risk and ways in which drought impacts materialize is
crucial for improved assessments and for the identification and (spatial)planning of targeted
drought risk reduction and adaptation options. Over the past two decades, we have witnessed
an increase in drought risk assessments across spatial and temporal scales, drawing on a
multitude of conceptual foundations and methodological approaches. Recognizing the
diversity of approaches in science and practice as well as the associated opportunities and
challenges, we present the outcomes of a systematic literature review of the state of the art of
people-centered drought vulnerability and risk conceptualization and assessments, and
identify persisting gaps. Our analysis shows that, of the reviewed assessments, (i)more than
60% do not explicitly specify the type of drought hazard that is addressed, (ii)42% do not
provide a clear definition of drought risk, (iii) 62% apply static, index-based approaches, (iv)
57% of the indicator- based assessments do not specify their weighting methods, (v)only 11%
conduct any form of validation, (vi) only ten percent develop future scenarios of drought risk,
and (vii)only about 40% of the assessments establish a direct link to drought risk reduction or
adaptation strategies, i.e. consider solutions. We discuss the challenges associated with these
findings for both assessment and identification of drought risk reduction measures, and identify
research needs to inform future research and policy agendas in order to advance the

understanding of drought risk and support pathways towards more drought resilient societies.

2.1. Introduction

Droughts are recurring slow-onset hazards that can potentially have major direct and indirect
impacts on human and natural systems, including terrestrial and freshwater ecosystems,
agricultural systems, public health, water supply, water quality, food security, energy, or

economies (e.g. through tourism, transport on waterways, forestry) (Schwalm et al., 2017).
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While drought generally refers to a lack of water compared to normal conditions (Van Loon et
al., 2016), droughts are commonly grouped into four major types, including (i) meteorological
or climatological, (ii) hydrological, (iii) agricultural or soil moisture, and (iv) socio-economic
drought (Wilhite and Glantz 1985). They are characterized in terms of their frequency, severity,
duration, and extent (Zargar et al., 2011). According to existing conceptual models (Wilhite
and Glantz 1985, Van Loon et al., 2016), these drought types generally occur in a particular
sequence: climate variability leads to a precipitation deficit that instigates a meteorological
drought, which when combined with high potential evapotranspiration leads to an agricultural
or soil moisture drought. Hydrological droughts occur as a delayed hazard associated with the
effects of temperature anomalies, precipitation shortfalls, and/or anthropogenic demand
pressures on surface or sub- surface water supply, such as streams, reservoirs, lakes or
groundwater. Socioeconomic drought is associated with the impact of an inadequate supply
of some economic goods resulting from meteorological, agricultural, and hydrological droughts
(Wilhite 2000, Zargar et al., 2011, Van Loon et al., 2016, Wang et al., 2016). However, despite
the progress that has been made in classifying and characterizing different drought types, no
commonly accepted definition of what comprises a drought hazard exists (Mukherjee et al.,
2018).

Over the past decades, drought events across the world have caused damage to human
wellbeing, the environment, and the economy. While there is ambiguity regarding drought
trends in the past century (Andreadis and Lettenmaier 2006, Sheffield et al., 2012, IPCC 2013,
Trenberth et al., 2013, McCabe and Wolock 2015) due to a lack of direct observations and the
dependency of trends on drought index choice, it is expected that drought hazards will
increase in both frequency and severity in many regions across the globe in the coming
decades as a result of climate change (Sheffield and Wood 2008, Dai 2011, IPCC 2012,
Trenberth et al., 2013, UNCCD 2016). Despite the high uncertainty regarding future trends,
risk assessments are needed in order to understand and ultimately reduce the risk of negative

impacts associated with droughts.

Today it is widely acknowledged that risk, i.e. the potential for adverse impacts or
consequences, is not driven only by natural hazards (droughts, floods, etc), but results from
the interaction of hazards, exposure, and vulnerability (IPCC 2012, 2014). According to the
Intergovernmental Panel on Climate Change (IPCC), exposure in this context refers to the
‘presence of people, livelihoods, species or ecosystems, environmental functions, services,
and resources, infrastructure, or economic, social, or cultural assets in places that could be
adversely affected’ by such hazards (IPCC 2014, p 5). Vulnerability is the predisposition to be

adversely affected, resulting from the sensitivity or susceptibility of a system and its elements
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to harm combined with a lack of short-term coping capacity and long-term adaptive capacity
(IPCC 2014). Due to its complex, multi-dimensional nature (Turner et al., 2003, IPCC 2014),
drought risk can therefore not be adequately represented solely by a single factor or variable,
such as a rainfall deficiency or poverty (Chambers 1989). Rather, it is often driven by a variety
of context and impact-specific factors, including environmental, social, economic, cultural,
physical and/or governance-related aspects (Birkmann et al., 2013, Hagenlocher and Castro
2015).

Cross-sectoral and impact-specific assessments of who and what (e.g. people, agricultural
land) is at risk to what (e.g. meteorological or soil moisture drought), as well as where and
why, will be key for the identification of targeted drought risk reduction, resilience- building,
and drought adaptation strategies (IPCC 2014, Gonzalez Tanago et al., 2016, UNCCD 2016).
The need to understand, assess, and monitor drought risk is underscored by relevant
international agreements and initiatives such as the Sendai Framework for Disaster Risk
Reduction 2015-2030! (UNISDR 2015) or the 2018/19 UNCCD Drought Initiative?. A range of
approaches exist for assessing vulnerability and risk in the context of climate change and
natural hazards such as droughts. These include quantitative, qualitative, and increasingly
mixed-methods approaches that combine both (Schneiderbauer et al., 2017). Promoting and
integrating a plurality of approaches can produce complementary information to better explain
the complexity of processes that mediate vulnerability and risk. The choice of the approach
depends not only on the scale of analysis (local to global), but also on the scope of the
assessment, such as understanding root causes, identifying spatial and temporal patterns and
hotspots of risk, etc. Qualitative vulnerability and risk analysis often makes use of a wide array
of data collection techniques such as interviews, focus group discussions (FDGSs), or storylines
to reveal context-specific root causes of risk. In contrast, quantitative assessments tend to

apply criteria and indicators to assess vulnerability and risk, often in a spatially explicit manner.

In addition to assessing current patterns of risk such as risk hotspots, the analysis of past
trends and dynamics and the development of future scenarios in vulnerability and risk have
sparked increasing interest and attention in recent years for a number of reasons. The analysis
of past trends or risk dynamics through repeated risk assessments can support the monitoring

and evaluation of risk reduction and adaptation options (Hagenlocher et al., 2018b). Future

! The Sendai Framework for Disaster Risk Reduction (2015-2030) is a 15 year non-binding agreement
adopted by UN member states that serves as a road map for disaster risk reduction until 2030.

2 The UNCCD Drought Initiative (2018/2019) promotes the development of national drought risk
management plans.
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risk scenarios can provide useful inputs for precautionary, preventive, and adaptive planning
(Garschagen and Kraas 2010, Birkmann et al., 2015). A recent review of climate risk
assessments concluded that while the number of studies that include temporal dynamics is
growing, the majority of future-oriented assessments do not consider scenarios of exposure
and vulnerability (Jurgilevich et al., 2017) instead focusing on the hazard element of the risk

concept.

Many of the steps in quantitative drought risk assessments, such as data imputation, outlier
treatment, normalization, weighting of indicators or proxies, and aggregation, introduce
uncertainty into the modeling/analysis result. Statistical validation—in the form of both
sensitivity/uncertainty analysis and the regression of risk assessment outcomes against
observed impacts or losses (e.g. crop losses, number of people affected)—has proven to
provide relevant information on the reliability, validity, and methodological robustness of risk
assessments and their outcomes (Schmidtlein et al., 2008, Fekete 2009, Tate 2012, 2013,
Hagenlocher and Castro 2015, Welle and Birkmann 2015, Feizizadeh and Kienberger 2017).

However, its application in the field of risk assessment remains largely underdeveloped.

Over the past decades, a number of review articles have been published focusing on (i)
drought classifications and definitions (Mishra and Singh 2010), (ii) the assessment and
monitoring of drought hazards in general (Rossi et al., 1992, Mishra and Singh 2011, Zargar
et al., 2011, Li and Zhou 2014, Hao and Singh 2015, Yihdego et al., 2019), (iii) the role of
remote sensing for mapping drought hazards (Belal et al., 2014, Agha- Kouchak et al., 2015),
and (iv) vulnerability to drought (Gonzalez Tanago et al., 2016, Zarafshani et al., 2016).
However, a review of existing concepts, methods, approaches, and studies on drought
vulnerability and people-centered integrated risk assessments is still lacking. This paper seeks
to close this gap by analyzing the state of the art and identifying key gaps regarding the
assessment of drought risk with a focus on people. Furthermore, the paper aims to evaluate
to what extent existing drought risk assessments suggest potential solutions for drought risk
reduction or adaptation. A synthesis of the findings informs a recommended agenda for future

research.

2.2. Methods

A systematic literature review was conducted to synthesize and better understand (i) how
people-centered drought risk is currently conceptualized and assessed in the scientific
literature, (ii) how existing assessments are linked to the identification of drought risk reduction
or adaptation strategies and measures, and (iii) what gaps and research needs exist. The

following questions guided the analysis:
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1. How are existing assessments distributed across geographic regions (e.g. continents,
countries) and spatial scales (local to global)?

2. How is drought risk conceptualized?

3. Does each assessment specify the drought type analyzed, and if so, which type of drought

hazard was considered?
4. Which drivers of vulnerability and drought risk are used in existing risk assessments?

5. Which assessment approaches (e.g., qualitative, quantitative, or mixed methods; index-
based assessments versus. dynamic simulations) were used? Was sensitivity and/or

uncertainty analysis or any form of validation of results applied?

6. Are temporal dynamics considered (e.g., past trends, future scenarios of drought risk) or is

the focus largely on evaluating current patterns and hotspots of drought risk?

7. To what extent are assessments of drought vulnerability and risk linked to the identification
and planning of drought risk reduction and/or adaptation options? When they are, which

measures are proposed?
8. Which key gaps exist in understanding, characterizing, and assessing drought risk?

Peer-reviewed research articles were identified from the Web of Science and Scopus
databases covering the period from January 1970 to December 2018 based on a set of pre-
defined search terms focusing on people-centered drought risk assessments (table 2.1). The
search was conducted between December 2017 and January 2018 and re-run during the
revision process in February 2019. A systematic approach that only includes peer-reviewed
articles was selected to ensure transparency, reproducibility, and quality of the analysis
following an adapted workflow for systematic literature reviews as proposed by Rudel (2008),
Hofmann et al., (2011) and Plummer et al., (2012).

In a second step, the titles, keywords, and abstracts of the identified articles were screened
independently by three researchers and allocated to a ‘YES’, ‘NO’, or ‘PERHAPS’ list based
on each author’s judgment of relevance to the search criteria. The respective decision was
cross-checked by the two other researchers and assessed for its relevance for the review.
Whenever an article was allocated to the PERHAPS list by one of the three authors, the full
article was read by all three researchers in order to decide whether or not to include it in the
review (YES list) or not (NO list), and the outcomes discussed and cross-checked. In a third

step, a coding scheme focused on the aforementioned guiding questions was developed for
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in-depth content analysis of the final set of articles and implemented in MAXQDA software
(VERBI Software 2017). Finally, the information was analyzed using descriptive and statistical
methods in Excel software. The following sections are structured according to the eight
guestions outlined above.

In order to respond to question number four on vulnerability factors a classification scheme
was developed to inform the content analysis of the articles, drawing on a scheme proposed
by Gonzalez Tanago et al., (2016). In a first review of factors of vulnerability in the context of
droughts they grouped vulnerability factors into biophysical and socioeconomic dimensions
and 11 sub-dimensions. Based on their work and the more recent grouping of drought
vulnerability indicators into social, economic, and infrastructural dimensions by Carréo et al.,
(2016), the finale scheme

Table 2.1 Search terms and inclusion and exclusion criteria used to identify studies to be

considered for this review.

Database Search terms
Web of Science drought risk OR drought vulnerab*
(Topic)
AND driver* OR factor* OR caus*
AND assess* OR index OR indic* OR analy* OR evaluat* OR map*

OR quantif* OR monitor* OR measur* OR model* OR spatial

AND socioecon* OR socio-econ* OR social OR econom* OR social
ecological OR socioecological OR socio-ecolog* OR SES OR
environm* OR ecolog* OR politc* OR governan* OR
demograph* OR institution*

NOT forest OR tree
Scopus (Title) (drought AND risk) OR (drought AND vulnerability)
Inclusion - Peer-reviewed articles from January 1970 to December 2018 (no articles
criteria are listed in Scopus or Web of Science dating back to before 1976)

English literature

Articles conducting an assessment of vulnerability and drought risk for
people (acknowledging that drought risk for people can be directly linked to
the vulnerability of social-ecological systems)

Exclusion - Review articles, opinion pieces, non-peer reviewed literature

criteria - Drought hazard assessments that do not consider exposure or vulnerability
Assessments focusing only on exposure, vulnerability, or risk of natural
resources or ecosystems (e.g. water resources, plant/tree species, crop
types, aquatic ecosystems)
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2.3. Results

2.3.1. Bibliometric analysis

Based on the systematic search protocol, a total of 1141 articles were identified, including 568
articles from Web of Science and 573 from Scopus. Following the multi-step process
described above, the number of articles considered for the final review was reduced to 105
(table 2.2; Appendix Al, the appendix is also available online at
stacks.iop.org/ERL/14/083002/mmedia).

Table 2.2 Number of articles initially identified and finally considered in the review

1st review Final review
Initial
Search YES NO PERHAPS YES NO
Scopus 573 73 450 46 91 478
Web of Science 568 10 530 27 14 553
Combined 1,141 83 980 73 105 1,031
Double counting 5

Overall, more than 95% of the assessments were published after 2005—the year the Hyogo
Framework for Action (HFA)® (UNISDR 2005) was adopted by 168 governments—and almost
60% of all assessments were published in the past four years, i.e. between 2015-2018
(appendix Al). This is not surprising given the strong call for risk assessments in the HFA
2005-2015 and in the Sendai Framework for Disaster Risk Reduction 2015-2030 (UNISDR
2015), which was adopted in 2015.

Figure 2.1 shows the geographic distributions, by climate zone and by spatial scale, of all the
assessments reviewed. The most assessments (46%) were conducted in Asia, followed by
Africa (29%) (figure 2.1), and in mainly dry (34%) or tropical (19%) climates or across climates.
As such, the studies are highly concentrated in a few countries, namely China (18), India (11),

the United States (9), Ethiopia (6), and Brazil (5). In terms of spatial scales, assessments at

% The Hyogo Framework for Action (HFA 2005-2015) ‘Building the Resilience of Nations and
Communities to Disasters’ was endorsed by the UN General Assembly in the Resolution A/RES/60/195

following the 2005 World Disaster Reduction Conference in Hyogo, Japan. Itis a 10 year plan to explain,
describe and detail the work that is required from all different sectors and actors to reduce disaster
losses until 2015. In 2015, the Hyogo Framework for Action was replaced by the Sendai Framework for
Disaster Risk Reduction (2015-2030).
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the sub-national level are dominant, with only very few studies that draw conclusions at the
global or local/community level.
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Figure 2.1. Number of drought risk assessment articles considered in this review by spatial
scale and climate zone. One global assessment (Carrdo et al., 2016) is excluded from this

figure.

2.3.2. Conceptualization of drought risk

The review demonstrates that a variety of different risk definitions have been used as a
conceptual underpinning for characterizing and assessing drought risk and highlights two
contrasting developments (figure 2.2). First, there is an increasing number of studies that
follow the conceptual understanding of risk as promoted by the IPCC. Second, there is an
increasing number of drought risk assessments that do not specify how drought risk is

conceptualized in their assessment (i.e. they do not provide any definition of risk).
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Figure 2.2 Risk definitions considered in the reviewed articles (including trend over the years).

The majority of articles that provided a definition of drought risk used the IPCC concepts of
2001 (IPCC 2001) and 2007 (IPCC 2007). However, since the publication of the IPCC SREX
Report (IPCC 2012) and the subsequent Fifth Assessment Report (IPCC 2014), there has
been a shift in the conceptualization of risk towards a stronger focus on assessing the risk of
specific consequences or impacts that may harm a system, wherein risk is a function of
(drought) hazard, exposure, and vulnerability (IPCC 2014). This has been reflected to some
degree in studies assessing drought risk (Kim et al., 2015, van Duinen et al., 2015, Zhang et
al., 2015, Blauhut et al., 2016, Carréo et al., 2016, Asare-Kyei et al., 2017, Bacon et al., 2017,
Sena et al., 2017), although the share of assessments applying this newest concept since its
release has remained fairly stable. For information on definitions classified as ‘other’ in figure

2.2 is provided in appendix A3.

The ambiguity in definitions is also reflected when analyzing how vulnerability—as a key
component of risk in the IPCC AR5—is conceptualized and operationalized in existing drought
risk assessments. Of the articles reviewed, 34% consider sensitivity and/or susceptibility, 25%
consider adaptive capacities and only 14% consider coping capacity as sub-components of
vulnerability. Eleven percent of all papers include drought hazard characteristics and 14%

include exposure* as part of vulnerability.

The review reveals that although different types of drought hazards are acknowledged in the
scientific literature, more than 60% of the assessments published on drought risk do not
explicitly specify the type of drought hazard that is addressed (figure 2.3). This is particularly

4 Here, exposure is understood based on the IPCC (2014) definition as ‘exposed elements’. Thus, even
if authors used the term ‘exposure’, it was not considered to have been conceptually applied if only
hazard characteristics were used as proxies.
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relevant for drought given that the different drought types have very different implications in
terms of potential impacts and policies to mitigate these impacts (Wilhite 2000).
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Figure 2.3. Type of drought hazard(s) explicitly considered in the 105 reviewed articles.
Combined (multiple) means that multiple types of drought hazards (and associated indices)
were considered in the analysis.

Although it is increasingly acknowledged that droughts cannot be seen as purely natural
hazards (Van Loon et al., 2016) and there is a need to consider the complex interactions
between natural and human systems when analyzing vulnerability and risk (Turner et al.,
2003), the review clearly shows that the majority of existing drought vulnerability and risk
assessments still focus largely on the social dimension and do not apply an integrative social-
ecological systems (SES) perspective. Out of the 105 articles that were reviewed, only 18
(17%) applied an SES perspective. This confirms a persistent gap in vulnerability and risk
assessments that was recently highlighted by Sebesvari et al., (2016) in their review of

vulnerability assessments in coastal river deltas.

2.3.3. Assessment of drought risk
2.3.3.1. Assessment approaches

The review of existing drought risk assessments revealed that the majority of studies applied
guantitative (56%) or mixed-methods (32%) approaches, while purely qualitative approaches
are rather rare (11%) and have mostly been applied at the subnational level with results
extrapolated to explain phenomena at broader spatial scales (Nelson and Finan 2009, Saha
et al., 2012, Ayantunde et al., 2015, Birhanu et al., 2017).

In terms of assessment methodology, more than half of the assessments used an index-based
approach (62%) to tackle the complexity of drought risk, followed by dynamic simulation
methods (12%) and lastly the more qualitative method of using narratives or story lines (8%).
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For example, Carrdo et al., (2016) use a static, index-based approach to map the global
patterns of drought risk by integrating hazard, exposure, and vulnerability indicators into a
composite risk index. Meanwhile, Martin et al., (2016) apply a process-based, spatially-explicit
social-ecological model for analyzing system dynamics contributing to drought risk for pastoral
households in Morocco. In contrast, Ayantunde et al., (2015) use qualitative methods (FDGs,
community workshops, seasonal calendars, etc) to analyze the patterns and causes of drought

risk in three agropastoral communities in Western Africa.

2.3.3.2. Factors and indicators to characterize drought vulnerability and risk

The review of literature conducted here has revealed that factors related to poverty and
income (49%), technology (47%), education levels (34%), or the availability and quality of
infrastructure (34%) were deemed important drivers of vulnerability and risk by almost one

third of all reviewed assessments (table 2.3).

Table 2.3. Vulnerability dimensions and sub-dimensions used in the 105 studies considered

in this review.
Vulnerability dimensions and sub-dimensions (factors) Number of
papers (n=105)
Social
e Education (e.qg. illiteracy; indigenous and local knowledge) 34 (32%)
e Gender (e.g. gender inequality) 14 (13%)
e Social capital (e.g. social networks) 11 (10%)
e Health status (e.g. alcohol & substance use; restricted mobility/disability; 13 (12%)
malnutrition; mental health; disease prevalence)
e Health services (e.g. health insurance) 7 (6%)
e Remoteness (e.g. rural/remote populations) 9 (9%)
e Awareness & information (e.g. drought awareness; early warning, access to 9 (9%)
information; underestimation of drought risk)
e Water demand 8 (8%)
Economic
e Poverty & income (e.g. income diversification; poverty; unemployment; 49 (47%)
problematic debt; dependency ratio)
e Inequality 3 (3%)
e Savings, credits & loans (access to) 8 (8%)
e Markets (e.g. access to markets; market fragility) 12 (11%)
e Insurance (e.g. agricultural/animal/crop/drought insurance) 5 (5%)
Physical
e Availability & quality of infrastructure (e.g. transportation; water & sanitation; 34 (32%)

energy; water tanks; reservoirs; wells; water quality)
Crime & conflict
e Stability (e.g. crime; war & conflict) 6 (6%)

Governance
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e Plans & strategies (e.g. drought planning and investment in disaster 8 (8%)
prevention and preparedness; water management planning)

e Corruption & law enforcement (e.g. lack of trust in institutions) 3 (3%)

e Participation (e.g. public participation in governance; political representation) 6 (6%)

e Assistance (e.g. availability of food aid; development/aid projects (ODA)) 6 (6%)
Environmental

e Soil condition & quality (e.g. degradation/desertification) 15 (14%)

e Protection & conservation (e.g. protected areas; livestock health condition; 14 (13%)

soil & water conservation practices)
Farming practices
e Technology (e.g. access to technology; irrigation; use of agricultural inputs 49 (47%)
(fertilizer); fodder)
e Pesticide use 2 (2%)
e Crop type (e.g. resistance; diversification) 7 (7%)

Following the classification scheme of table 2.3, 65 different indicators (18 belonging to the
social dimension, 13 to the economic dimension, seven to the physical dimension, two to the
crime and conflict dimension, eight to the governance dimension, nine to the environmental
dimension, eight to the farming practices dimension) were identified during the review which
can serve as a basis for future vulnerability and risk assessments (see appendix A2 for the

complete list of indicators).

In order to identify and incorporate the potentially varying relevance and contribution of factors
and indicators to vulnerability and risk in the context of natural hazards, a wide variety of
weighting schemes have been developed (OECD 2008). These schemes can be categorized
as being based on statistical models (e.g. regression analysis, principal component analysis)
or on experts and/or community participatory consultation (e.g. ranking, budget allocation,
Delphi methods). In most of the assessments reviewed here (57%) the authors did not
explicitly specify their weighting methods, which is also in line with findings from a recent
review of disaster risk, vulnerability, and resilience indices (Beccari 2016). Thirty-two percent
of the reviewed assessments used statistical methods and ten percent used participatory,

expert-based approaches.

2.3.3.3. Past trends, current patterns, and future scenarios

Fifty-four percent of the reviewed drought risk assessments are static, that is, they represent
a snapshot in time. For the remaining 46%, most studies focus on assessing past trends (32%)
and only 11 articles (10%) explore future scenarios of drought risk. Four percent of the articles
do not specify the time frame of their analysis. Similar to other future-oriented risk
assessments (e.g. in the context of sea level rise, flooding, etc)—where the focus is often on

the modeling-based analysis of different hazards (Garschagen and Kraas 2010)—the review
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has revealed that out of the 11 articles that claim to develop future ‘risk scenarios’, only two
studies analyzed future scenarios combining multiple risk components (hazard, exposure or
vulnerability) (Melkonyan 2014, Vargas and Porter 2017). The remaining nine future-oriented
assessments also focused only on future drought hazards without including future exposure

or vulnerability scenarios.

2.3.3.4. Validation of risk assessments

Our analysis shows that less than 20% of the drought risk assessments reviewed here have
conducted any form of validation of their results and only 12% have conducted a statistical
sensitivity or uncertainty analysis. To date, only four studies (less than four percent) have
conducted both a validation of the outcomes of the risk assessment against observed impacts

and sensitivity analysis (Huang et al., 2014, Asare-Kyei et al., 2017, Wu et al., 2017).

2.3.4. Drought risk reduction and adaptation

Effective drought risk assessments are those that center around the ultimate objective of being
used or useful for disaster risk reduction (DRR)® and/or adaptation® strategies. While
strategies should be based on context-specific empirical findings—taking into account both
drivers and patterns of risk—the assessments should also consider what actions individuals

and institutional bodies are already taking and their effectiveness.

Less than half (40%) of the assessment papers reviewed make a direct link to drought risk
reduction or adaptation strategies. Those that do comprise a wide array of structural (i.e.
engineering-based or technological) and non-structural (e.g. capacity building, ecosystem-

based approaches) solutions (table 2.4).

Table 2.4 Drought risk reduction and adaptation options proposed by the authors of the

reviewed studies.

DRR or adaptation solution Examples

Structural measures e Implementation and use of irrigation infrastructure
Water supply systems (e.g. dams, pipelines, cisterns)
Maintenance of water supply systems (desalinization and
wastewater treatment plants, reducing leakage rates)
Early warning systems
Farming technology (use of, investment in) (e.g. machinery)

® Disaster risk reduction aims at preventing new and reducing existing disaster risk and managing
residual risk (based on UNISDR terminology; https://unisdr.org/we/inform/terminology).

® Here, adaptation refers to the process of adjustment to changing drought frequency, intensity,
duration, or extent (based on IPCC 2014).
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Non-structural measures e \Water conservation

(individual, household, e Diversification of livelihood strategies

or farm level) e Education and training (e.g. in water conservation, farming
practices, drought awareness, drought risk management)
Fertilizer/manure (use of, increase in)
Pesticide/herbicide/pest control (use of, increase in)
Migration (temporal, permanent)

Non-structural measures e Providing better access to credits and financial instruments
(government level) e Implementation of social assistance and social protection
programs

Access to finance instruments (credit, savings, markets)

Implementation of crop/climate risk insurance schemes

Investment in research and development

Water management practices/policies

Drought, water and climate change adaptation plans/policies

Mainstreaming indigenous and local knowledge into policy

planning

e Drought/emergency response and preparedness (equipment,
facilities, funds)

e Risk-informed (land use) planning

Non-structural measures e Soil conservation practices

(ecosystem-based) e Changing farming practices (e.g. crop diversification, drought
resistant crops, adjusting planting dates, climate-smart
agriculture, horticulture, intercropping, rotations)
Reclamation of degraded land
Water harvesting
Expanding the number and coverage of protected natural areas

2.4. Discussion: persisting gaps, and research agenda

Existing review articles on the topic so far have primarily concentrated on (i) drought concepts
and definitions (Mishra and Singh 2010), (ii) indicators, methods and tools for the assessment
and monitoring of drought hazards (e.g. Mishra and Singh 2011, Zargar et al., 2011, Li and
Zhou 2014, Hao and Singh 2015, Yihdego et al., 2019), or more recently (iii) vulnerability to
drought (Gonzélez Téanago et al., 2016, Zarafshani et al., 2016). This paper complements
these reviews by conducting a systematic review of people-centric drought risk assessments
published between January 1970 and December 2018. Despite the boost in drought risk
research over the past decades, the review has revealed and reconfirmed a number of
persistent knowledge gaps of conceptual, methodological, and practical nature and relevance.
In synthesizing these gaps, a number of needs have been identified that should be addressed

in future research.
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Table 2.5 summarizes persisting gaps and the related needs from a conceptual,

methodological and practical perspective.

Table 2.5 Summary of knowledge gaps of conceptual, methodological, and practical nature

and identified needs related to people-centered drought vulnerability and risk assessments

that could inform future research and policy agendas.

Gaps

Conceptual
perspective on
drought  risk  for
people

Methodological
perspective on
assessing drought
risk for people

. Existing  frameworks that

explain pathways from drought
hazard to impacts are hazard-
centric and do not sufficiently
take into account exposure and
vulnerability as drivers of
drought risk and impacts

. Human-environmental

interaction is  increasingly
attributed to the occurrence of
droughts, but not yet well
conceptualized in  drought

vulnerability and risk
assessments
Vulnerability and risk

assessments are mostly static
and do not employ dynamic
approaches (e.g. simulation)
to tackle the complexity of
drought vulnerability and risk
Assessments often use the
same set of vulnerability
indicators for different sectors,
context, and scales, neglecting
inherent differences

There is little evidence of
relevance of individual drought
vulnerability indicators as
determinants of drought risk
and potential impacts

Few drought vulnerability and
risk assessments conduct any
form of validation

Needs
Adoption  of  conceptual
framework(s) for

characterizing drought risk
that define risk of negative
impacts as a function of
hazard, exposure, and
vulnerability

More attention should be
devoted to understanding
the role of ecosystems and
their services as a driver of
drought risk and opportunity
for increasing resilience

. Further research to assess

the dynamics of risk (spatial
dynamics, temporal
dynamics, inter-indicator
relations)

. Further research on sector,

context, and scale-specific
indicators and the
development of an indicator
library that could be used for
different contexts

Further research on the
relevance  of individual
drought vulnerability
indicators  (e.g. indicator
weights)

. Further research on

validation of assessments
(including technical and user
validation) and analysis of
the  sensitivity of the
contribution of individual
indicators to an overall
assessment
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Practical perspective 1. Assessments that focus on 1. Linking of future research on
on drought risk for current conditions or past exposure, vulnerability and
people trends dominate; there is a lack risk to scenarios of relevant
of future scenarios of drought planning processes and a
hazards, exposure, consideration of global
vulnerability, and risk (relevant change
for preventive planning) 2. Provision of guidance on
2. Less than half of the how risk assessments can
assessments provide entry support the identification,
points for potential solutions planning, monitoring and
(e.g. drought risk reduction or evaluation of risk reduction
adaptation measures) and adaptation strategies
3. Ecosystem-based solutions for 3. Further research on the role

risk reduction and adaptation of
are underrepresented solutions

ecosystem-based

2.4.1. Conceptual gaps and needs

Our analysis shows that more than 60% of the reviewed studies do not explicitly specify the
type of drought hazard that is addressed and reconfirms that a broad variety of definitions of
drought vulnerability and risk are used. This creates not only terminological and taxonomic
confusion when operationalized in assessments, but also complicates the comparability of
assessments and their outcomes—a gap that has also been emphasized in previous studies
(Ebi and Bowen 2016, Bacon et al., 2017, Wu et al., 2017). While context is crucial and other
operational definitions of risk may be more appropriate depending on region and purpose
(Wilhite 2000), providing a definition is important for producing scientifically rigorous and
comparable work. There is increasing recognition that the causes of drought impacts on
people and factors that dictate severity are complex, interact with each other, and are often
features of coupled SESs (Van Loon et al., 2016). The majority (83%) of existing people-
centric drought risk assessments still focus largely on the social dimension and do not
necessarily apply an integrative approach when characterizing drought hazards, vulnerability,
or risk. As demonstrated in table 2.3, only 13%-14% of the reviewed articles considered
factors such as soil conditions or quality or the protection of ecosystems in their assessments.
Particularly when assessing drought risk in the context of agricultural systems (including
people whose livelihood depends on agriculture), which are by definition SES, an SES
perspective could help to understand and evaluate the role of degraded ecosystems as a
driver of drought risk. Furthermore, an SES perspective can help to better understand the role
of ecosystems and their regulating services as an opportunity for drought risk reduction—a
gap that has also been highlighted by Asare-Kyei et al., (2017). These gaps demonstrate the
need for enhanced conceptual models that underscore the complex, differential interplay
between drought hazards, exposure, vulnerability, and impacts while acknowledging the

relevance of human-environmental interaction in each of these components. The latest
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definitions put forward by the IPCC in its Fifth Assessment Report (IPCC 2014), widely
acknowledged by both the DRR and climate change adaptation communities, can help to

overcome the existing terminological confusion.

2.4.2. Methodological gaps and needs

When dealing with droughts, embracing complexity is necessary for understanding the multi-
dimensional nature of drought risk. Over recent years, index-based approaches have been
promoted as useful tools to measure, compare, and monitor the complexity of risk associated
with natural hazards and climate change (Sherbinin et al., 2017) and have been gaining in
popularity. Our analysis confirms this trend, with more than half of the reviewed assessments
using index-based approaches (62%). However, their usefulness for policy support has also
been subject to criticism (Hinkel 2011), given that indices are static in nature and do not
capture the complexities and dynamics (e.g. nonlinearities and feedback loops) of vulnerability
and risk (Hagenlocher et al., 2018a). It is thus crucial to develop and apply methods, such as
Bayesian or system dynamics modeling, that are able to both capture complexity and deliver
simple messages for policy-making and allocation of resources. The analysis has also shown
that the relevance of individual hazard, exposure, and vulnerability indicators for explaining
different drought impacts is poorly understood and tackled in assessments: 57% of the
indicator-based risk assessments that were reviewed did not explicitly specify any weighting
method. Future research should tackle this gap by exploring different ways for evaluating
indicator weights (e.g. expert-based versus statistical approaches) and compare the findings

by means of sensitivity analysis to evaluate the effect of weighting schemes.

Preventive planning for risk reduction and of adaptation measures requires a forward-looking
perspective, and ideally should be based on different scenarios of future drought risk for a
given region and impact—a need that has been increasingly emphasized over the past years
(Garschagen and Kraas 2010, Birkmann et al., 2015). In addition, the monitoring of risk trends
and changes in risk components and indicators over time can contribute to the monitoring and
evaluation of risk reduction and adaptation measures. This has also been recently highlighted
as a pressing need (Hagenlocher et al., 2018b). Interestingly, 54% of the existing drought risk
assessments are static in nature, i.e. they represent a snapshot in time, while the evaluation
and development of future scenarios of drought risk (ten percent of all studies) is a rather
recent phenomenon (the first paper in our review to develop future scenarios was published
in 2009) and heavily underdeveloped aspect. In order to support the planning of adaptation
strategies, scenarios of future risk pathways—in all components of hazard, exposure, and

vulnerability—are urgently required.
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The validation of risk assessments presents another persisting gap given the need of decision
makers and practitioners for up-to-date and reliable data and information. Despite major
progress in sensitivity and uncertainty analysis in the context of risk research (Fekete 2009,
Tate 2012, 2013, Feizizadeh and Kienberger 2017), our analysis has shown that less than ten
percent of all risk assessments reviewed here have conducted any form of validation of their
results using impact data and only 12% have conducted a statistical sensitivity or uncertainty

analysis. These findings are in line with gaps identified by Asare-Kyei et al., (2017).

2.4.3. Practical gaps and needs

Risk assessments should ideally not be an end in themselves, but be linked to the
identification, planning and prioritization of options for preventing and managing drought risk
or adapting to changing conditions. The IPCC AR5 (IPCC 2014) identified the lack of
assessments focusing on the actual implementation of adaptation measures and their
potential positive or negative effects, a finding further confirmed in this review. While just under
half of the studies reviewed here (40%) make a direct link to drought risk reduction or
adaptation strategies, only very few of these articles consider or recommend ecosystem-
based approaches, leaving the potential of nature-based solutions (NbS) for drought risk
reduction and mitigation (Kloos and Renaud 2016, UN 2018) far from being realized. Hence,
more research is needed to evaluate the role of ecosystems and their services not only as

drivers of drought risk, but also as an option for drought risk reduction and adaptation.

2.5. Conclusions

Reducing drought risk and associated direct and indirect impacts through targeted risk
reduction and adaptation has become a global priority, as reflected by recent global initiatives
and frameworks (e.g. the 2018/19 UNCCD Drought Initiative, Sendai Framework for Disaster
Risk Reduction 2015-2030, Sustainable Development Goals, and the upcoming 2020 GAR
Special Report on Drought) as well as by the steadily increasing number of drought risk
assessments over the past decades. Efforts to reduce drought risk and adapt to changing
environmental conditions by prioritizing and allocating funding and resources should be based
on a sound understanding, characterization, and assessment of the drivers, patterns, and past
trends as well as projected future patterns of drought risk. However, despite major advances
over the past decades in terms of developing better methods and tools for characterizing
individual components of risk, the review has revealed and reconfirmed a number of persistent
knowledge gaps—of conceptual, methodological, and practical nature—which need to be
urgently confronted in order to advance the understanding of drought risk for people, improve

its assessment, and support pathways towards more drought resilient societies

29



3. Assessing drought risk for agricultural systems at global scale

3.1. Drought vulnerability indicators for global-scale drought risk assessments
Meza l., Hagenlocher M., Naumann G., Vogt J. V., Frischen J.
Published as JRC Technical Report (2019) in EU publications: https://doi.org/10.2760/73844

Summary

Droughts are complex, multifaceted hazards that affect multiple regions of the world and cause
severe environmental and social impacts. The vulnerability to droughts, however, is complex
to assess and strongly depends on the sectoral focus as well as on the geographical context
of the assessment. This report presents the results of an expert survey that was conducted to
weigh drought vulnerability indicators according to their relevance for agricultural systems and
domestic water supply. Indicators originate from multiple dimensions (social, economic,
infrastructure, crime and conflict, environmental and farming practices) and are grouped into
four subcategories: social susceptibility, environmental susceptibility, lack of coping capacity
and lack of adaptive capacity. The findings underline that the relevance of indicators strongly
varies depending on the sector which is susceptible to the negative impacts of drought. Hence,
the most relevant indicators for agricultural systems differentiate significantly from the most
important ones for domestic water supply. The results are used in the GlobeDrought project
to include expert judgement in the vulnerability assessments. This information will be compiled

together with drought hazard and exposure information into a global drought risk assessment.

3.1.1. Background

Drought risk and its related impacts depend not only on the drought hazard, but also on the
exposure and vulnerability of the different socioeconomic sectors (e.g. agriculture, domestic
water supply, energy production, waterborne transport, tourism) or ecosystems (e.g. wetlands,
forests) (IPCC, 2014, UNDRR, 2019, Vogt et al., 2018). Cross-sectoral and impact-specific
assessments of who and what (e.g. people, agricultural land) is at risk to what (e.g.
meteorological or soil moisture drought), as well as where and why, can provide relevant
baselines for the identification of targeted risk reduction and adaptation strategies (UNCCD,
2016).

Vulnerability is a key component of any drought risk assessment, indicating which sectors,
populations or ecosystems are particularly susceptible to suffer negative impacts, but also the
level of their capacity to cope with and adapt to droughts (IPCC, 2014). According to the Fifth

Assessment Report (AR5, Working Group 1) of the Intergovernmental Panel on Climate
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Change (IPCC, 2014) vulnerability, defined as the propensity or predisposition to be adversely
affected, has three components: susceptibility, coping capacity and adaptive capacity.
Thereby, susceptibility is defined as the likelihood of damage in an extreme natural event
(describes the structural conditions of ecosystems and society characteristics), coping
capacity as the capacity of a system to properly face adverse consequences in the short term,
and adaptive capacity as a longer-term process which includes adjustments in the system as
part of a learning, experimentation, and change process. When assessing vulnerability in the
context of droughts, it is important to go beyond the social, economic, or political dimensions
of societal vulnerability, and to also take into consideration factors determining the vulnerability
of natural ecosystems. Vulnerability assessments support mid- and long-term preparedness

actions and water resources planning for targeted sectors and sensitive populations.

Over the past years, indicator-based approaches have been promoted as useful tools to
assess, compare, and monitor the complexity of drought risk from local to global scales (e.g.,
Carrdo et al., 2016; Blauhut et al., 2016). However, the contribution of the individual indicators
to explain drought vulnerability and ultimately the risk of sectoral drought impacts is often only
weakly understood. As a result, the majority of assessments, notably at the global scale (e.g.
Carrédo et al., 2016), are based on equal weights for all indicators. In order to address the
limitation of using equal weights, a global expert survey on vulnerability indicators for global-
scale, sectoral drought risk assessments was conducted from November to December 2018
as a joint effort between JRC’s Global Drought Observatory (GDO) and United Nations
University (UNU-EHS). The objective was to identify and weigh relevant drought vulnerability
indicators with regard to potential impacts of drought hazards on agricultural systems and

domestic water supply.

This report summarizes the results of the “Drought Global Expert Survey”, and provides a
general overview of the most relevant vulnerability indicators according to expert judgement.
In addition, in-depth information on the indicator relevance is provided broken down by the
expert's years of experience, gender, world region, and sector. The results will inform sectoral
global drought vulnerability and risk assessments for agricultural systems and domestic water

supply within the GlobeDrought project and the Global Drought Observatory (GDO).
3.1.2. Methodology

The survey was conducted using the e-encuesta online software’. The list of drought

vulnerability indicators was derived from both a systematic literature review (Hagenlocher et

7 https://www.e-encuesta.com/
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al., 2019) and through expert consultations. In total, 64 indicators for agricultural systems

and domestic water supply were identified and included in the online survey.

In order to be able to synthesize expert knowledge on relevant indicators for assessing and
mapping drought vulnerability at the global scale, experts from around the world were selected
based on their publication track record and expertise in the field of drought risk, following the
relevant literature selection proposed by Hagenlocher et al., (2019). In total, 124 experts were
identified and contacted. A pre-test was run during the JRC European Drought Observatory
(EDO) User Meeting 2018 which took place in October 2018 in Ispra, Italy (Spinoni et al.,
2018). The pre-test has resulted in minor modifications regarding the specific wording of some

of the questions.

In the online survey, experts were asked to weigh each indicator based on its relevance for
drought vulnerability and the risk of negative impacts of drought on agricultural systems (incl.
people, crops, livestock, etc.) and domestic water supply (survey questions are presented in
the Appendix F7). A rating scale from zero to four (0 = not relevant; 4 = highly relevant) defined
the level of global relevance of the different statements. An “I don’t know” option was provided
for each indicator, however the answers were not considered for the assessment, since this
option does not indicate the relevance of an indicator. In the online survey, experts were given

the option to also suggest and weigh additional indicators.

The final selection of relevant indicators at the global level for agricultural systems and

domestic water supply based on the survey results followed a two-step approach:

(2) Indicators were kept when more than 50% of the experts considered them a medium-

high or highly relevant indicator

(2) Z-scores with a 95% confidence interval were applied to ensure that there was high

level of agreement across experts.

The results were normalized to receive a value between 0 and 1 for each indicator. The
amount of responses in each category was multiplied with the following values: not relevant*0,
low relevance*0.25, low-medium relevance*0.5, medium-high relevance*0.75 and highly
relevant*1. Finally, the sum was divided by the total number of answers given per indicator to
receive the average. Indicators with a value close to 1 are highly relevant, whereas indicators

with a value close to 0 indicate lower relevance (Figure 3.1).
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3.1.3. Results

Out of the 124 experts that were initially contacted, 78 (63%) participated in the survey (incl.
45 complete and 33 partial responses). The results clearly show that the majority of experts
works in academia (52%) or for governmental organizations (34%), and has more than 5 years
of relevant work experience (>65%). Their geographic focus of work across continents is fairly
balanced. A detailed overview about the participant’s backgrounds, their experience, research
fields and geographic focus of work is provided in Appendix F1. In total, the experts ranked 64
indicators according to their relevance. Table 3.1 shows the total number of indicators
categorized by different vulnerability dimensions (e.g. social, economic, infrastructure), and

provides an overview of how many indicators were considered as relevant by the experts.

Table 3.1 Total number of indicators proposed according to the different vulnerability

dimensions and the final list of relevant indicators after the selection process.

Vulnerability Ind.lcators Final list of relevant indicators = Final list of relevant indicators
: ; weighed . :

dimension ) for agricultural systems (N) for domestic water supply (N)
Social 18 7 9

Economic 13 11 8
Infrastructure 7 6 6

Crime & conflict 2 1 1

Governance 10 8 8
Environmental 7 5 2

Farming practices 7 7 1

TOTAL 64 45 35

Following the break-down of vulnerability into its components, as proposed by the IPCC
(2014), Table 3.2 shows the number of indicators for each vulnerability component (i.e. social
susceptibility, environmental ecological susceptibility, lack of coping capacity, and lack of
adaptive adaptive capacity), and provides an overview of how many indicators were

considered as relevant by the experts.

Table 3.2 Total number of indicators proposed according to the different vulnerability
components (social susceptibility, environmental susceptibility, lack of coping capacity, lack of

adaptive capacity) and the final list of relevant indicators after the selection process.

Vulnerability Indicators Final list of relevant indicators = Final list of relevant indicators
component weighed (N) for agricultural systems (N) for domestic water supply (N)
Social susceptibility 30 21 20

Environmental
o 10 8 3
susceptibility

33



Coping capacity 17
Adaptive capacity 7
TOTAL 64

45

35

Table 3.3 shows the most and least relevant indicators for agricultural systems and water

supply. The indicator ‘Existence of adaptation plans and policies’ is highly relevant for both

sectors (Agricultural Systems: rank 4 out of 45, Water supply: rank 2 out of 35). However, the

degree of relevance among other indicators varied considerably. ‘Access to clean water’ is the

fourth most important indicator for water supply, but only on rank 39 for agricultural systems.

These results clearly indicate that the vulnerability indicator selection for drought risk

assessments must always be adapted to the specific context in which drought risk is assessed.

A detailed overview about all indicators for agricultural systems and water supply is provided

in the following graphs and in Appendix F4 and Appendix F5 respectively.

Table 3.3 Top five most relevant and least relevant indicators for agricultural systems and

water supply.

Most
relevant

Least
relevant

Agricultural Systems

1. Dependency on agriculture for livelihood
2. Cultivation of drought-resistant crops

3. Irrigated land

4. Existence of adaptation policies & plans

5. Degree of land degradation and
desertification

41. Electricity production from hydroelectric
sources

42. Unemployment rate

43. Population without access to (improved)
sanitation

44. Population ages 15-64

45, Life expectancy at birth

Water Supply

1. Baseline water stress

2. Existence of adaptation policies & plans
3. Water quality

4. Government effectiveness

5. Access to clean water

31. Expenditure on health

32. Unemployment rate
33. Population ages 15-64

34. Area protected and designated for the

conservation of biodiversity
35. Refugee population
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Figure 3.1. Relevance of indicators for agricultural systems and water supply.
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Figure 3.2. Most relevant indicators for agricultural systems by region.
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Figure 3.3. Most relevant indicators for water supply by region.
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3.2. Global-scale drought risk assessment for agricultural systems

Meza |., Siebert, S., Ddll, P., Kusche, J., Herbert, C., Rezaei, E. E., Nouri, H., Gerdener, H.,
Popat, E., Frischen, J., Naumann, G., Vogt, J., Walz, Y., Sebesvari, Z., & Hagenlocher, M.
Published as research article in Natural Hazards And Earth System Sciences (2020):
https://doi.org/10.5194/nhess-20-695-2020

Summary

Droughts continue to affect ecosystems, communities and entire economies. Agriculture bears
much of the impact, and in many countries it is the most heavily affected sector. Over the past
decades, efforts have been made to assess drought risk at different spatial scales. Here, we
present for the first time an integrated assessment of drought risk for both irrigated and rainfed
agricultural systems at the global scale. Composite hazard indicators were calculated for
irrigated and rainfed systems separately using different drought indices based on historical
climate conditions (1980-2016). Exposure was analyzed for irrigated and non-irrigated crops.
Vulnerability was assessed through a socioecological-system (SES) perspective, using
socioecological susceptibility and lack of coping-capacity indicators that were weighted by
drought experts from around the world. The analysis shows that drought risk of rainfed and
irrigated agricultural systems displays a heterogeneous pattern at the global level, with higher
risk for southeastern Europe as well as northern and southern Africa. By providing information
on the drivers and spatial patterns of drought risk in all dimensions of hazard, exposure and
vulnerability, the presented analysis can support the identification of tailored measures to

reduce drought risk and increase the resilience of agricultural systems.

3.2.1. Introduction

Droughts exceed all other natural hazards in terms of the number of people affected and have
contributed to some of the world’s most severe famines (FAO, 2018; CRED and (UNISDR,
2018). Drought is conceived as an exceptional and sustained lack of water caused by a
deviation from normal conditions over a certain region (Tallaksen and Van Lanen, 2004; Van
Loon et al., 2016). It can have manifold impacts on social, ecological and economic systems,
for instance agricultural losses, public water shortages, reduced hydropower supply, and
reduced labor or productivity. While many sectors are affected by drought, agriculture’s high
dependency on water means it is often the first of the most heavily affected sectors (Dilley et
al., 2005; UNDRR, 2019). With nearly 1.4 billion people (18 % of the global population)
employed in agriculture, droughts threaten the livelihoods of many and hamper the
achievement of the Sustainable Development Goals (SDGs) — notably SDG 1 (no poverty),
SDG 2 (zero hunger), SDG 3 (good health and well-being) and SDG 15 (life on land). While
there is ambiguity regarding global drought trends over the past century (Sheffield et al., 2012;
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Trenberth et al., 2013; McCabe and Wolock, 2015), drought hazards will likely increase in
many regions in the coming decades (Sheffield and Wood, 2008; Dai, 2011; Trenberth et al.,
2013; Spinoni et al., 2017, 2019b; UNDRR, 2019). Identifying pathways towards more drought
resilient societies therefore remains a global priority.

Recent severe droughts in southeastern Brazil (2014-2017), California (2011-2017), the
Caribbean (2013-2016), northern China (2010-2011), Europe (2011, 2015, 2018), India
(2016, 2019), the Horn of Africa (2011-2012), South Africa (2015-2016, 2018) and Vietnam
(2016) have clearly shown that the risk of negative impacts associated with droughts is not
only linked to the severity, frequency and duration of drought events but also to the degree of
exposure, susceptibility and lack of coping capacity of a given socioecological system (SES).
Despite this, proactive management of drought risk is still not a reality in many regions across
the world. Droughts and their impacts are still mostly addressed through reactive crisis
management approaches, for example, by providing relief measures (Rojas, 2018). To
improve the monitoring, assessment, understanding and ultimately proactive management of
drought risk effectively, we need to acknowledge that the root causes, patterns and dynamics
of exposure and vulnerability need to be considered alongside climate variability in an

integrated manner (Spinoni et al.,2019a; Hagenlocher et al., 2019).

Over the past decades, major efforts have been made to improve natural hazard risk
assessments and their methodologies across scales, ranging from global risk assessments to
local-level assessments. At the global scale several studies have been published in recent
years, focusing on the assessment of flood risk (Hirabayashi et al., 2013; Ward et al., 2013,
2014), seismic risk (Silva et al., 2018), cyclone risk (Peduzzi et al., 2012) or multi-hazard risk
(e.g., Dilley et al., 2005; Peduzzi et al., 2009; Welle and Birkmann, 2015; Garschagen et al.,
2016; INFORM, 2019; Koks et al., 2019; UNDRR, 2019). While major progress has been made
regarding the mapping, prediction and monitoring of drought events at the global scale (e.qg.,
Yuan and Wood, 2013; Geng et al., 2013; Spinoni et al., 2013, 2019b; Damberg and
AghaKouchak, 2014; Hao et al., 2014, Carréo et al., 2017), very few studies have assessed
either exposure to drought hazards (Guneralp et al., 2015) or drought risk at the global level
(Carréo et al., 2016; Dilley et al., 2005; Li et al., 2009). The study by Carrdo et al. (2016)
presents the first attempt to map drought risk at the global scale while considering drought
hazard (based on precipitation deficits), exposure (population, livestock, crops, water stress)
and societal vulnerability (based on social, economic and infrastructural indicators). While
generic drought risk assessments are useful for establishing an overview of the key patterns
and hotspots of drought risk, it is increasingly acknowledged that drought risk assessment

should be tailored to the needs of specific users so that management plans can be developed
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to reduce impacts (Vogt et al., 2018; UNDRR, 2019). Impact or sector-specific assessments
of who (e.g., farmers) and what (e.g., crops) are at risk as well as what they are at risk of (e.g.,
abnormally low soil moisture, deficit in rainfall, below average streamflow), where they are at
risk and why are needed to inform targeted drought risk reduction, resilience and adaptation
strategies (IPCC, 2014). Such analyses are currently lacking. Furthermore, in their exposure
analysis, Carrdo et al. (2016) do not distinguish between rainfed and irrigated agriculture,
although different hazard indicators are relevant when assessing drought risk for these
systems. In addition, the vulnerability analysis presented by Carrdo et al. (2016) is based on
a reduced set of social, economic and infrastructure-related indicators and does not account
for the role of ecosystem-related indicators as a driver of drought risk — a gap that was recently
highlighted in a systematic review of existing drought risk assessments across the globe
(Hagenlocher et al., 2019). A socioecological-system perspective, especially when assessing
drought risk in the context of agricultural systems, where livelihoods depend on ecosystems
and their services, can help to better understand the role of ecosystems and their services not
only as a driver of drought risk but also as an opportunity for drought risk reduction (Kloos and
Renaud, 2016).

This paper addresses some of the above gaps by presenting, for the first time, an integrated
drought risk assessment that brings together data from different sources and disciplines for
rainfed and irrigated agricultural systems considering relevant drought hazard indicators,
exposure and vulnerability at the global scale. The spatial variability in drought risk on global
and regional scales might help to identify leverage points for reducing impacts and properly

anticipate, adapt and move towards resilient agricultural systems.

3.2.2. Methods

Today, it is widely acknowledged that risk associated with natural hazards, climate variability
and change is a function of hazard, exposure and vulnerability (IPCC, 2014; UNDRR, 2019).
Following that logic, Figure 3.4 shows the overall workflow of the assessment, while the
subsequent sections describe in detail how drought risk for agricultural systems, including both

irrigated and rainfed systems, was assessed at the global scale.

40



COMPOSITE DROUGHT RISK INDICATOR (hazard x exposure x vulnerability)
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Figure 3.4. Workflow for the overall global drought risk assessment for agricultural systems
(including irrigated and rain-fed systems).

The composite drought hazard indicators were calculated for irrigated and rainfed systems
separately using drought indices based on historical climate conditions (1980-2016), which
resulted in integrated hazard maps for both rainfed and irrigated agricultural systems,
respectively. The different irrigated and non-irrigated crops by country were considered to be
the exposed element. Due to the lack of high-resolution gridded data on an agricultural-
dependent population at the global scale, this exposure indicator was not considered. The
vulnerability component was assessed through a SES lens, where socioecological
susceptibility and a lack of coping capacity indicators were weighted by drought experts

around the world.

3.2.2.1. Drought hazard and exposure indicators

The drought hazard indicators considered here represent the average drought hazard during
the period 1980 to 2016 in each spatial unit for which it is computed. Drought hazard is defined
as a deviation of the situation in a specific year or month from long-term mean conditions in

the 30-year reference period from 1986 to 2015. To quantify drought hazard for such a long
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period, we used the global water resources and water use model WaterGAP (Muller Schmied
et al., 2014) and the global crop water model (GCWM; Siebert and Doll, 2010). The models
simulate terrestrial hydrology (WaterGAP) and crop water use (GCWM) for daily time steps on
a spatial resolution of 30 arcmin (WaterGAP) or 5 arcmin (GCWM). The most recent version,
WaterGAP 2.2d, was forced by the WFDEI-GPCC climate data set (Weedon et al., 2014),
which was developed by applying the forcing data methodology developed in the EU project
WATCH on ERA-Interim reanalysis data (Table 3.4). The GCWM used the CRU-TS 3.25
climate data set (Harris et al., 2014) as input. CRU-TS 3.25 was developed by the Climate
Research Unit of the University of East Anglia by interpolation of weather station observations
and is provided as a time series of monthly values. Pseudo-daily climate was generated by
the GCWM as described in Siebert and Do6ll (2010). Following the definitions of the
Intergovernmental Panel on Climate Change put forward in their Fifth Assessment Report
(IPCC, 2014), exposure is defined as the elements located in areas that could be adversely
affected by drought hazard. The distinct exposure of irrigated and rainfed agricultural systems
to drought was considered by weighting grid-cell-specific hazards with the harvested area of
irrigated and rainfed crops according to the monthly irrigated and rainfed crop areas’
(MIRCA2000) data set (Portmann et al., 2010) when aggregating grid-cell-specific hazards to
exposure at a national scale. MIRCA2000 was also used to inform the models used in the
hazard calculations about growing areas and growing periods of irrigated and rainfed crops.
The data set refers to the period centered around the year 2000; time series information is not
available at the global scale. To maximize the representativeness of the land use, the

reference period and evaluation period used in this study were centered around the year 2000.

Table 3.4. Hazard and exposure indicators used in the analysis and their processed data

Risk Composite Indicator Processed data
component | indicator
Accumulated WaterGAP (1980-2016) with climate forcing WFDEI-GPCC.
streamflow Streamflow monthly time series.
CH IrigA deficit
—MIAY 1" Accumulated GCWM (1980-2016) with climate forcing CRU TS3.25.
Drought irrigation surplus | Monthly time series of net irrigation requirements
hazard
CH_RfAg AET/PET GCWM (1980-2016) with climate forcing CRU TS3.25.
deviation ratio Annual time series of the deviation of the ratio AET / PET
from the long-term (1986-2015) median of the ratio AET /
PET
Exposed Rainfed & Aggregation of MIRCA 2000 dataset was used to compute harvested area
elements irrigated pixel level data weighted averages of the indicators
to national scale
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3.2.2.1.1. Irrigated agricultural systems

The composite drought hazard indicator is defined as the product of mean severity and
frequency of drought events. For irrigated agriculture (CH_IrrigAg) it combines an indicator for
streamflow drought hazard (SH), i.e., for abnormally low streamflow in rivers, with an indicator
of an abnormally high irrigation water requirement (IH; Figure 3.4). It thus considers the
deviations of both demand and supply of water from normal conditions. SH and IH are
computed with a spatial resolution of 0.5 by 0.5° (55 km by 55 km at the Equator). Greenland
and Antarctica are excluded. As IH is not meaningful in grid cells without irrigation, CH_IrrigAg
is only computed for grid cells in which irrigated crops are grown according to MIRCA2000
(Portmann et al., 2010).

IH was calculated by using the GCWM based on a monthly time series of net irrigation
requirements from 1980 to 2016. The net irrigation requirement is the volume of water needed
to ensure that the AET of irrigated crops is similar to their PET (Figure 3.4). The calculations
were performed for 487 121 grid cells with a resolution of 5 arcmin, containing irrigated crop
areas, and then aggregated to 26 478 grid cells with a 30 arcmin resolution to be consistent
with the resolution used by WaterGAP. SH was calculated by using WaterGAP based on a
monthly time series of streamflow from 1980 to 2016 in 66 896 grid cells with a 0.5° x 0.5¢

resolution worldwide.

For both IH and SH, drought hazard per grid cell was quantified as the product of the (scaled
or transformed) mean severity of all drought events during the evaluation period 1980-2016
and the frequency of drought events during this period. Drought events for IH and SH were
determined independently. In the case of IH computation, a drought event starts as soon as
the monthly irrigation requirement exceeds the irrigation requirement threshold and ends when
the surplus reaches zero. In the case of SH computation, a drought starts if the monthly
streamflow drops below the streamflow threshold and ends as soon as the deficit reaches
zero. For each grid cell and each of the 12 calendar months, a drought threshold was defined
as the median of the variable values in the respective calendar month during the reference
period 1986-2015. To avoid spurious short droughts and drought interruptions, it was defined
that a drought event starts (1) with at least 2 consecutive months with an IH surplus or a SH
deficit and (2) 1 month without an IH surplus or if a SH deficit does not break the event (Spinoni
et al., 2019). The accumulated surplus (IH) divided by the deficit (SH) during each drought
event is the severity of the drought event. Mean severity is computed as the arithmetic average
of the severity of all drought events during the evaluation period. As in the case of SH, the
deficit and thus the severity of streamflow drought are strongly correlated with the mean

annual streamflow; mean severity is therefore scaled by dividing the accumulated streamflow
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deficit by mean annual streamflow. In this way scaled mean streamflow drought severity is
expressed as the fraction of the mean annual flow volume that is on average missing during
drought events. In the case of IH, mean severity is transformed logarithmically before
computation of IH, as in most grid cells the volume of irrigation water needed additionally in
drought periods is relatively small (volume in 569 out of the 26 478 irrigated grid cells is lower
than 100 m3; in 1450 grids it is lower than 1000 m3). However, there are also some grids with
extremely high values (95 grids where the additional irrigation water requirement per drought
event is larger than 100 000 000 m3). The logarithmic transformation accounted for the

specific value distribution.

CH_IrrigAg was then calculated for each grid cell by combining SH and IH. To ensure that
both indicators are weighted equally, their native values were first scaled to a range between
0 and 1 by dividing SH and IH in each grid cell by the maximum SH or IH detected globally.
The frequency distribution of the SH values calculated that way was shifted to the left, with a
mean of 0.244, while the frequency distribution of IH was shifted to the right, with a mean of

0.664. Therefore, CH_IrrigAg was calculated foreach grid cell as
CH_IrrigAg = 0.5 (SH/SH + IH/IH) , (2)

with SH being the grid-cell-specific streamflow hazard, IH being the grid-cell-specific irrigation
requirement hazard, and SH and IH being the mean of SH or IH calculated across all grid

cells.

The exposure of irrigated agricultural systems to drought at the national scale was derived as
the harvested-area weighted mean of the CH_IrrigAg across all grid cells belonging to the

respective aggregation units.

3.2.2.1.2. Rainfed agricultural systems

The composite drought hazard indicator for rainfed agriculture (CH_RfAg) was quantified
based on the ratio of actual crop evapotranspiration (AET in m3 d-1) to potential crop
evapotranspiration (PET in m3 d-1), calculated for the evaluation period 1980-2016 and
compared to the reference period 1986-2015 (Figure 3.4). PET quantifies the water
requirement of the crop without water limitation, while AET refers to the evapotranspiration

under actual soil moisture conditions.

The GCWM was applied for 24 specific rainfed crops and the two groups “others, annual” and

“others, perennial” to calculate crop-specific AET and PET on a daily time step. Together, the
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24 crops and two crop groups cover all crop species distinguished by FAO in their database
FAOSTAT. The sum of daily crop-specific AET and PET was calculated for all crops and for
each year in the period 1980-2016 for 927 857 grid cells containing rainfed cropland and
aggregated to 37 265 grid cells with the resolution 0.5 x 0.5-. The mean ratio between AET
and PET (AET/PET) for the reference period 1986-2015 was then calculated for each grid
cell. AET/PET reflects long-term water limitations for the geographic unit, with low values
representing high aridity and high values for low aridity. CH_RfAg was then determined by
calculating the ratio AET / PET for each year from 1980-2016 and by deriving the percentile
of a relative difference of 10 % to the long-term mean ratio AET/PET from the time series.
Consequently, CH_RfAg reflects the probability of occurrence of a drought year in which the
ratio between total AET and total PET across all rainfed crops is 10 % lower than the long-
term mean ratio AET/PET. We also tested other percentage thresholds (20 %, 30 %, 50 %),
but for many parts of the world we never computed reductions of the ratio AET / PET by more
than 10 % of the long- term mean ratio (Table in Appendix B5). Therefore, it was decided to

use the 10 % threshold consistently.

3.2.2.1.3. Integration of drought exposure of irrigated and rainfed cropping systems

The combined drought exposure of rainfed and irrigated cropping systems was evaluated at
the country level by averaging the harvested-area weighted drought exposure of irrigated and
rainfed cropping systems. As described before, distinct methods were used to calculate
hazard and exposure of irrigated and rainfed systems so that a direct comparison of the
exposure values is not meaningful. In addition, the frequency distributions differed
considerably, with a harvested-area weighted global mean of the drought exposure of 0.455
for irrigated systems and 0.189 for rainfed systems. To ensure a more similar weight of rainfed
and irrigated drought exposure, country-specific exposures were divided by the global mean,

and then the integrated exposure was calculated as harvested-area weighted mean:
EXp[ot = ((AHrf - EXprf/0189) + (AHirr * EXp|rr/0455)) /AHtot, (2)

with Expwt, EXpr @and Expir being the exposure of the whole, rainfed and irrigated cropping
systems to drought and AHwt, AH and AHir being the harvested area of all crops, rainfed

crops and irrigated crops.
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3.2.2.2. Vulnerability and risk assessment

According to the Intergovernmental Panel on Climate Change (IPCC, 2014), vulnerability is
the predisposition to be adversely affected as a result of the sensitivity or susceptibility of a
system and its elements to harm, coupled with a lack of coping and adaptive capacity. The
assessment of drought vulnerability is complex because it depends on both biophysical and
socioeconomic drivers (Naumann et al., 2014). Due to this complexity, the most common
method to assess vulnerability in the context of natural hazards and climate change is using
composite indicators or index-based approaches (Beccari, 2016; de Sherbinin et al., 2019).
Although their usefulness for policy support has also been subject to criticism (Hinkel, 2011,
Beccari, 2016), it is widely acknowledged that composite indicators can identify generic
leverage points for reducing impacts at the regional to global scale (De Sherbinin et al., 2017,
2019; UNDRR, 2019).

Following the workflow to calculate composite indicators proposed by the Organisation for
Economic Cooperation and Development (OECD, 2008) and Hagenlocher et al. (2018), the
methodological key steps on which the vulnerability assessment is based are (1) the definition
of the conceptual framework, (2) identification of valid indicators, (3) data acquisition and
preprocessing, (4) analysis and imputation of missing data, (5) detection and treatment of
outliers, (6) assessment of multicollinearities, (7) normalization, (8) weighted aggregation, and

(9) visualization.

An initial set of vulnerability indicators for agricultural systems was identified based on a recent
review of existing drought risk assessments (Hagenlocher et al., 2019). In total 64 vulnerability
indicators, including social, economic and physical indicators; farming practices; and
environmental, governance, and crime and conflict factors, were selected and classified by
socioecological susceptibility (SOC_SUS, ENV_SUS), a lack of coping capacity (COP) and a
lack of adaptive capacity (AC) following the risk framework of the IPCC (IPCC, 2014). Indicator
weights, which express the relevance of the identified indicators to characterizing and
assessing the vulnerability of agricultural systems to droughts, were identified through a global
survey of relevant experts (n = 78), the majority of whom have worked in academia and for
governmental organizations with more than 5 years of work experience (Meza et al., 2019). In
total, 46 of the 64 indicators were considered relevant by the experts, comprising susceptibility,
coping- and adaptive-capacity indicators. However, since adaptive capacity is only relevant
when assessing future risk scenarios and less relevant to current risk, indicators related to
adaptive capacity and indicators that could be measured with the same data source due to
the similarity in what they represent were removed. For instance agriculture (% of GDP) and

dependency on agriculture for livelihood (%) were averaged into one income indicator, and
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the variables GDP per capita (PPP — purchasing-power parity) and population below the
national poverty line (%) both refer to poverty and therefore were also averaged to a combined
indicator. This resulted in a set of 26 indicators as part of the vulnerability assessment (Table
3.5).

Table 3.5 Vulnerability indicators used in the analysis and their related expert-weights*.

Indicator | Data source | Weight*
Social susceptibility (SOC_SUS)
Share of GDP from agr., forestry and fishing in US$ (%) FAO (2016a) 0.96
Rural population (% of total population) World Bank (2011-2017) 0.85
Prevalence of undernourishment (% of population) World Bank (2015e€) 0.82
Literacy rate, adult total (% of people ages 15 and above) World Bank (2015d) 0.80
Prevalence of conflict/insecurity (Crime and Theft, Index (0-30)) World Bank (2017a) 0.76
Proportion of population living below the national poverty line (%)/SDG indicators (2015-2017)| 0.75
Access to improved water sources (% of total population withWorld Bank/FAO (2015a) 0.66
access)
DALYs (Disability-Adjusted Life Years)(DALYs per 100,000,GBD (2016) 0.65
Rate)
GINI index World Bank (2017b) 0.64
Insecticides and pesticides used (ton/ha) FAO (2016b) 0.63
Gender Inequality Index UNDP (2018) 0.62
Electricity production from hydroelectric sources (% of total) World Bank (2015b) 0.62
Unemployment, total (% of total labor force) (national estimate) World Bank (2017) 0.60
Dependency ratio (Population ages 15-64 (% of total population))World Bank (2011-2016) 0.60
Population using at least basic sanitation services (%) WHO (2015) 0.60
Healthy life expectancy (HALE) at birth (years) WHO (2014) 0.56
Ecological susceptibility (ECO_SUS)
Average land degradation in GLASOD erosion degree FAO (1991) 0.92
Fertilizer consumption (kilograms per hectare of arable land)  World Bank (2015) 0.74
Average soil erosion FAO (1991) 0.72
Terrestrial and marine protected areas (% of total territorial area)\World Bank (2016-2017) 0.63
Lack of coping capacity (COP)
Saved any money in the past year (% age 15+) Global FINDEX (2014-2017)| 0.87
Government Effectiveness: Percentile Rank World Bank (2017) 0.85
Total dam storage capacity per capita. Unit: m3/inhab FAO Aquastat (2017) 0.82
Total renewable water resources per capita (m3/inhab/year) FAO (2014) 0.76
Corruption Perception Index (CPI) Transparency International| 0.68

(2017)

Travel time to cities <30 min (population) (%) JRC (2015) 0.65

* derived from a global expert survey (Meza et al., 2019)

Following data acquisition, the data were preprocessed by transforming absolute to relative
values and standardized when necessary (e.g., travel time to cities < 30 min — population,
divided by the total population). Descriptive statistics were used to evaluate the degree of
missing data. The imputation of missing values was done with data from previous years and

using secondary sources following Naumann et al. (2014) in cases where the r value lay
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between -1.0 and -0.9 or 1.0 and 0.9 using a Spearman correlation matrix and scatter
diagram for visual interpretation. Following suggestions by Roth et al. (1999), Peng et al.
(2006) and Enders (2003), listwise and pairwise deletion thresholds were selected when > 30
% of data were missing on a country level and when > 20 % of data were missing on the
indicator level. After the deletion, 168 countries and 26 indicators were considered for the final
analysis. To detect potential outliers, scatter plots and box plots for each indicator were
created. Potential outliers were further examined using triangulation with other sources and
past years. On this basis, outliers were identified in only one indicator (i.e., fertilizer
consumption — kg ha—1 of arable land) and treated using winsorization following Field (2013).
Multicollinearities were identified using a Spearman correlation matrix for the different
vulnerability components (social susceptibility, environmental susceptibility and a lack of
coping capacity). Following the rule proposed by Hinkle et al. (2003), any values higher than
r > 0.9 or smaller than r < -0.9 were considered very highly correlated. The correlation was
considered only if it was significant at the 0.05 level (two-tailed). Two indicators for the lack of
a coping-capacity component and two from social susceptibility (e.g., healthy life expectancy
at birth — years — and disability-adjusted life) showed high and significant correlations.
However, no indicators were excluded on this basis due to the difference in concepts they
represented and their relevance at the global level. In order to render the indicators
comparable, the final selected indicators were normalized to a range from O to 1 using min—

max normalization (Naumann et al., 2014; Carrdo et al., 2016):
Zi = Xi = XminfXmax — Knin, (3)

where Z; is the normalized score for each indicator score X; . For variables with negative

cardinality to the overall vulnerability the normalization was defined as:
Zi=1- (XI = Xmin/Xmax = Xmin) - (4)

Finally, the normalized indicator scores were aggregated into vulnerability components
(SOC_SUS, ENV_SUS, COP) using weighted arithmetic aggregation based on (using the
example of SOC_SUS)

SOC _SUS =Y Wz, (5)

where W; is the weights for each normalized data set, and Z; is the weights as obtained from
the global expert survey. Therefore, weights were normalized to add up to 1. The final
indicators and their respective weights are listed in Table 3.5. The vulnerability components
of socioecological susceptibility (SE_SUS) were combined using an average, which was then

combined with COP to obtain a final vulnerability index (VI) score:
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VI =V (SE_SUS) + V (COP)/2. (6)

The final drought risk index (DRI; Figure 3.4) was calculated by multiplying the indices for
drought hazard and exposure by vulnerability. At the pixel level, the presence of hazard and
vulnerability point to a certain drought risk, independent of how much crop area is contained
in the specific pixel. At the aggregated level, the different crop areas in the specific pixels must
be considered; therefore exposure was calculated as harvested-area weighted mean of the
pixel-level hazard and then multiplied by vulnerability to calculate drought risk at the country

level.

The total drought risk score for irrigated and rainfed systems combined (DRIl is derived by

multiplying the exposure of the whole cropping system Exptot (Eq. 2) by the VI.

3.2.2.3. Comparison against drought impact data

The outcomes of the risk assessment for irrigated and rainfed systems combined (DRI.t) were
compared against impact data from the international Emergency Events Database (EM-DAT)
of the Centre for Research on the Epidemiology of Disasters (CRED) using visual correlation
(Figure 3.9). EM-DAT systematically collects reports of drought events and drought impacts
from various sources, including UN agencies, NGOs, insurance companies, research
institutes and press agencies. Here, the number of drought events within the period 1980—
2016 was used as an input for the comparison. Therefore, a drought event is registered in EM-
DAT when at least one of the following criteria applies: 10 or more people are dead, 100 or
more people are affected, or a declaration of a state of emergency or a call for international

assistance is made.

3.2.3. Results

This section presents the results of the global drought risk assessment for agricultural systems
(irrigated and rainfed) at the pixel level (Figures 3.5 and 3.6) and for the total risk of both
systems combined at national resolution (Figure 3.7). The dark- red patterns show high levels
of the different risk components, while dark blue reflects low scores of the different risk

components.
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3.2.3.1. Drought risk for irrigated agricultural systems
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Figure 3.5. Drought risk (a), hazard/exposure (b) and vulnerability (c) for irrigated agricultural
systems. The legends were defined by assigning the median of the value distribution to the
yellow color in the center, the 90th percentile to the deepest red color, the 10th percentile to
the deepest blue color, and by determining the class ranges of the other colors by linear
interpolation. Risk was directly calculated by multiplying hazard with vulnerability (pixel-level

analysis).

The drought risk for irrigated agricultural systems varies significantly among continents and
countries. Especially large countries such as the USA, Brazil, China and Australia show a high
variation at the country level due to varying climatic conditions. Drought hazard and exposure
was highest in regions with a high density of irrigated land and high irrigation water
requirements such as the western part of the USA, central Asia, northern India, northern China
and southern Australia. Vulnerability was high particularly in sub-Saharan Africa but also in
some countries in central Asia and the Middle East and low in general for industrialized and
high-income countries. The combination of hazard and vulnerability to risk resulted in the
highest values for large parts of western, central and southern Asia; eastern Africa; and the
eastern part of Brazil. Low-risk areas include western Europe, the USA, Australia and most

parts of China (Figure 3.5).
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3.2.3.2. Drought risk for rainfed agricultural systems
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Figure 3.6. Drought risk (a), hazard/exposure (b) and vulnerability (c) for rain-fed agricultural
systems. The legends were defined by assigning the median of the value distribution to the
yellow color in the center, the 90th percentile to the deepest red color, the 10th percentile to
the deepest blue color and by determining the class ranges of the other colors by linear
interpolation. Risk was calculated by multiplying hazard/exposure with vulnerability (pixel level

analysis).

High levels of risk (dark yellow to red color scheme) for rainfed agricultural systems are
observed in southern Africa, in southeastern Europe, in northern Mexico, in northeastern
Brazil, at the western coast of South America, in southern Russia and in western Asia. The
vulnerability to drought highlights the relevance to increasing the coping capacity of the
countries in order to reduce their overall drought risk. For instance, Australia, despite being
highly exposed to drought hazard, has low socio-ecological susceptibility and high enough

coping capacities to considerably reduce the overall drought risk.
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3.2.3.3. Drought risk for agricultural systems (irrigated and rainfed combined)
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Figure 3.7. Drought risk (a), hazard/exposure of irrigated (b), rain-fed (c), and the whole crop
production sector (d). The legends were defined by assigning the median of the value
distribution to the yellow color in the center, the 90th percentile to the deepest red color, the
10th percentile to the deepest blue color, and by determining the class ranges of the other
colors by linear interpolation. Risk was calculated by multiplying hazard/exposure with

vulnerability shown in Figures 3.5¢c and 3.6c.

The hazard and exposure maps shown in Figures 3.7 are slightly different to the ones shown
in Figures 3.5 and 3.6 due to the aggregation at the country level. The analysis shows that
regions with low hazard and exposure of rainfed and irrigated crops to drought tend to be
tropical and subarctic regions following the Koppen—Geiger climate classification (1980—2016;
Beck et al., 2018). There are significant regional differences when comparing irrigated and
rainfed drought hazard and exposure. For instance, the northern parts of Latin America and
central Africa have low hazard and exposure levels, given the humid climate conditions
resulting in a low total risk, even though those regions are characterized by high vulnerability
levels. Southern Africa, however, has a high amount of drought-exposed rainfed crops but
lower vulnerability compared to other African countries. Despite this, risk scores in that region
are very high. Very high drought hazard and exposure and vulnerability levels can be found in
the Middle East and northern Africa.

Although the drought hazard was computed differently for the different agricultural systems,
the countries with high risk of drought to both farming systems are Botswana, Namibia and
Zimbabwe (Figures 3.5 and 3.6). These countries share the same relevant indicators that

define their high vulnerability: a high soil and land degradation rate, a low literacy rate and low
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total renewable water (Figure B3 in appendix). Table 3.6 shows the top and bottom 10
countries with the highest and lowest total drought risk (DRI«t) as well as their hazard and

exposure and vulnerability scores.

Table 3.6 Rank of countries with the highest and lowest risk of drought for combined
agricultural systems (rain-fed and irrigated)

Country Drought risk Risk score Hazard/Exposure Vulnerability
(countries total Haz/Exp Haz/Exp Haz/Exp score
rank) irrigated  rain-fed total
Zimbabwe 1 0.871 0.967 1.885 1.804 0.483
Namibia 2 0.846 0.769 2.122 2.061 0.411
Botswana 3 0.811 0.466 2.095 2.076 0.391
Morocco 4 0.786 0.774 2.172 1.873 0.419
Kosovo 5 0.728 0.936 1.871 1.854 0.393
East Timor 6 0.701 0.971 1.882 1.854 0.378
Mauritania 7 0.692 0.886 1.670 1.580 0.438
Lesotho 8 0.692 0.840 1.562 1.556 0.445
Kazakhstan 9 0.670 0.974 1.573 1.499 0.447
Algeria 10 0.636 0.969 1.595 1.492 0.426
Guatemala 158 0.039 0.857 0.026 0.087 0.446
Gambia 159 0.037 0.760 0.093 0.094 0.394
Belize 160 0.035 0.943 0.079 0.093 0.375
Sierra Leone 161 0.023 0.934 0.005 0.057 0.402
Brunei 162 0.020 0.741 0.000 0.077 0.254
Guinea 163 0.019 0.822 0.033 0.042 0.452
Switzerland 164 0.017 0.695 0.046 0.068 0.247
Guinea-Bissau 165 0.017 0.723 0.026 0.042 0.401
Fiji Islands 166 0.011 0.833 0.017 0.033 0.329
Central African
Republic 167 0.008 0.646 0.016 0.016 0.505

Seven out of the 10 countries with the highest overall drought risk are located on the African
continent. However, Kosovo, East Timor and Kazakhstan also possess high risk levels (Table
3.6). Zimbabwe ranks as the country with the highest drought risk, mainly due to its high

exposure combined with its high vulnerability (Figure B1 in the appendix).

In general, the countries that present higher drought risk have a high amount of exposed crops.
Vulnerability varies among them, with Zimbabwe being the country with the highest
vulnerability. The lack of coping capacity and socioecological susceptibility were determinant
factors for countries like Botswana and Zimbabwe (Figure B1 in appendix). There were cases
where countries such as Namibia presented high socioecological susceptibility in contrast with
high coping capacity, reducing its overall vulnerability. The drought risk in countries such as

Lesotho and Mauritania that have, in contrast, limited coping capacities is notably higher
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(Figure B1 in appendix). The analysis also reveals that, although risk is currently close to zero
in several countries (e.g., Fiji, Central African Republic, Guinea-Bissau, etc.), this could rapidly

change once these countries are affected by droughts given their very high vulnerability.

The comparison of the drought risks of rainfed and irrigated cropping systems (Figure 3.8)
shows that several countries such as Zimbabwe, Irag and Algeria are exposed to high risk for
both cropping systems. These countries are frequently hit by drought and similarly have a high
vulnerability to drought (Figures 3.5 and 3.6). In contrast, countries such as Switzerland,
Finland and New Zealand are characterized by low drought hazard and exposure of irrigated
and rainfed systems and low vulnerability to drought (Figures 3.5 and 3.6). In countries such
as Botswana, Oman and the United Arab Emirates, drought risk is high for rainfed cropping
systems but low for irrigated cropping systems (Figure 3.8). These countries are defined by
arid climate conditions, exposing rainfed crops to high risk, while the drought risk for irrigated
cropping systems is low because of relatively low interannual variability in climatic conditions
resulting in low variability in the irrigation water requirement and streamflow. Their risk is also
determined by their different vulnerability dynamics (e.g., hydroelectric sources, retaining
renewable water). In contrast, drought risk for irrigated cropping systems is high and drought
risk of rainfed cropping systems is small in countries such as Burkina Faso, Madagascar and
Cobte d’lvoire (Figure 3.8). In these three countries, there is a big variability in climatic
conditions, with irrigated crops being cultivated in the more arid parts of the country and rainfed
crops being cultivated in more humid parts. In addition, aquatic crops with high water demand,
such as rice and sugarcane, are the most commonly cultivated irrigated crops in these

countries (Frenken, 2005).
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Figure 3.8. Country profiles contrasting the drought risk of irrigated and rain-fed agricultural
systems. The size of the bubbles indicates the crop growing area (sum of rain-fed and irrigated

areas per country in Million ha).

3.2.3.4. Comparison

The comparison of drought risk (DRI:t) with drought events registered in EM-DAT shows good
agreement in many countries. For countries which have low drought risk, such as the countries
in tropical Africa, northern and western Europe, or the northern part of South America, there
are either no droughts or just one drought registered in EM-DAT (Figure 3.9a and b). There is
also good agreement for countries in southern Africa and some countries in the African
transition zone with very high drought risk and many registered drought events and for
countries with intermediate drought risk, such as Canada, Australia or Italy. However, some
disagreement between calculated risk and the number of reported drought events is
acknowledged. For instance, Brazil does not show high agreement between EM-DAT and the
country risk level, even though the eastern part of the country presents a high risk for irrigated
and rainfed systems (Figures 3.5 and 3.6), and the total drought risk level is affected by the
other regions with lower risk in the country. The same occurs in other large countries such as
the USA, Russia, China and India, where the calculated drought risk is low or intermediate,
although a large number of drought events have been registered in EM-DAT. The reason for

this disagreement is that the risk shown in Figure 3.9a is representative of the whole country,
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while drought events which only have local or regional impacts are also registered in EM-DAT
(see Sect. 3.2.2.3). For all these big countries, we detected considerable spatial heterogeneity
with regard to drought risk, where regions with high drought risk such as the central part of the
USA, northeastern Brazil, northern China and northwestern India are complemented by other
regions of low drought risk (Figure 3.9a). Therefore, the high number of registered drought
events in EM-DAT is corroborated by the presence of high regional drought risk (Figures 3.5
and 3.6).
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Figure 3.9. Comparison of total risk against drought impact data

3.2.4. Discussion

The present study performs, for the first time, a separate global drought risk analysis for
irrigated and rainfed cropping systems, including regions that indicate a high vulnerability to

droughts and are particularly exposed. In previous assessments, the share of irrigated
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cropland was either ignored or considered to be a vulnerability indicator (Carréao et al., 2016).
The drought hazard analysis is based on three indicators: SH, IH and CH_RfAg, which quantify
drought as a deviation from normal conditions consistent with common definitions. In
agreement with the results for drought hazard obtained by Carrdo et al. (2016), the largest
drought hazard is obtained for arid and semi-arid regions such as northern and southern
Africa, northern Mexico, along the coastline of Peru and Chile, the Arabian Peninsula, and
Mongolia for rainfed systems; Italy, Turkey and western Mexico for irrigated systems; and the
western USA, northeastern Brazil, western Argentina, central Asia, the Middle East, western
India, northern China and southern Australia for both irrigated and rainfed systems. In contrast,
previous studies based on standardized indices such as the standardized precipitation index
(SPI) have detected the highest drought hazard mainly in humid regions such as central
Europe, southeastern Asia, southern Brazil and tropical Africa (Geng et al., 2016). The reason
for this difference could be that deviations from normal conditions should not be treated
similarly for arid and humid regions, as not every precipitation or streamflow deficit in humid
regions will automatically become a hazard for cropping systems. In fact, in humid regions,
crops often perform better in relatively dry years (Holzkamper et al., 2015). We account for
these effects by normalizing streamflow deficits with long-term mean annual river discharge
(SH) or by calculating the probability of reductions in the AET / PET ratio of rainfed crops in
relative terms (CH_RfAQ).

In the present study, the rainfed hazard is computed as the probability of a 10 % decline in the
AET / PET ratio compared to long-term mean conditions, whereas the irrigated drought hazard
represents the combination of severity and frequency values derived from the streamflow or
irrigation water requirement (see section 3.2.2). While the methodology reflects the common
understanding of the factors most influential for drought hazard in the two cropping systems
well, a direct numerical comparison of the calculated hazard for rainfed and irrigated systems
is not meaningful. The hazards and exposure calculated in this study should be used to rank
or compare countries within the rainfed or irrigated domain but not in between. The reasoning
for the calculation of the total exposure and risk in this study was less to support comparisons
across countries but more to account for the different extent of irrigated and rainfed systems
within the specific countries. There are countries in which crop production is completely rainfed
and countries in which all crops are irrigated so that only the risk for the rainfed or irrigated
systems is relevant. Aside from these extremes, crop production in most countries is either
predominantly irrigated or predominantly rainfed. We account for this by calculating total crop
exposure to drought (Figure 3.7d) as the harvested-area weighted mean of the exposures of
irrigated crops (Figure 3.7b) and of the rainfed crops (Figure 3.7c). Our attempt to calculate

hazard, exposure and risk for the whole crop production sector by assigning a similar weight
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to the hazard exposures for rainfed and irrigated systems must be viewed critically, and results
should be analyzed with care. A potential way to derive specific weights for rainfed and
irrigated exposure could be validating not only calculated hazard and exposure but also
vulnerability and risk, with information about drought impacts separately, for both irrigated and
rainfed systems. A lack of data for drought impacts distinguishing rainfed and irrigated systems
was the main reason why this approach was not implemented for the current study.

The calculation of the drought hazard of irrigated cropping systems in this study is based on
the two components SH and irrigation IH reflecting the water supply and water demand,
respectively, of irrigated systems. Therefore we do not consider specifically in our approach
the availability and use of groundwater resources for irrigation. It is well known that dynamics
in streamflow are usually larger than dynamics in groundwater storage so that groundwater is
used by many farmers to substitute temporary deficits in surface water supply for irrigation
systems. In general, access to groundwater should therefore be considered to reduce drought
hazard and vulnerability of irrigated cropping systems. Consideration of groundwater
resources would, however, require dynamic quantification of groundwater storage and
groundwater levels, which is challenging for global-scale analyses and not possible with the
models applied in this study. In addition, more conceptual work is needed to decide which
degree of temporal variability in groundwater levels constitutes a hazard and how to treat long-

term depletion of groundwater resources (negative trends) in drought risk studies.

The multi-dimensional nature of vulnerability of agricultural systems is represented by a set of
26 expert-weighted indicators. One of the major limitations of this data-driven approach is the
spatial detail information for computing the model; however, at a global level it is not feasible
to get a harmonized data set of all the proxy variables, but some caution must be advised
when zooming in at the subnational level (Naumann et al., 2018). When interpreting the
results, it is necessary to consider that some highly correlated indicators were maintained in
the analysis, as they present different drivers of vulnerability and hence different entry points
for vulnerability reduction. The selected indicators comprise social, economic, environmental,
physical and governance-related factors contributing to socioecological susceptibility and the
lack of coping capacity. In doing so, the present study goes beyond existing global drought
risk assessments (Carréo et al., 2016), which are based on equal weights and do not consider
relevant environmental vulnerability indicators to be a driver of drought risk. The latter,
however, is relevant when assessing drought risk for agricultural systems, where factors such
as land degradation and soil erosion are shown to exacerbate drought risk (Hagenlocher et
al., 2019). In future assessments an alternative to the expert-based weighting of vulnerability

indicators chosen here could be the use of statistical approaches (e.g., principal component
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analysis — PCA) to identify relevant indicators. However, given the high number of experts
who participated in the weighting exercise (n = 78) the expert-based approach seems more
suitable for identifying relevant indicators when compared to an approach that builds on
statistical significance only. Further, Hagenlocher et al. (2013) evaluated the outcomes of
PCA- based and expert-based indicator choice on a composite vulnerability index and did not
find major differences.

The findings of the drought risk assessment presented here correspond to a certain degree to
the findings of Carréo et al. (2016). Although the focus of the current paper is more explicitly
on agriculture, both studies present methodological similarities. In Carrdo et al. (2016) the
percentage of crop land per grid cell is one factor in the exposure analysis, and the percentage
of irrigated agricultural land is one of the vulnerability factors. Although Carrado et al. (2016)
include other factors such as population density, livestock density and baseline water stress
in the analysis, the results give a high weight to the risk for agriculture. In both studies the
regions less affected by droughts correspond to the regions with little or no exposure of
agriculture and population (e.g., deserts and tropical forests). This is mainly the case in
Amazonia and central Africa. Also, similarities between areas of high levels of risk are evident,
including southern and eastern Europe, the Eurasian steppe, northern Africa and the Middle

East, northeastern Brazil, and southeastern South America.

Similarities are also found for the risk of irrigated agricultural systems. Examples are irrigated
croplands in India, the US and Australia. Differences in the overall patterns are due to the
separation of irrigated and non-irrigated agriculture in the current study and the aggregated
exposure information in Carrédo et al. (2016). In an updated version of the risk map from Carréo
et al. (2016), using a higher-resolution population database and grid-level exposure

information, as shown in Vogt et al. (2018, Figure 7), similarities are even more evident.

However, the present study includes a spatially explicit model of AET for the main crop types
of two different agricultural systems (irrigated and rainfed agriculture) and includes a
specialized vulnerability index for this sector according to expert judgment. These differences
revealed the importance of focusing more clearly on distinct impacts (e.g., on irrigated vs.
rainfed systems) when conducting drought risk assessments, even within the same sector.
For instance, irrigated agricultural systems in Latin America are highly exposed to droughts,
whereas the probability of droughts occurring in rainfed agricultural systems in that region is

comparably low.

Despite these advancements, the presented analysis does have limitations. First, due to the

lack of up-to-date land use data on irrigated vs. rainfed agriculture at the global scale, the
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exposure analysis is based on MIRCA data from the year 2000 (Portmann et al., 2010). Given
that cropping systems are subject to change, this adds uncertainty to the results. Second, data
used for the vulnerability analysis stem from different sources, which makes it difficult to
evaluate the inherent uncertainties in the data. Third, the data are not consistently available
for all countries for the same years (Table 3.5). Fourth, the vulnerability analysis is based on
nation—state—resolution data, which do not allow for mapping spatial variability in vulnerability
at the subnational level. Fifth, applying expert opinions to weight drought vulnerability
indicators according to their relevance brings subjectivity to the assessment, which
necessitates a strong network of relevant experts. Sixth, preventive or adaptive planning
requires going beyond evaluating drivers of risk and mapping current patterns of risk. Future
scenarios of drought risk, considering both changing environmental and climate conditions as
well as possible future socioeconomic development pathways, are needed in order to

anticipate future challenges.

Future research should address these challenges by also investigating subnational patterns
in vulnerability and developing future drought risk scenarios in all dimensions of drought
hazards, exposure and vulnerability. In addition, attempts to investigate changes and trends
in drought risk and risk components are highly needed to better understand trajectories of
drought risk in different countries and for the whole world. Further, inherent uncertainties, as
well as the sensitivity of the risk assessment outcomes towards changes in the input
parameters (e.g., indicator choice and weighting), should be investigated and validated
statistically. This gap has also been highlighted in a recent review of climate vulnerability
assessments (de Sherbinin et al., 2019) in general as well as in a recent review of drought

risk assessments (Hagenlocher et al., 2019) in particular.

The comparison conducted in this study has shown that there are limited data available on
agricultural losses and impacts caused by droughts at the global level. Furthermore, impacts
are not always direct, as droughts can have cascading indirect impacts (Freire-Gonzales et
al., 2017; Van Lanen et al., 2017) which are difficult to assess. In addition, for countries where
we find high drought risk (e.g., Mongolia, Iran, Kazakhstan and the countries in southeastern
Europe), no or very few drought events are registered in EM-DAT. The reason for this
mismatch could be that drought events in these countries were not registered in EM-DAT. For
example, in Romania, EM-DAT reports two drought events, while according to other reports,
12 years between 1980 and 2012 were classified as drought years, with 48 % of the
agricultural land affected (Lupu et al., 2010; Mateescu et al., 2013). On top of this, in Iran, EM-
DAT reports one drought event while other sources recounted several droughts during 1980—

2005, with the most extreme drought lasting for 4 years, from 1999 to 2002 (Javanmard et al.,
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2017; Zoljoodi & Didevarasl, 2013). These examples suggest that it cannot be concluded from
missing drought records in EM-DAT that specific countries were not affected by drought. Once
improved and reliable impact data are available at the global scale, future research should
also focus on the statistical validation of drought risk assessments with drought events and
impact data. Ongoing efforts of countries to report their losses and impacts due to natural
hazards (e.g., as part of the Sendai monitoring) are considered to be a first important step

towards that direction.

Lastly, while this study presents the first attempt to assess drought risk for agricultural
systems, more work is needed to analyze drought risk for other sectors, such as public water

supply, tourism, energy production and waterborne transport, among others.

3.2.5. Conclusions

This paper presents, for the first time, a global-scale drought risk assessment for both irrigated
and rainfed agricultural systems from a socioecological perspective by integrating drought
indicators for hazard, exposure and vulnerability. It goes beyond previous studies by including
a separated and spatially explicit analysis of the drought hazard and exposure of irrigated and
rainfed agricultural systems as well as an empirically based weighting of vulnerability
indicators. The latter is based on the judgment of drought experts around the globe. The
presented methodology can serve as a blueprint for the analysis of other affected sectors,
such as water or energy. Findings from this study underscore the relevance of analyzing
drought risk from a holistic perspective (i.e., including the sector-specific hazard, exposure
and vulnerability) and are based on a spatially explicit approach. By providing information on
high-risk areas and underlying drivers, this approach helps to identify priority regions as well
as entry points for targeted drought risk reduction and adaptation options. While this first
attempt provides valuable information at the global level, improvements could be achieved
with the availability of more spatially explicit vulnerability information (i.e., at subnational
levels) and the availability of standardized drought impact information that can serve as a

guantitative validation of risk levels.

Data availability. Data can be accessed under the following link: https://grow-
globedrought.net/data/global-scale-drought-risk-assessment-for-agricultural-systems/  (last
access: 27 February 2020) (Meza et al., 2020a)
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4. Assessing drought risk for agricultural systems at national scale

4.1. Drought Risk to Agricultural Systems in Zimbabwe: A Spatial Analysis of Hazard,
Exposure, and Vulnerability

Frischen, J., Meza, |., Rupp, D., Wietler, K., & Hagenlocher, M.

Published as research article on Sustainability (2020). https://doi.org/10.3390/su12030752

Summary

The devastating impacts of drought are fast becoming a global concern. Zimbabwe is among
the countries more severely affected, where drought impacts have led to water shortages,
declining yields, and periods of food insecurity, accompanied by economic downturns. In
particular, the country’s agricultural sector, mostly comprised of smallholder rainfed systems,
is at great risk of drought. In this study, a multimethod approach is applied, including a remote
sensing-based analysis of vegetation health data from 1989-2019 to assess the drought
hazard, as well as a spatial analysis combined with expert consultations to determine drought
vulnerability and exposure of agricultural systems. The results show that droughts frequently
occur with changing patterns across Zimbabwe. Every district has been affected by drought
during the past thirty years, with varying levels of severity and frequency. Severe drought
episodes have been observed in 1991-1992, 1994-1995, 2002—-2003, 2015-2016, and 2018—
2019. Drought vulnerability and exposure vary substantially in the country, with the south-
western provinces of Matabeleland North and South showing particularly high levels.
Assessments of high-risk areas, combined with an analysis of the drivers of risk, set the path
towards tailor-made adaptation strategies that consider drought frequency and severity,

exposure, and vulnerability.

4.1.1. Introduction

Climate change and its diverse environmental and societal impacts have become a major
global concern (Carrdo et al., 2016; IPCC 2012; IPCC 2014). Droughts are complex,
multifaceted, slow-onset hazards that can last for several months or years, affecting wide
geographic areas and a large number of people (Jordaan et al., 2019; Meza et al., 2019; Vogel
et al., 2010), with severe consequences for human wellbeing, the environment, and the
economy (Hagenlocher et al., 2019). Moreover, it is likely that droughts will increase in the
future due to climate change (Ahmadalipour et al., 2019; Mishra et al., 2010). Global warming
has resulted in a higher frequency and severity of droughts in the Mediterranean, many parts
of South America, much of Africa, and north-eastern Asia (IPCC, 2019). Drought as a hazard
is a product of climate related-factors such as rainfall, moisture deficiency, and temperature,

but is also influenced by anthropogenic alterations of hydrological processes and the physical
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environment (Van Loon et al., 2016). Commonly, droughts are classified into four major types,
i.e., (i) meteorological, (i) hydrological, (iii) agricultural, and (iv) socio-economic (Wilhite &
Glantz, 1985). Since drought development cannot solely be attributed to climate drivers, the
consideration of socio-economic preconditions through a coupled perspective on human-
environment systems is crucial (Tortajada et al., 2017; Sebesvari et al., 2016; Hohenthal &
Minoia, 2017). However, these fields are often considered in isolation from each other,

ignoring the complex feedback between natural and human drivers (Van Loon et al., 2016).

Given the devastating impacts of droughts, there has been increasing global cooperation and
priority setting with regards to proactive drought risk management (UNDRR, 2015), which has
been identified for many parts of the world as either inefficient or altogether absent (Hohenthal
& Minoia, 2017; Sivakumar et al., 2014; Pozzi et al., 2013). Dealing with drought is very
complex, as the dimensions of this hazard are not fully understood, and it remains a challenge
to precisely assess drought onset, duration, and spatial extent (Hagenlocher et al., 2019; Van
Loon et al., 2016). In wealthy countries that have adequate adaptive and coping capacities,
droughts cause high financial and economic losses that can often be addressed through
existing contingency funds or insurance schemes, whereas in countries lacking these
capacities, droughts often lead to food shortages and famine (Rojas et al., 2011; Msangi,
2004; Vogt et al., 2018). Food-deficit countries with a high dependence on rainfed agriculture
as the primary economic sector are more susceptible to drought, with the rural population
particularly being vulnerable (Carréo et al., 2016). Countries with weak economies often suffer
the most from the impacts of drought, given the restricted amount of resources available to
proactively deal with it (Belle et al., 2017). Hence, the highest drought mortality risk arises in
Sub-Saharan Africa, whereas the highest economic losses occur in western and southern
Europe, Central America, the Middle East, Australia, and north-eastern China (Carrao et al.,
2016; Hohenthal & Minoia, 2017).

Zimbabwe is among the countries in southern Africa that are heavily affected by droughts (Jiri
et al.,, 2017; Brazier, 2015; WFP, 2014; Makaudze & Miranda, 2010; Ndlovu, 2014). In
particular, the agricultural sector is severely challenged by this hazard (World Bank, 2019),
exposing farmers to insufficient rainfall patterns (Leichenko, 2002). Agriculture accounts for
approximately 12% of the country’s Gross Domestic Product (GDP) (World Bank, 2018). About
70% of the population directly depends on agricultural outputs (UN Zimbabwe, 2010), and
more than 60% conducts rainfed subsistence and semisubsistence agriculture (Makaudze &
Miranda, 2010). In particular, smallholder farmers growing crops under rainfed conditions are
highly susceptible to drought due to their dependency on climate-sensitive resources
(Makaudze & Miranda, 2010; Muzari et al., 2016; Mudzonga, 2012). Climate-induced water
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stress intensifies preexisting problems including declining agricultural and economic
productivity coupled with poverty and insecurity (Brown et al., 2012). Maize is the most
commonly grown staple food in Zimbabwe, cultivated by smallholder farmers for subsistence
farming, but is highly sensitive to dry conditions and erratic rainfall (Jiri et al., 2017; Michler et
al., 2019; Chigwada, 2005; Kogan, 1995). Rural households face enormous challenges due
to drought impacts that, in combination with crop diseases and pest attacks, lead to yield
losses and highly uncertain incomes, representing the biggest poverty trap in Zimbabwe
(Lunduka et al., 2019; Creitaru, 2017; Kinsey et al., 1998). By threatening agricultural
livelihoods, droughts are also hampering the achievement of the sustainable development
goals in Zimbabwe, notably SDG1 (no poverty), SDG2 (zero hunger), and SDG3 (good health
and well-being). Research and investigations into the drivers and patterns of drought risk are
increasing global in scope (Carrdo et al., 2016; Hagenlocher et al., 2019; Sivakumar et al.,
2014), due to its multifaceted impacts on water availability, agricultural outputs, health,
economy, and the natural environment (Hohenthal & Minoia, 2017; Sivakumar et al., 2014;
Pozzi et al., 2013). Studies focusing on drought vulnerability, however, have been less
numerous than those dealing with the physical perspective of drought development (Gonzalez
Tanago et al., 2016; Naumann et al., 2014), even though the coupling of both dimensions has
been identified as crucial (Hagenlocher et al., 2019; van Loon et al., 2016; Carréo et al.,
2018). Drought development and monitoring have also received increased attention in
Zimbabwe, since droughts have devastating impacts in many parts of the country. Commonly,
the drought hazard in the country is quantified with precipitation records (Mazvimavi, 2010;
Chamaillé-Jammes et al, 2007); however, weather stations are not homogeneously distributed
in Zimbabwe, nor do they provide spatially- and temporally-consistent records that make
multidecadal analyses possible (Mutowo & Chikodzi, 2014). The potential of remote-sensing
techniques for drought monitoring has not been fully explored in Zimbabwe, but has enormous
potential to provide spatially- and temporally-consistent drought (Mutowo & Chikodzi, 2014)
and early-warning information (Makaudze & Miranda, 2010). In addition to drought monitoring,
several studies have emerged concerning Zimbabwe’s vulnerability to drought in the context
of climate change (Muzari et al., 2016; Mudzonga, 2012; Murungwen et al., 2011; Mutekwa,
2019). Many of these have focused on the negative impacts on agricultural production
(Makaudze & Miranda, 2010; Muzari et al., 2016; Mudzonga, 2012; Brown et al., 2012;
Chigwada, 2005, UNEP, 2009), as Zimbabwe has suffered from periods of severe food
insecurity and famine, given its dependency on rainfed agriculture. Furthermore, several
studies have dealt with adaptation and coping strategies in the context of drought (Belle et al.,
2017; Jiri et al., 2017; Ndlovu, 2014; Michler et al., 2019; Kinsey et al., 1998; Ndlovu et al.,
2011; Chagutah, 2010). Existing studies on drought vulnerability have been primarily
conducted on the local and district levels (Chigwada, 2005; Ndlovu et al., 2011; Ncube et al.,
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2018), often investigating the various factors that are relevant in the context of drought
vulnerability, including economic, social, health, environmental, and political dimensions.
There is lack of comprehensive drought risk assessments on the national level (Creitaru, 2017,
Government of Zimbabwe, 2015a) that consider spatially- and temporally-consistent hazard
information complemented by drought exposure and vulnerability factors. Since proactive
drought management requires a better understanding of both natural and human drivers,
comprehensive risk assessments are a prerequisite for identifying drought adaptation and
vulnerability reduction strategies (Hagenlocher et al., 2019; Sivakumar et al., 2014; Sherbinin
et al., 2017). This paper aims to address this gap by providing a multidimensional drought risk
assessment specifically for Zimbabwe. Drought hazard, exposure, and vulnerability
information is compiled into a drought risk index. The focus lies on agricultural systems, hereby
defined as systems including crops and people engaged in agricultural activities, due to the
country’s dependence on agriculture (UN Zimbabwe, 2010). High-risk areas are identified, and
the interplay of all risk components is analyzed. Such information has been stated as a clear
need in Zimbabwe (World Bank, 2019; Creitaru, 2017; Government of Zimbabwe, 2015;
UNCCD, 2020) and is a preliminary step towards addressing drought in a strategic and

coordinated manner.

4.1.2. Materials and Methods

4.1.2.1. Case Study

Zimbabwe is a landlocked country in southern Africa, occupying an area of 390,800 km2, with
a population of 13.60 million people (ZimStat, 2017). It is a low income and food-deficit country
(WFP, 2017), and was ranked 156 out of 188 countries on the Human Development Index
(UNDP, 2018) and 109 out of 117 countries on the Global Hunger Index (Deutsche
Welthungerhilfe, 2019). The Republic of Zimbabwe is divided into ten administrative provinces,
which are further subdivided into 59 districts and 1200 wards. The capital and largest city is
Harare, in the north-central part of the country, followed by Bulawayo, an equally important
economic city situated in the south-west. A large proportion of the country is covered by
croplands, mainly consisting of rainfed agriculture (Muzari et al., 2016; Landmann et al., 2019).
Based on NDVI observations from 2013-2018 (Landmann et al., 2019), show that rainfed
agricultural systems represent the largest share in the country, whereas irrigated systems

have a smaller extent (Figure 4.1).

65



(b) tocation of zimbabwe in africa

(a) Agricultural Systems in Zimbabwe-
Provincial-level administrative divisions

« “‘Hararl

“ :Mashonaland Fast / : D
‘ . ; N

A

Matabeleland North L
Midlands
" Manicaland
(C) Admumistrative Map
of Zimbabwe Hurungwe | - Mount Darwin
Centenary gushinga
Kariba Shatvay P,
y' 1 > ‘Mudzi
A % i MakondeMazowe
2 A 5% Gokwe Fuiraba Mutoko
A S i Bi North " - Murehwa
; & inga a.
Bl ‘,cﬁ fy 8 Cnkwe Cheguty Nyanga
Ma@v’mgi?%-:- E S Kadoma °¢ Makoni
. 3 z . @& - ahé WedzaMutans
Matabeleland South vl AT @ Huange  LUpane e ChikombaYCLAMutr
s 24
GweryChirumbanzu Mulare
Tsholotsho Bubi ; GutuBohera
~ mguza g Chimaniman
Rainfed Agricultural Syslems Bulilima Bolawayo 5/, Masvingo_ Bikita Chiping
Umzingwane | ¥ ipinge

Zvishavane  Chivi °
Matobo ~ Mberengwa
Mangwe Gwanda

- Irrigated Agricultural Systems
No croplands Mwenezi  Chiredzi

Beitbridge

60 20 24( 360 180
[ & Kilometers

Figure 4.1. Agricultural Systems in Zimbabwe. Differentiation between rainfed and irrigated
agriculture based on data from Landmann et al. (2019). Overview map: Esri, HERE, Garmin

(c) OpenStreet contributers, and the GIS user community.

4.1.2.2. Conceptual Risk Framework

The presented drought risk analysis builds on the conceptual risk framework proposed by
Working Group 2 of the Intergovernmental Panel on Climate Change (IPCC) in its 5th
Assessment Report, where risk is a function of (drought) hazard, exposure, and vulnerability
IPCC, 2014). Exposure is defined as the presence of people, livelihoods, species or
ecosystems, environmental functions, services, and resources, infrastructure, or economic,
social, or cultural assets in places and settings that could be adversely affected by drought
hazard. Exposure and hazard are interconnected elements. Drought vulnerability is
understood as the predisposition to be adversely affected by drought, and is assessed through
a social-ecological system lens by considering the subcomponents social susceptibility,
ecosystem susceptibility, and a lack of coping capacity (Sebesvari et al., 2016; Hagenlocher
et al., 2018). Adaptive capacity (or the lack thereof) is often conceptualized as a
subcomponent of vulnerability (e.g., IPCC, 2014); however, due to the forward-looking nature

of the concept, adaptation is framed in this analysis as part of potential solutions that will shape
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future risk pathways, instead of considering it as a factor that determines present-day drought
risk, which is the focus of this analysis.

4.1.2.3. Workflow

Figure 4.2 shows the overall workflow of the analysis. Hazard, exposure, vulnerability, and
ultimately, risk are assessed using a multimethod approach. The drought hazard analysis
builds on remote sensing data incorporating seasonal vegetation health composites over the
last thirty years (1989-2019). Exposure is derived from the integrated analysis of the hazard
data with a dataset differentiating between rainfed and irrigated crops provided by Landmann
et al. (2019). To assess vulnerability, a composite indicator-based approach is applied
(Naumann et al., 2014; JRC, 2019; Ahmadalipour et al., 2018; Hagenlocher et al., 2016),
comprising a widespread approach to assessing vulnerability and risk associated with climate-
related hazards (Sherbinin et al., 2019). The drought vulnerability indicator selection is based
on a systematic literature review focusing on drought vulnerability in Africa and Zimbabwe.
Data was acquired from multiple sources, including spatial and statistical data, followed by
statistical operations including missing data and outlier treatment, as well as multicollinearity
analysis. An expert survey was conducted to weight drought vulnerability indicators according
to their relevance. As a final step, drought hazard, exposure, and vulnerability are compiled
into a drought risk index.

67



VULNERABILITY
HAZARD EXPOSURE

Structured Literature
Review 'VHI Data Collection
(1989 -2019)

Vulnerability Indicator

Reclassifi- Reclassifi-
cationof cation of
VHI by VHI by

frequency severity
Data normalization

30-year composite

Risk

Figure 4.2. Workflow for the drought risk assessment.

4.1.2.3.1. Drought Hazard Analysis

The Normalized Difference Vegetation Index (NDVI= (NIR-RED)/(NIR+RED)) is a ratio
between the red band (RED) and near-infrared (NIR) band, and is the most commonly applied
index to measure the status of vegetation (Dutta et al., 2015). However, vegetation stress
caused by drought conditions is closely related to weather conditions. Thus, other vegetation
indices considering weather impacts are more appropriate for drought risk analyses (Kogan,
1995; Bhuiyan et al., 2017).

The Vegetation Condition Index (VCI = (NDVI-NDVImin)/(NDVImax+NDVImin) is derived from
the NDVI by scaling values between minimum and maximum values over a defined time period
to detect plant stress (AghaKouchak et al., 2015; Kogan, 1997; Walz et al., 2018). This pixel-
based normalization of the NDVI contains percentage values (0 to 100%), and is frequently

applied to capture the severity of agricultural droughts (Graw et al., 2017). The VCI separates
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weather-related NDVI fluctuations from observed long-term changes in vegetation condition
(Kogan, 1995); hence, it is particularly useful for making relative assessments and detecting
drought dynamics during a season (Graw et al., 2017;, Belal et al., 2014). Since drought is
defined as a phenomenon with below normal water availability over an extended period of
time (Tallaksen & van Lanen, 2004), relative assessments are essential to estimate normal

and abnormal levels of water availability.

To identify temperature-related vegetation stress, the Temperature Condition Index (TCIl =
(Tmax-T)/(Tmax-Tmin )x100) is suitable, with Tmax referring to the maximum temperature
envelope and Tmin indicating the minimum temperature envelope (Kogan, 1995). This
algorithm is based on thermal infrared observations (AghaKouchak et al., 2015; Graw et al.,
2017). In contrast to the NDVI and VCI, high TCI values indicate undesirable conditions,

whereas low temperature values imply mostly favorable conditions (Kogan, 1995).

The Vegetation Health Index (VHI) is derived from both the VCI and TCI (VHI = aVCI+(1-a)
TCI), where a refers to the relative contribution of the VCI and TCI (AghaKouchak et al., 2015).
It has been widely applied for drought monitoring (Ghaleb et al., 2015), and is frequently used
in case studies in the context of drought monitoring on a global level (AghaKouchak et al.,
2015, as well as in Africa (Rojas et al., 2011; Unganai & Kogan, 1998), Asia (Bhuiyan et al.,
2017), and Europe (Bento et al. 2018).

The VHI, as a combined index of TCl and VCI, can be used as a proxy for drought
development, taking both temperature conditions and vegetation stress into account (Bhuiyan
et al., 2017). High VHI values correspond to healthy undisturbed vegetation, whereas low VHI
values indicate thermal stress in vegetation due to high temperature and dryness
(AghaKouchak et al., 2015). Thresholds have been developed to detect drought conditions
according to the vegetation health status (Kogan 1995, 2002). VHI values between 0 and 40
indicate drought conditions with different severity levels (Table 4.1), and provide the hazard

information in this assessment.

Table 4.1 VHI thresholds for drought development. Sources: Dutta et al., 2015; Bento et al.
2018; Kogan, 2002.

Drought severity VHI values Reclassification value
Extreme Drought <10 4
Severe Drought 210 and <20 3
Moderate Drought 220 and <30 2
Mild Drought 230 and <40 1
No Drought 240 0
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VHI data was derived from the National Oceanic and Atmospheric Administration (NOAA)
Advanced Very High Resolution Radiometer (AVHRR) from 1989-2012 and the Visible
Infrared Imaging Radiometer Suite (VIIRS) from 2013-2019. Data is available as 4 km
Blended-VHP (Vegetation Health Product) in GEO-TIFF format in weekly composites (NOAA,
2019). Seasonal VHI composites adjusted to the cropping season of maize in Zimbabwe
(December — February) from 1989-2019 provide inputs to identify regions that are affected by
drought, either with a high frequency or high severity. Two different datasets were produced:
one incorporating drought severity levels according to the drought severity thresholds (Table
4.1), and a second consisting of an aggregated drought scene indicating the number of
drought events over the last thirty years on a pixel-level, following the methodology of Rojas
et al. (2011) and Kogan (1995, 2001). A binary map was created for each season, with 0
indicating no drought (VHI values higher than 35) and 1 indicating drought conditions (VHI

values below 35).

4.1.2.3.2. Drought Exposure Analysis

Exposure of agricultural systems to drought was computed with a land use/land cover (LULC)
dataset differentiating between rainfed and irrigated agriculture in Zimbabwe, derived from
NDVI observations from 2013-2018 provided by Landmann et al. (2019). Rainfed systems are
more common in Zimbabwe, whereas irrigated systems show more isolated patterns in
northern and southern Zimbabwe (Figure 4.1). For the risk analysis on a pixel level, the
breakdown of rainfed, irrigated, and combined agriculture was considered. Pixels were
reclassified for each agricultural system (rainfed, irrigated, and combined). Drought exposure
was calculated using Geographic Information Systems (GIS) by combining the drought hazard
data (reclassified among the severity levels presented in Table 4.1) with the LULC dataset.
The amount of exposed croplands for each severity class was subtracted from the total

amount of croplands per district.

4.1.4.3.3. Drought Vulnerability Analysis

A systematic literature review based on predefined search terms was conducted using the
search engines Web of Science and Scopus in order to synthesize the main underlying drivers
of drought vulnerability in Africa and Zimbabwe, and to identify suitable drought vulnerability
indicators. The following guiding questions were used to identify suitable papers: Which

vulnerability dimensions are considered as relevant? What are the main drivers of drought
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vulnerability? How is drought vulnerability assessed? What type of data is useful to represent
the indicators? The search query and relevant keywords are presented in Table 2.

Table 4.2 Search terms to identify relevant papers for the vulnerability indicator selection.

Database Search Equation Papers retrieved
Papers selected
Web of Science ("drought*') OR ("drought risk") OR 40
("drought hazard") OR ("drought 12
vulnerability™) OR ("drought

adaptation") OR (“drought resilience”)
AND ("Zimbabwe*') OR ("Southern
Africa") OR ("SADC") OR (“Africa*”)
OR (“South Africa”)

Scopus Tl = drought* OR drought risk OR 50 13
drought hazard OR drought
vulnerability OR drought adaptation
OR drought resilience AND
TS = Zimbabwe* OR Southern Africa
OR SADC OR Africa* OR South Africa

with Tl = title and TS = topic

In the next step, the titles and abstracts of the retrieved articles were screened to identify
relevant papers that refer to the identified guiding questions. Seven additional papers were
retrieved through a nonsystematic search for the vulnerability indicator selection. The selected
papers were analyzed with the MAXQDA software (VERBI, 2014). A coding scheme was
developed to identify all relevant drought vulnerability indicators. Indicators were grouped
among the vulnerability subcategories, including social susceptibility, ecosystem

susceptibility, lack of coping capacities, and lack of adaptive capacities.

A drought expert survey in Zimbabwe was conducted to rank indicators according to their
relevance, and to apply a weighting to the final set of indicators. A Likert scale from 0 to 4 was
used, whereby 0 indicates not relevant, 1 represents low relevance, 2 equals medium—low
relevance, 3 indicates medium-high relevance, and 4 represents high relevance (Meza et al.,
2019). Furthermore, an “l don’t know option” was provided; however, inputs were not
considered for the final indicator weights. For reasons of clarity, all indicators were grouped
according to their thematic dimension: agriculture, economy, infrastructure, social, health, and
land use. Twelve experts participated in the survey, the majority of whom work in academia
(41.7%) and NGOs (41.7%). Most of the experts had either more than ten years of working
experience in Zimbabwe (33.3%) or three to five years (33.3%), and worked specifically in the
context of drought (83.3%). More information on the background of the experts who

participated in the survey is provided in the appendix C.5.
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In total, 65 different drought vulnerability indicators were identified. Indicators referring to

adaptive capacities were excluded, since adaptive capacity does not affect present-day

drought risk, but is only considered relevant when it comes to future drought risk pathways.

Based on data availability, 32 indicators were selected to perform the vulnerability assessment

(Table 4.3).

Table 4.3 Final selection of drought vulnerability indicators, data sources and expert weights.

Dimension

Code

Indicator

Data Source

Direc-
tion

Expert
weight*

Social Susceptibility

Economic

Social

Infrastructure

Economic

Social

Social

Economic

Social

Economic

Agriculture

Economic

Infrastructure

Health

S_FOO

S_FEM

S _TOI

S_POV

S_RUR

S _CON

S_INC

S_AGE
S_CHI

S_EMP

S_AGRI

S_MAR

S_DRI

S _HIV

Food
prevalence (%)
Gender
(female-headed
households, %)
Access to improved
sanitation facilities
(prevalence of open
defecation, %)

Poverty prevalence (%)

poverty

equality

Rural population (% of
total population)
Prevalence of conflict
and insecurity (# of
events between 2001-
2018)

Average household
income (mean income of
rural population, US$)

Social dependency
(dependency ratio, % of
population <15 and >64
years old, child-headed
households, %)

Unemployment rate (%)

Labour force in
agriculture (% of total
population)

Access to  markets
(estimated travel time to
the nearest city of
50,000 inhabitants)
Population with access
to safe drinking water
(%)

Prevalence of HIV (%)

UNICEF 2015

ZimStat 2012**

ZImVAC 2017

UNICEF 2015

ZimStat 2012**

ACLED 2017

GAR 2015

ZimStat 2012**

ZimStat 2012**

ZimStat 2012**

Nelson 2015

ZimStat 2012**

MOHCC 2018

+

+

1.00

0.90

0.90

0.86

0.86

0.84

0.84

0.84
0.81

0.83

0.81

0.81

0.79

0.79
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Infrastructure S_INF Access to transportation  HOT 2019 - 0.79
infrastructure (distance
to main roads, km)

Health S HEA Access to healthn OCHA ROSA - 0.72
facilities (health facilities 2018
within 20 km distance)

Economic S GINI GINI index (income UNICEF 2015 + 0.65
inequality)

Social S LIT Education (% of  ZimStat 2012** - 0.63

S SEC population attending 0.56

secondary school
Literacy rate, %), access
to educational facilities,)

Infrastructure S ELE Access to electricity (%  ZimStat 2012** + 0.51
of households in
dwelling units without
electricity)

Health S_MAT Maternal mortality rate  ZimStat 2012 + 0.67
(deaths per 100 000 live
birth)

Health S MOR Infant mortality (deaths ZimStat 2012** + 0.63
per 1000 live birth)

Social S MAS Marital status (% of ZimStat2012** - 0.47
population married)

Ecosystem Susceptibility

Land Use E_TREE Forest resources (% of World - 0.95

area covered by forests)  Resource
Institute 2019

Land Use E_SOIL Soil quality (soil organic  OpenGeoHub - 0.93
carbon content (g/kg)) 2018

Land Use E_DEF Forest degradation Hansen et al. + 0.86
(deforestation rate, %) 2019

Land Use E_NAT Protected areas, UNEP-WCMC - 0.86
national parks and 2019
conservation areas (%
of total district area)

Lack of Coping Capacities

Agriculture C_LIV Livestock ownership (# Livestock Geo - 1.00
of cattle herds) Wiki 2019

Economic C_REM Access to credit ZimStat 2018 - 1.00
(remittances  received
per household, $)

Land Use C_WAT Access to improved ZimVAC 2017 - 0.91

water resources (%)
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Land Use C_REN Renewable internal  HOT 2019 - 0.88
freshwater  resources
(distance to nearest
water bodies)
Infrastructure C_DAM Dam capacity (million Suganan 1997 - 0.79
m3)
* 1 indicates the highest relevance according to expert judgement, whereas 0 means no
relevance.

The data for the vulnerability indicators were collected from multiples sources (e.qg., statistical
reports and spatial data portals). All utilized datasets are open access, to ensure that the
results can be validated and reproduced. Potential outliers in the data were examined using
box plots based on the interquartile range, skewness, and kurtosis. A skewness value higher
than 1 and a kurtosis value greater than 3.5 flag potential outliers (Saisana, 2010). The
variables S_ SEC and S_LIT were averaged under one education indicator, and the variables
S _AGE and S_CHlI both included under social dependency.

A multicollinearity analysis was performed to avoid overrepresentation of selected indicators
(JRC, 2019). If a dataset has variables showing a correlation coefficient lower than -0.9 and
higher than 0.9, both indicators should be excluded (Bihl, 2010). However, no indicators
indicated a very strong positive or negative correlation (r = 0.9); hence, all indicators were
included in the final assessment. The results of the multicollinearity analysis are presented in

the appendix C.

Since the data results from multiple sources are provided in different formats, all inputs were
normalized using a min-max-normalization approach (Naumann et al., 2014), one of the most
common approaches for index construction in the field of vulnerability, risk, and resilience
research (Beccari, 2016). For variables with a positive correlation, the following linear
transformation was applied: Xi* = (Xi-Xmin)/(Xmax-Xmin), with Xi representing the generic
value of a district, Xmin referring to the minimum value, and Xmax to the maximum value in a
dataset. For variables with a negative contribution to vulnerability, the following formula was
applied: Xi* = 1-(Xi-Xmin)/(Xmax-Xmin) (Naumann et al., 2014). After doing this, all indicators
have an identical range between 0 and 1, with O indicating the lowest vulnerability and 1
marking the highest Carrdo et al., 2016). In the next step, the normalized indicators were
aggregated into a vulnerability index (V1) based on weighted arithmetic aggregation, where Xi'
refers to the normalized indicators and Wi to the respective indicator weight given by the

experts.

VI =3" (WixXi) 1)
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4.1.2.4. Drought Risk Index

The results of the hazard exposure analysis and the vulnerability index were then further
combined in a drought risk index (DRI) through multiplicative aggregation, whereby both risk
components (i.e. exposure to droughts and vulnerability) were weighted equally:

DRI = HazardExposure * VI (2)

Two risk datasets were created following this approach. One risk map considers drought
frequency by aggregating the amount of drought years (VHI < 35) that have occurred during
the past thirsty years (1989-2019). The second approach focuses on drought severity by
considering the thresholds for mild, moderate, severe, and extreme events (Table 4.1).

4.1.3. Results

4.1.3.1. Drought Hazard

The findings reveal that droughts frequently occur in many regions of Zimbabwe. During the
last thirty years, intense drought seasons occurred in 1991-1992, 1994-1995, 2002-2003,
2015-2016, and 2018-2019 (Figure 4.3). Every district of Zimbabwe has been affected by
drought development, in particular, the south-western provinces Matabeleland North and
Matabeleland South. There are also seasons showing isolated patterns of droughts that vary
spatially (e.g., 2003-2004, 2006—2007, 2011-2012, and 2017-2018). Mashonaland East and
Manicaland are generally less affected by drought.
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Figure 4.3. Seasonal vegetation health index (VHI) composites (1989-2019) based on NOAA
AVHRR and VIIRS data (edited and aggregated) (NOAA, 2019).

VHI values below 35 were aggregated to identify spatial patterns of drought frequency over
the period of thirty years, and then averaged on a district level (Figure 4.4). The five districts
with the highest average number of drought events were Beitbridge (7.05 droughts in 30
years), Hwange (6.91), Bulilima (6.90), Buhera (6.84), and Tsholotsho (6.70). The five districts
with the lowest average of drought events were Mutasa (1.99), Zaka (2.36), Morondera (2.69),
Wedza (2.74), and Nyanga (2.89) (Figure 4.4). When looking at the average number of
drought events on a provincial level, Matabeleland South and Matabeleland North indicated
the highest average of drought events, followed by the Midlands Province, Mashonaland West,
Mashonaland Central, and Manicaland. Masvingo and Mashonaland East have the lowest

average of drought events.
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Figure 4.4. Average of drought years during 1989-2019 (VHI values below 35) per district
based on NOAA AVHRR and VIIRS data (edited and aggregated) (NOAA, 2019).

4.1.3.2. Drought Exposure

While almost all cropland is exposed to mild and moderate droughts (Figure 4.5a, 4.5b), the
exposure to severe and extreme droughts (Figure 4.5c, 4.5d) is significantly lower, in particular
in the central-eastern provinces of Zimbabwe (Mashonaland East, and Manicaland). Those
regions lie in agro-ecological zones | and I, which are more fertile, and generally more suitable
for farming activities (FAO, 2006). It is also visible that the western parts of Zimbabwe have a
low share of croplands, but are exposed to mild, moderate, severe, and extreme droughts

(agro-ecological zones VI and V).
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Figure 4.5. Drought exposure by drought severity classes. Data sources: hazard data based
on NOAA AVHRR and VIIRS data (edited and aggregated) (NOAA, 2019) and agricultural
systems in Zimbabwe based on data from Landmann et al. (2019).

4.1.3.3. Drought Vulnerability

The findings of the expert survey reveal the importance of a multidimensional assessment, as
indicators from several dimensions were ranked with a high relevance (Table 4.3). The five
most and least relevant indicators for the available dataset are presented in Table 4.4. An
overview of all indicator scores derived from the expert weighting is presented in Table 4.3. A
chart visualizing the results of the expert survey for each indicator is presented in the appendix
c.4.
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Table 4.4 Most and least relevant indicators based on expert judgement.

Five Most Important Indicators Expert weight
Livestock ownership (# of cattle herds) 1.00
Access to credit (remittances received per household, $) 1.00
Food poverty prevalence (%) 1.00
Forest resources (% of area covered by forests) 0.95
Soil quality (soil organic carbon content) 0.93

Five Least Important Indicators Expert weight
Infant mortality (deaths per 1000 live birth) 0.63
Literacy rate (%) 0.56
Access to improved sanitation facilities (% of total population) 0.53
Access to electricity (% of Households in dwelling units without electricity) 0.51
Marital status (% of population married) 0.47

Drought vulnerability varies substantially across the country. Low levels are particularly
observed in Manicaland, which also performs comparably well in all social indicators.
Contrastingly, provinces with high vulnerability scores are Matabeleland South, Matabeleland
North, and Masvingo (Figure 4.6). These provinces are characterized by remoteness, with a
bad state of public infrastructure including transportation, electricity, and sanitation and health
facilities. The provinces additionally indicate a high state of land degradation and limited
natural vegetation cover, given the low annual rainfalls. A breakdown according to the
subcategories of social susceptibility, ecosystem susceptibility, and lack of coping capacities

is presented in the appendix C.6.
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Figure 4.6. Drought vulnerability in Zimbabwe. Classification scheme: natural breaks between
0.001 and 0.4888, to better represent the spatial variance of vulnerability. For an overview of

datasets and sources, see Table 4.3.

4.1.3.4. Drought Risk

Figure 4.7 visualizes drought risk on a pixel level with a size of 1 km2. This map incorporates
drought frequency during the past thirty years (1989-2019). The highest drought risk to
irrigated agricultural systems is observed in Chipinge, whereas a high drought risk to rainfed
agriculture occurs in multiple districts, including Buhera (Manicaland), Mount Darwin
(Mashonaland Central), Gokwe South (Midlands), Beitbridge, Gwanda, Matobe, and Mangwe
(Matabeleland South). Agricultural systems in Mashonaland East indicate the lowest risk
scores; however, the exposure is relatively high. These maps provide an overview of the
spatial distribution of agricultural systems at risk to drought, whereas the next map

complements these findings by taking the severity of drought events into account.
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Figure 4.7. Drought risk to rainfed and irrigated agriculture considering drought frequency.
Classification scheme: equal intervals between 0.01 and 0.3. Data sources: hazard/exposure
based on NOAA AVHRR and VIIRS data (edited and aggregated) (NOAA, 2019) and
agricultural systems in Zimbabwe based on data from Landmann et al. (2019). Vulnerability
data derived from sources presented in Table 4.3.

Figure 4.8 shows the drought risk on a district level according to the drought severity classes:
mild, moderate, severe, and extreme. The spatial variation of the severe and extreme severity
classes is much higher compared to mild and moderate droughts. Mashonaland East and
Manicaland are generally less at risk to severe and extreme drought. Beitbridge and Bulilima
indicate the highest risk of severe droughts. Mangwe, Matobo, Gwanda, Mwenezi, and
Chiredzi show the highest risk to extreme drought. This analysis complements the hazard
frequency assessment (Figure 4.4). Beitbridge, for instance, is frequently affected by drought,
and subsequently has very high risk scores for mild, moderate, and severe droughts. Hwange
also indicates a high frequency of drought events; however, the risk of extreme drought is just
moderate. Chipinge has a moderate to high risk to all severity classes, but is less frequently
affected by drought.
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Figure 4.8. Drought risk on district level by severity classes. Classification Scheme: Equal
intervals between 0.01 and 0.5. Data sources: hazard/exposure based on NOAA AVHRR and
VIIRS data (edited and aggregated) (NOAA, 2019) combined with data of agricultural systems
in Zimbabwe provided by Landmann et al. (2019). Vulnerability data derived from sources
presented in Table 4.3.

Since the focus of this analysis is on agricultural systems, the drought risk index was plotted
against the population working in the agricultural sector and the size of exposed agricultural
lands (represented by the bubble size) (Figure 4.9). This graphic is particularly important to
complement the results of the spatial risk analysis (Figure 4.7 and 4.8). Mangwe and
Hurungwe, for instance, are at high risk to mild, moderate, severe, and extreme droughts, but
have a comparably low share of people working in the agricultural sector. Mutare also has a

high percentage of people dependent on agriculture, but is less affected by drought compared
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to the neighboring district Chipinge, that equally indicates a large share of population working

in this sector.
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Figure 4.9. Drought risk by severity classes contrasted with exposure and agricultural labor

force. Bubble size represents the size of exposed cropland per district.

4.1.4. Discussion

Like many Sub-Saharan countries, Zimbabwe faces frequent and severe droughts with
adverse impacts on people, ecosystems and rural livelihoods in the agricultural sector. Against
this background, the Government of Zimbabwe, in collaboration with the United Nations
Convention to Combat Desertification (UNCCD, 2019), has recently developed the ‘National
Drought Plan for Zimbabwe’ with the intention of providing a guideline for proactive drought
risk management. Among other things, the National Drought Plan identifies drought

vulnerability and risk assessment, including GIS mapping, as a key priority for the country

(UNCCD, 2019).

This paper responds to these articulated policy needs, and presents the first attempt to assess
drought risk for irrigated and rainfed systems in a spatially-explicit manner. By integrating
drought hazard information, as well as data on the associated exposure and vulnerability of
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agricultural systems to drought hazards, our analysis goes beyond existing studies in the
country which have either focused on drought monitoring and early warning (Makaudze &
Miranda, 2010; Mutowo & Chikodzi, 2014), or on the assessment of the country’s general
vulnerability to climate change (Muzari et al., 2016; Mudzonga, 2012; Murungwen et al., 2011;
Mutekwa, 2019).

The use of remote sensing techniques, in particular the VHI, is very useful as a proxy for
drought development. The findings provide a spatially- and temporally-consistent time series
of drought events of the past thirty years (Figure 4.3). Moreover, a combined approach of
drought frequency and severity based on remote sensing data was lacking for Zimbabwe, in
spite of its high relevance to identifying drought prone regions. The utilized raw data is open
source and can be adapted to different time periods and geographical areas. A clear
advantage of remote sensing-derived data is the independence from monitoring stations (e.g.,

weather stations in the field).

However, given the complexity of conceptualizing drought hazard, representing this slow-
onset hazard with only one indicator is a narrow approach. In general, a drought hazard
analysis would be more meaningful if it included multiple parameters (i.e. precipitation,
groundwater flow, evapotranspiration and soil moisture). Common indices by which to quantify
droughts include, for instance, the Palmer Drought Severity Index (PDSI) (Palmer, 1965), the
standardized precipitation index (SPI) (McKee et al., 1993), the Surface Water Supply Index
(SWSI) (Schafer & Dezman, 1982), and the Crop Specific Drought Index (CSDI) (Meyer et al.,
1993). Those indices have specific advantages and shortcomings; however, all of them require
spatially- and temporally-consistent climatological and hydrological data inputs, which are
restricted in Zimbabwe (Makaudze & Miranda, 2010). Additionally, many input parameters,
e.g., precipitation data, are mainly recorded in a tabular manner, rather than cartographically,
which complicates the determination of spatial patterns (Mutowo & Chikodzi, 2014). Further,
as VHI is not only used as a proxy for monitoring drought development, but also as an indicator
of land degradation, the results of the VHI analysis must be interpreted with care, in particular

in the context of Zimbabwe, where land degradation has been identified as a pressing issue .

From a conceptual perspective, it is also debatable whether the VHI is suitable to quantify
drought hazard, since decreased vegetation health is already an observed impact of drought.
Nevertheless, comparing vegetation health values over many seasons makes it possible to
identify drought years (Kogan, 1995; AghaKouchak et al., 2015; Belal et al., 2014), but the
index is probably less suitable when looking at one single season. The analysis also shows
that it is crucial to look at longer time spans when analyzing drought, since this hazard displays

fundamentally different spatial patterns during the last thirty years in Zimbabwe (Figure 4.3).
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Composite-indicator approaches are very valuable for aggregating multiple underlying
vulnerability factors (Sherbinin et al., 2017, 2019; Meza et al., 2019; Beccari, 2016), though
using large datasets has certain limitations. Vulnerability indicators must address multiple
dimensions that are highly relevant in the context of drought (Hagenlocher et al., 2019;
Naumann et al., 2014; Ahmadalipour et al., 2018); however, aggregating individual indicators
in a coherent manner reflecting reality is challenging (JRC, 2019). Moreover, given the limited
data availability in Zimbabwe, it was not possible to assess drought vulnerability in a
temporally-dynamic way. This is a clear limitation in the case of Zimbabwe (UNCCD, 2019),
since the country’s political system and the agricultural sector have gone through major
changes during the last thirty years (World Bank, 2019; Shonhe, 2018), accompanied by

changing vulnerability levels, in particular among the rural population (Chagutah, 2010).

Despite the presented limitations, vulnerability assessments are crucial to understanding why
people are disproportionately affected by drought, and to identifying entry points for
vulnerability reduction. As such, the importance of vulnerability assessments is on the national
agenda, and vulnerability is frequently assessed by the Zimbabwe Vulnerability Assessment
Committee (ZImVAC) (ZimVAC, 2017; ZimVAC, 2019). However, the institutionalization of this
information and its incorporation into efficient vulnerability reduction approaches is a slow
process that needs to be strengthened in the future (Vogel, 2010). It was found that high
vulnerability levels undermine the implementation of drought adaptation strategies, which
makes the impacts of drought even more devastating (Mudzonga, 2012; Mutekwa, 2019).
Hence, comprehensive drought assessments should give entry-points for vulnerability

reduction to set the path towards efficient drought adaptation.

In districts that indicate particularly high vulnerability scores, for instance Mangwe and
Bulilima, negative coping strategies are applied to deal with drought, most commonly selling
livestock (Ndlovu, 2011), which further exaggerates vulnerability. Humanitarian assistance
often comes too late to prevent depletive coping, which also includes reducing meals and
pulling children out of school in Zimbabwe (World Bank, 2019). Diversifying livelihood
strategies and supporting farming households before the hazard materializes is key to

prohibiting the uptake of negative coping strategies (World Bank, 2019; Rockstrom, 2003).

The prevalence of shock—recovery—shock cycles in Zimbabwe due to the high frequency and
severity of droughts must be addressed with long-term risk mitigation and risk transfer
strategies instead of providing costly food aid when a state of disaster is declared (World Bank,
2019). Continuous drought monitoring has the potential to support this, as drought
predictability will improve preparedness and strengthen the development of early warning

mechanisms (Nhamo et al., 2019). Furthermore, national assessments give an overview of
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priority regions, but must be complemented by local-level, in-depth analyses of drought
hazard, exposure, and vulnerability. The output of those assessments should be compiled into
drought management plans with local ownership (UNCCD, 2019).

Strategies focusing on risk mitigation, including sustainable agricultural techniques and
drought-resistant crops, are particularly useful for regions that are frequently hit by drought,
but with low to moderate severity (e.g., Kadoma). For districts that are less often affected by
drought, but with high severity (e.g., Chipinge), risk transfer schemes carry enormous
potential. Drought risk insurance, for example, is very useful in this context (Makaudze &
Miranda, 2010; World Bank, 2019). Other districts are frequently and severely affected by
drought (e.g., Beitbridge, Buhera and Bulilima). Hence, forecast-based financing is another
option to decrease the costs and dependency on humanitarian aid by predicting drought
seasons and providing assistance before the hazard materializes (Laganda, 2018; Coughlan
de Perez et al., 2015). This can also give entry points for drought adaptation, e.g., selecting

drought-tolerant varieties for that season or adjusting the planting period.

However, the adoption of agricultural innovations, such as drought-resistant varieties or
conservation agriculture, is often undermined by the financial constraints of low-resourced
farmers (Makate et al., 2018), but carries enormous potential to make the overall agricultural
production more resilient to drought (Michler et al., 2019 ). During drought years in Zimbabwe,
farmers are sometimes forced to replant several times, which is a large financial burden and
could be avoided by agricultural adaptation strategies (Oxfam, 2016). This also requires
temporally- and spatially-consistent drought monitoring. Since the lack of adaptation and
preparedness strategies has also been acknowledged by the government (Government of
Zimbabwe, 2012, 2015), future investments and capacity building might set the path towards

more proactive risk reduction supporting case-specific and tailor-made adaptation strategies.

In light of climate change and expected increases in the magnitude and frequency of natural
hazards, the dependency on agricultural outputs makes Zimbabwe extremely vulnerable.
While hazard analyses outline which districts are frequently and severely affected by drought,
vulnerability analyses help identifying entry points for vulnerability reduction measures. Thus,
these analyses could support policy and decision makers in prioritizing key intervention areas
and formulating strategies that will be essential to dealing with future drought episodes in a
proactive manner. A deeper understanding of risks and their underlying factors, as presented
in this analysis, will be key in encouraging a paradigm shift from reactive towards proactive
drought risk management (Sivakumar et al., 2014; World Bank, 2019). Systematic drought risk
assessments, if taken up by policy and decision makers, have the potential to enforce the

mainstreaming of proactive drought risk management approaches in planning and
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programming on different levels across spatial, temporal, and sectoral boundaries (UNDP,
2011).

4.1.5. Conclusions

A combined assessment of hazard, exposure, and vulnerability for Zimbabwe was lacking,
and is presented here for the first time as an integrated approach. The findings highlight the
added value of mixed-methods approaches, in particular, combining remote-sensing
techniques for hazard and exposure assessments with statistical and spatial data to quantify
vulnerability. To date, most drought risk assessments have focused either on the hazard or
vulnerability context, ignoring the interplay between the components of risk, which are
essential to developing a comprehensive risk reduction strategy. The outcome of such an
assessment is the development of powerful visualization tools that can inform policy makers
about regions that are particularly at risk and are suitable for awareness raising to
communicate the results in a simple and efficient manner. Moreover, the results provide entry
points for drought adaptation, and may support a more strategic implementation of risk

reduction measures.

Supplementary Material: The following are available online at www.mdpi.com/2071-
1050/12/3/752/s1: Results of the multicollinearity analysis; results of the expert survey and

further details on the experts’ background; drought vulnerability subcategories.
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Abstract

The regular drought episodes in South Africa highlight the need to reduce drought risk by both
policy and local community actions. Environmental and socioeconomic factors in South
Africa's agricultural system have been affected by drought in the past, creating cascading
pressures on the nation's agro-economic and water supply systems. Therefore, understanding
the key drivers of all risk components through a comprehensive risk assessment must be
undertaken in order to inform proactive drought risk management. This paper presents, for the
first time, a national drought risk assessment for irrigated and rainfed systems, that takes into
account the complex interaction between different risk components. We use modeling and
remote sensing approaches and involve national experts in selecting vulnerability indicators

and providing information on human and natural drivers.

Our results show that all municipalities have been affected by drought in the last 30 years.
The years 1981-1982, 1992, 2016 and 2018 were marked as the driest years during the study
period (1981-2018) compared to the reference period (1986—2015). In general, the irrigated
systems are remarkably less often affected by drought than rainfed systems; however, most
farmers on irrigated land are smallholders for whom drought impacts can be significant. The
drought risk of rainfed agricultural systems is exceptionally high in the north, central and west
of the country, while for irrigated systems, there are more separate high-risk hotspots across
the country. The vulnerability assessment identified potential entry points for disaster risk
reduction at the local municipality level, such as increasing environmental awareness,

reducing land degradation and increasing total dam and irrigation capacity.
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4.2.1. Introduction

Drought is a recurrent feature of all climates and among the most complex, damaging, and
least understood of all so-called "natural hazards" (Dai, 2013; Heim Jr., 2002). It is generally
defined as a period of abnormally low precipitation (compared with the long-term average
climate of a given region), which is long enough to severely impact the hydrological resources
(IPCC, 2014). This complex phenomenon often leads to major impacts on the environment,
society and economy (Naumann et al., 2014), often with cascading effects. Moreover, with the
added pressures of climate change, the frequency, severity, and duration of droughts will likely
increase in many regions across the globe (Asadieh and Krakauer, 2017; Trenberth et al.,
2014). The long-lasting impacts of droughts are felt in many sectors, including public water
supply, energy production, tourism and agriculture, the last often being the most heavily
affected sector (Dilley et al., 2005; UNDRR, 2019). This is more noticeable in countries with a
large agricultural share of GDP or a large percentage of the labour force employed in
agriculture, with the rural population particularly affected (Carrdo et al., 2016). This
demonstrates that the negative impacts associated with droughts are not only linked to the
frequency, severity, and duration of drought events but also the degree of exposure,
susceptibility and coping capacity of a given socio-ecological system (SES) (Meza et al.,
2020). Furthermore, the combined impacts of climate change, accelerated population growth,
and several declining socioeconomic factors will intensify drought hazards, exposure, and
vulnerability in the long-term (Ahmadalipour et al., 2019). This highlights the need to
understand and manage drought from a complex system perspective. It is necessary to

consider climate and environmental drivers along with socioeconomic factors that determine
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how susceptible a community, region, system or sector is to drought and their capacity to

cope.

Global assessments focused on drought risk of impacts on agriculture have shown that
southern Africa is at particularly high risk (Carréo et al., 2016, Meza et al., 2020). South Africa
is recognised as a drought-prone country (Baudoin et al., 2017; Gibberd et al., 1996, Jordaan
et al., 2017a) that has experienced several "severe" drought events (as occurred in early
1980s and 1990s, the period 2014-16 (Baudoin et al., 2017), and the recent ongoing drought
since 2018 (Mahlalela et al., 2020). During these years, environmental and socioeconomic
factors in the agricultural system of South Africa were impacted by the drought, creating

cascading pressures on the nation's agro-economic and water supply systems.

Agriculture is a core component of the economy and has major implications for job creation,
food security, rural development and foreign exchange (National Treasury, 2003). The
agricultural sector directly contributes 3% to the national GDP (DAFF, 2018, Schreiner et al.,
2018), and indirectly (through manufacturing, textiles, food processing) at least 14% (WWF,
2018). Approximately 8.5 million people (i.e. 14% of the population) are either directly or
indirectly dependent on agriculture for employment and income (DAFF, 2018; Schreiner et al.,
2018).

The agricultural sector in South Africa is composed of commercial farmers as well as
subsistence farmers. These sectors experience drought risks differently. Historical root causes
such as development support and economic reforms have favoured and benefited commercial
farmers who are largely exporters (FAO, 1997), exacerbating the difference in coping capacity
and socio-environmental susceptibilities between the two groups. Therefore, subsistence
farmers have fundamentally different risk profiles and responses compared to the commercial
farming sector (Thamaga-Chitja and Morojele 2014). While commercial farming underpins
South Africa's food security, subsistence farming provides income and food security on a
household scale for much of the population. With the projected increase in the frequency,
severity, and duration of droughts (WMO, 2020), subsistence farmers growing rainfed crops
are particularly susceptible to drought as they highly depend on climate-sensitive resources
(Schreiner et al., 2018).

South Africa has extensive disaster risk reduction (DRR) legislation (e.g. the National Disaster
Management Act, 2002), which has evolved over the decades (Vogel and Zyl 2016). Thus,
various policy documents, assessments and strategies for DRR have been compiled (e.g. the
2004 National Climate Change Response Strategy, the 2010 National Climate Change

Response Green Paper, and the 2011 National Climate Change Response (Baudoin et al.,
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2017). Efforts to implement risk reduction approaches are also supported through global
frameworks such as the Sendai Framework for DRR (UNDRR, 2015), and various reporting
commitments to international organisations (e.g. UNFCCC, UNCCD). The South African
National Disaster Management Framework (NDMF) clearly states the need for disaster risk
assessments (drought in this case) as one of the key performance areas for any DRR strategy
(Jordaan et al., 2017). However, the South African government has historically responded to
drought with drought relief schemes that focus mainly on addressing the farmer's immediate
needs rather than preemptively building resilience to possible future droughts (Ngaka, 2012;
Jordaan, 2011).

There is significant literature in South Africa regarding the assessment of drought impacts on
agriculture, e.g. at national level (Masupha and Moeletsi, 2020; Muyambo et al., 2017; du
Pisani et al., 1998), quaternary catchment level (Magombeyi and Taigbenu, 2008) and
regional level (Kamali et al., 2018). However, when assessing the risk of drought impacts
specifically for agricultural systems, there is one assessment at national level (Schwarz et al.
2020), and there are only few studies at local level (Jordaan et al., 2013; Walz et al., 2018).
Most of the drought risk assessments in South Africa still miss the connection between holistic
consideration of socio-ecological vulnerability, exposure, and hazard from the local to the
national scale. A comprehensive drought risk assessment is crucial to inform drought policies
that foster proactive drought management (Sivakumar et al., 2014). So far a national drought
risk assessment that integrates hazard, exposure and vulnerability to risk for irrigated and

rainfed agriculture separately at the sub-national scale is lacking.

Distinguishing the risk components for irrigated and rainfed agriculture is important because:
i) rainfall deficit is the main factor impacting drought hazard for rainfed systems while for
irrigated systems, availability of irrigation water is more relevant, i) spatial patterns of irrigated
and rainfed systems and growing periods of irrigated and rainfed crops are diverse resulting
in different exposure of irrigated and rainfed systems, iii) factors and weights affecting the
vulnerability of the systems differ for irrigated and rainfed systems as the vulnerability levels
may constantly change due to changes in farming systems and associated technologies, so

that even in the same region vulnerability can vary greatly (Downing and Bakker, 2000).

Efforts to assess drought risk for agricultural systems at sub-national level for specifics regions
in the world have increased over the past years (Chen et al., 2017; Deng et al., 2018; Han et
al., 2016; Kamruzzaman et al., 2018; Ortega-Gaucin et al., 2021; Pei et al., 2018; Zeng et al.,
2019; Zhang et al., 2011); however, none of these assessments considered the inherent
differences between irrigated and rainfed cropping systems. Frischen et al. (2020) analysed

drought risk for irrigated and rainfed systems at the sub-national scale in Zimbabwe, however,
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the only differentiation in the methodology for each cropping system was considered at the
exposure component while the hazard and vulnerability indicators were the same for both

systems.

This paper aims at addressing the above gaps by conducting a sector-specific assessment of
the drivers and spatial patterns of drought risk for rainfed and irrigated agricultural systems in
South Africa in order to identify entry points for action. This is the first integrated drought risk
assessment for South Africa at the sub-national level, which considers spatio-temporal
consistent hazard-specific indicators, complemented by drought exposure and socio-
ecological vulnerability factors — weighted by local experts - at the local municipality scale,

specifically for irrigated and rainfed agricultural systems.

The paper presents a risk assessment based on a mixed-method approach, starting from the
hazard assessment (section 2.3), which is based on composite drought hazard indicators
calculated for irrigated and rainfed crop systems separately using drought indices based on
historical climate conditions (1986—2015). The exposed elements are described in section 2.4
and were derived from a dataset differentiating irrigated and non-irrigated crops by local
municipality. The vulnerability component was assessed through a composite-indicator based
approach, where drought experts in South Africa weighted each indicator (section 2.5). Then,
the drought hazard, exposure and vulnerability information was compiled into a final drought
risk assessment (section 2.6), which resulted in integrated risk maps for both rainfed and
irrigated agricultural systems, respectively (section 3). Lastly, the paper discusses the results

(section 4) and identifies potential ways forward, including future research needs.

4.2.2. Data and Methods

4.2.2.1. Case study region

South Africa is located in the southern part of Africa, spreading over 122 million ha with
approximately 12% croplands (FAO, 2020a). The country is composed of nine provinces and
has a wide range of climates from arid to subtropical, temperate, and mediterranean (Figure
4.10) (Waldner et al. 2017). About 91% of South African territory is arid or semi-arid, with only
10% of the land generating half of the annual run-off (Le Maitre, 2018). The country has
uneven rainfall distribution with a mean annual rainfall of 550 mm and annual mean
temperature of 18°C (FAO, 2020a). The potential annual mean evaporation for the whole
country is about three times greater than its annual rainfall, 1800 mm per year (WWF, 2018).

According to the general household survey performed in 2018 almost 15% of the households
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were active in agricultural activities, of which more than 75% are involved in order to ensure
an additional source of food (DALRRD, 2020).

The agricultural economy comprises technically developed commercial farming on the one
hand and more subsistence-based production in the remote rural areas on the other hand
(Waldner et al., 2017). The dominant activities include: i) intensive crop production and mixed
farming in areas characterised by winter and summer rainfall, ii) cattle ranching in the bushveld
and iii) sheep farming in the arid regions (Waldner et al., 2017). Considering climate and soil
properties, only 12% of the country is suitable for crop production; of which 22% is considered

as high potential land in terms of production capacity (Waldner et al., 2017; WWF, 2018).

In general, rainfed agriculture prevails in South Africa, accounting for the majority of the
harvested area (Figure 4.10) (Hardy et al., 2011). This means that only 1.35 million ha (8.5%)
of the potentially arable land is irrigated (DAFF, 2019). Nevertheless, irrigated agriculture
contributes 30% to agricultural production (FAO, 2020b). Irrigation application in South Africa
can be permanent, supplementary, or occasional. Most of the commercial irrigation schemes
are located in large river basins (e.g. Orange, Lower Vaal, Fish) and in the Western Cape
region (FAO, 2016).
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Figure 4.10. a) Kbppen-Geiger climate classification map for South Africa (1980-2006) (Beck

et al., 2018). b) South African provinces. ¢) and d) Rainfed and irrigated areas per municipality,
respectively. e) Ratio between irrigated and total agricultural area per municipality. f) Irrigated
and rainfed agriculture in South Africa at pixel level. Maps are based on data from the national
land use/land cover dataset 2018 (Thompson, 2019). Black lines indicate provincial

boundaries.

South Africa has been frequently affected by droughts in the last four decades. Major drought
periods include 1982-1984, 1991-1992, 1994-1995, 2004-2005, 2008-2009, 2015-2016, and
the most recent in 2018-2020 (Mahlalela et al., 2020; FAO, 2019; Walz et al., 2020, Unganai
et al., 1998). During those years, drought not only impacted the environment, but also the
social and the economic systems. The 1992 drought affected around 250,000 people, with an
estimated 50,000 job losses in the agriculture sector, and 20,000 additional jobs losses in
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related sectors (AFRA, 1993). In 2007-2008, the South African government spent over R285
million (19 million US dollars) on drought relief measures for the agricultural sector, primarily
on the purchase and supply of subsidised fodder depending on farms’ sizes (Ngaka, 2012).
Recent droughts such as the one in 2015-2016 revealed the cascading impacts of the drought.
The BFAP (2016) reported that the area of maize planted for the 2016-17 season was 25%
lower than the area planted in the 2015-16 season, which was reflected in the year-on-year
declines in seasonally adjusted sectoral GDP. In addition to the direct impact on agriculture,
general economic indicators pointed to an aggravated situation (e.g., input providers were
hard hit due to the lack of purchasing power in the agricultural sector; given the suppliers’
import propensity and the local currency depreciation (BFAP, 2016)). Inflationary pressures
resulting, inter alia, from drastic increases in food prices drove up interest rates, which had a
negative effect on farming enterprises' debt servicing costs and further restricted access to
credit in the sector (BFAP, 2016).

Drought policy and strategies have included efforts from as early as the 1920s, concentrating
on land use change, land reforms, soil management and agricultural practices (e.g., kraaling
of stock) (Bruwer et al. 1993, Hassan, 2013). The most recent strategy towards drought is
compiled in the National Development Plan which sets a vision of eliminating poverty and
reducing inequality by 2030 (DALRRD, 2020). However, a rethinking of drought governance
is still required, which should look back in time and critically reflect on past drought
experiences, perceptions and needs of drought risk reduction and how local context influences
drought response (Baudoin et al. 2017; Vogel & Oliver 2019). The government is still
challenged to change the unbalanced land-ownership patterns while sustaining economic
growth, food security and implementing effective drought management plans; as by 2018
according to the DALRRD (2020) over 60% of South Africans did not have their land/property

rights recorded or registered.

4.2.2.2. Risk framing and workflow

Following the IPCC (2014) definition, risk results from the interaction between hazard, with
exposure of human and natural systems and the systems’ vulnerabilities. In this paper,
exposure is defined as the presence of agricultural systems that could be negatively affected
by hazards. Vulnerability is the predisposition or propensity to be adversely affected by
drought. It encompasses a variety of concepts and elements, including social-ecological
sensitivity or susceptibility to harm and lack of capacity to cope (IPCC 2014). Also, following

the IPCC (2014) definition, susceptibility is understood as the likelihood of suffering harm in
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the event of a drought hazard process, and coping capacities refer to the use of available
skills, opportunities, and resources to address, manage, and overcome adverse conditions in
order to achieve basic functioning in short to medium terms. The workflow for the three risk
components and risk aggregation is visualized in Figure 4.11; the indicators and data sources

for hazard, exposure and vulnerability are presented in table 4.5 and 4.6.

COMPOSITE DROUGHT RISK INDICATOR (hazard x exposure x vulnerability)
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Figure 4.11. Workflow for the drought risk assessment for irrigated and rainfed agricultural
systems in South Africa. The workflow is explained in detail in sections 2.3-2.6.

4.2.2.3. Hazard assessment
4.2.3.2.1. Rainfed hazard composite index

The rainfed hazard indicator was computed using the ratio between actual evapotranspiration
(AET) and potential (PET) evapotranspiration of crops in the crop growing season for the
period 1981-2018. AET refers to the amount of water consumed by a crop and evaporated
from the soil under actual soil moisture calculated by performing a soil water balance in daily
time steps, while PET assumes no limitation in crop water availability. The ratio is highly
associated with crop yield and is widely used as a drought indicator for cropland (Peng et al.,
2019). The Global Crop Water Model (GCWM) (Siebert and Déll, 2010) was employed to
simulate AET and PET for specific crops grown in South Africa based on prescribed crop

96



calendars and cropping patterns derived from the the MIRCA2000 dataset (Portmann et al.,
2010). The ERAS global reanalysis (Hersbach et al., 2020) and ISRIC-WISE30sec v1.0
(Batjes, 2016) were used as the climate and soil input. The spatial resolution of GCWM’s is
five arcmin (8.3 km). Drought hazard in specific years was defined as deviation from the long-
term mean condition in the reference period 1986-2015 (Meza et al., 2020). The annual hazard
indicator for rainfed agricultural systems CH_RfAgy was calculated as:

AETy/PETYy

CHRfAgy =1-=1"0 (1)

where AETy and PETy are annual sums of actual and potential evapotranspiration of all
cultivated crops in year y (m3yr?). AETand PETare the long-term annual mean of actual and
potential evapotranspiration (m® yr?) in the reference period 1986-2015. Consequently,
positive values of CH_RfAgy represent conditions dryer than usual, while negative values
indicate wet years. The long term hazard during the study period at grid level was computed
as the frequency (percentile rank) of years in which the AET/PET ratio was at least 10% lower
than the mean AET/PET ratio in the reference period 1986-2015 (Meza et al., 2020). A long-
term hazard of 0.5 means therefore that in every second year the AET/PET ratio is lower than
90% of the long-term mean AET/PET ratio.

4.2.3.2.2. Irrigated hazard composite index

The irrigated hazard index CH_lrrigAgy (-) is defined based on the annual difference between
the water resource available for irrigation and irrigation water requirement. The water resource
available for irrigation was simulated using the WaterGAP model (Muller-Schmied et al., 2020)
as annual sum of discharge Q at a spatial resolution of 30 arcmin for the period 1981-2018.
The irrigation water requirement IWR was simulated using GCWM as the volume of water
needed to increase the AET of irrigated crops to their PET (Siebert and Ddll, 2010). Drought

hazard for irrigated crops CH_lrrigAgy was computed for each year as:

CH_IrrigAg, = (Q-IWR)mea—(Qy—IWRy) ”

Qmed

where (Q — IWR),.q IS the median of the difference between discharge and irrigation water

requirement (m®yr?) in the reference period 1986-2015, Qy and IWRy are discharge and
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irrigation water requirements in year y (m3yr?), and Q,,,.4 is the median of the annual discharge
in the reference period 1986-2015 (m3yr?). Positive values of CH_IrrigAg, indicate drought,
while negative values indicate that the difference between water resources and water demand
for irrigation is larger than usual (wetness). Both models (GCWM and WaterGAP) used the
same soil and climate input data and the same simulation period (1981-2018). The outputs of
GCWNM (for crops grown in South Africa) were aggregated to 30 arcmin to match the spatial
resolution used by WaterGAP. The long-term hazard for irrigated conditions at grid level was
computed as the frequency of the years with an irrigated hazard index CH_IrrigAgy of bigger
than 0.5 meaning that the deficit in the annual difference between discharge and irrigation
requirement exceeded half of the long-term median of annual discharge. A long term hazard

for irrigated conditions of 0.2 means then that such a deficit occurs every 5 years.

4.2.2.4. Exposure assessment

Based on the drought risk assessment workflow (Figure 4.11), agricultural land (irrigated and
rainfed) was used to analyse drought exposure. The estimation of exposed agricultural land
was based on the South African National Land Cover dataset 2018 (Thompson, 2019), from
which irrigated and rainfed land were extracted as separate classes. The SANLC 2018 map
has 20 meters spatial resolution and was generated using multi-seasonal Sentinel 2 satellite
time series data acquired during the period 01 January 2018 to 31 December 2018, 20 meters
spatial resolution and 90.14% accuracy (Thompson, 2019). Rainfed systems are mostly
located in the North Eastern provinces, as well as in Northern and Western Cape (DAFF,
2018). The hazard indicators - CH_RfAgy and CH_IrrigAgy - were aggregated from pixel to
municipality level as average of the pixel values, using the rainfed or irrigated area within each
pixel derived from the SANLC 2018 dataset for weighting. From this point, the combined

components of hazard and exposure are referred to as ‘hazard/exposure’.

The simulated hazard/exposure for rainfed conditions was validated using the remotely
sensed AET/PET ratio in the period 2001-2018. AET and PET values were extracted from the
Moderate Resolution Imaging Spectroradiometer (MODIS) product (MOD16A2.006) which
provides data at 500m spatial resolution (Running et al., 2017). The dataset is derived from
meteorological reanalysis data coupled with remotely sensed products of land cover and
vegetation properties (Huang et al., 2017). The dataset was preprocessed based on the quality
control layer, and pixels with low quality were excluded. The original data set provided the
AET and PET in 8 days intervals, which were summed up to yearly values. The CH_RfAgy

was recalculated for model results and remote sensing observations considering the reference
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period 2001-2018 to account for the limited availability of remote sensing observations. Both
datasets were aggregated to the municipality level considering the extent of the rainfed
growing area in each pixel. The Pearson correlation coefficient was calculated between model

and remote sensing driven CH_RfAgy at the municipality level.

Table 4.5 Hazard and exposure indicators used for the irrigated and rainfed assessment and
the origin of the input data.

Risk Agricultural Indicator Data source Processed data

compone | system

nt

Drought Irrigated Water WaterGAP (Miiller- Annual time series of the difference
hazard availability Schmied et al., 2020)  between discharge Q and irrigation

requirement IR compared to the long-
term (1986-2015) mean of that
GCWM (Siebert and difference (Equation 2)

Déll, 2010)
Water Calculated for period 1981-2018
requirement
Rainfed Crop drought GCWM (Siebertand  Annual time series of the deviation of
stress Dall, 2010) the ratio AET / PET from the long-term
(1986-2015) mean of that ratio
(Equation 1) calculated for period 1981-
2018
Exposed | Rainfed or Area rainfed Thompson, 2019 National land use/land cover dataset
elements | irrigated or irrigated in 2018 (DEA, 2019) differentiating
the local between rainffed and irrigated
municipality agriculture

4.2.2.5. Vulnerability assessment

Drought impacts are often associated with drought hazard severity, but the degree of the
impact is mediated by the vulnerability of the exposed agricultural system, i.e. its susceptibility
and the (lack of) capacity to cope with drought events (IPCC, 2014; World Bank, 2019). While
an array of methods for assessing vulnerability to natural hazards exists, indicator-based
approaches are amongst the most common to represent the multi-dimensional nature of
vulnerability (Hagenlocher et al., 2019; de Sherbinin et al., 2019). For this assessment,
composite indicators were developed according to the impacted sector: i) irrigated agriculture
and ii) rainfed agriculture, considering a wide array of environmental, social, and economic

indicators.

Relevant indicators were identified through a combination of literature review and expert

consultation. The review was conducted based on pre-defined search terms (Table D1 in

99




appendix) in Web of Science and Scopus. The selected articles (n = 17) were coded with
MAXQDA software (VERBI Software, 2019) to extract suitable indicators. Later, these
indicators were compared and complemented with the ones identified by Hagenlocher et al.
(2019) in their review of existing drought risk assessments, and within South Africa at a local
municipality level by Walz et al. (2018) and a quaternary catchment level by Jordaan et al.
(2017a, 2017b). In total, 44 suitable indicators for rainfed and irrigated systems in South Africa
were identified (Figure D2 in appendix).

To assess which of those 44 indicators are the most relevant for representing vulnerability of
these two systems towards drought, an online expert survey was conducted as a joint effort
with the National Disaster Management Centre (NDMC) of South Africa. A total of 33 experts
representing all provinces of South Africa participated in this survey. They selected 36 relevant
indicators for irrigated systems and 40 for rainfed (Figure D2 in appendix). These experts were
from multiple sectors including academia (n=4), private sector (n=5), NGO (n=1), government
(n=20), international organizations (n=1) and others (n=2). The final selection of relevant
indicators for each agricultural system based on the survey results followed a two-step
approach as proposed by the European Commision, JRC (2019): i) Indicators were kept if
more than half of the experts considered them a medium-high or highly relevant and ii) Z-
scores with a 95% confidence interval were used to ensure that there was high level of
agreement among the experts. The data was then standardized to give each indicator a value
between 0 and 1 in each category (i.e. not relevant, low relevance, low-medium relevance,
medium high relevance and highly relevant). The average was then calculated by dividing the
total number of replies given for each indicator by the total number of answers given for each
indication. Indications with a value near 1 are extremely relevant, while indicators with a value

near O are less relevant (Figure D2 in appendix).

Open-source data for the selected indicators was retrieved (table 4.6, e.g. statistics from South
Africa (STATS SA) (2011, 2016); National Treasury (2019), World Bank (2019, 2020)) in order
to ensure that the final results can be validated and reproduced in a different context - as
recommended by Naumann et al. (2014). Following the methodological suggestions by
Hagenlocher et al. (2018), Meza et al. (2020), Nauman et al. (2014), and OECD (2008),
statistical operations were performed to prepare an indicator dataset to perform the
vulnerability assessment (Appendix D1 and Figure D1 in appendix): i.e., i) imputation of
missing data, ii) normality test, iii) outlier detection and treatment, iv) multicollinearity

assessment, v) normalization and vi) expert weighted aggregation.
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The selected vulnerability indicators were normalized to make them comparable. A linear min-

max normalization was applied to create a range between 0 (lowest vulnerability) to 1 (highest
vulnerability) (Beccari, 2016; Carrdo et al., 2016).

Table 4.6 Final list of indicators used to perform the vulnerability assessment with expert

weighting for irrigated and rainfed systems. The weights with a value close to 1 are highly

relevant, whereas indicators with a value close to O indicate lower relevance. Only indicators

with selected values were used for the respective vulnerability assessment (Irrigated, Rainfed)

Expert Weight | Expert Weight
Indicator Data Source pe- 5 =2 i 5
Irrigated Rainfed
Social Susceptibility
Unemployment rate (%) StatsSA Labour force (Census 2011) 1 0.91
Population with assistive devices and medication-Chronic . o
L. StatsSA census 2011 (Boundaries 2016) - Disability 0.95 0.76
medication
Population with Inadequate sanitation/sewerage/toilet services StatsSA (Community survey 2016) 0.91 0.75
Population with environmental awareness by district StatsSA (Labour Force Survey) 0.89 0.88
Dependency ratio (population at the age of 0-14 and >65) StatSA (Agricultural Household survey 2016) 0.88 0.79
Accessibility to high-density urban centers by travel time Weiss et al. 2018 0.85 0.79
HH with alternative on farm income StatsSA (Agricultural Household survey 2016) 0.84 1
People skipping a meal for five or more days in the past 30 days StatsSA (Community survey 2016) 0.83 0.88
Population that have experienced violence and crime StatsSA (Community survey 2016) 0.81 0.78
National Treasury (Balance Sheet) Municipal
Debtors by municipality (%) . A ) P 0.73 0.95
Finance Data Tables
X 3 World Bank (Global - Dams Database ) and the
Hydropower installed capacity [MW] . 0.71 No selected
Global Reservoir and Dam Database (GRanD)
Gender inequality (gender parity) SatsSA 2016 Gender Series Empowerment 0.69 0.7
Population per municipality that rate the overall quality of the
P .p pality quality StatsSA (Community survey 2016) 0.63 0.68
water services poor
Population that has experience of crime - Theft of livestock; .
. StatsSA (Community survey 2016) 0.63 0.61
poultry and other animals
Population with ill-health (mental) (%) StatsSA (Community Survey 2007) - Disability No selected 0.73
Environmental Susceptibility
Farm land ratio StatsSA (Agricultural household survey 2016) 0.89 0.85
Department Of Agriculture, Forestry And Fisheries
Land Degradation Index (LADA) P & i 0.87 0.86
(DAFF)
Clay content (0-2 micro meter) in (g/100g) (w%) at depth 0-5 cm Hengl et al. 2015 0.8 0.81
Mueller et al. 2012 and West et al. 2014 for
Maximum fertilizer application rate kg/h mineral fertilizer data and manure and 0.79 0.74
atmospheric deposition.
Coping Capacity
Total dam storage capacity in million cubic meters Lehner et al. 2011 for GRanD 0.87 0.7
T National Treasury (Balance Sheet) Municipal
Borrowed money from total municipality liability . 0.8 0.84
Finance Data Tables
People that receive social grants StatsSA (Welfare - Community Survey 2007) 0.75 0.85
Road density m/km2 Meijer et al., 2018 0.72 0.75
Area equipped for irrigation expressed as percentage of total
auiPp B P P B FAQ, 2020 No selected 1

area

The final step to build the composite vulnerability index (CVI) for each agricultural system

(irrigated and rainfed) was the weighted arithmetic aggregation for each vulnerability
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component (SOC-ENV_SUS and lack of COP) based on the normalised indicators (Z;) and

the weights obtained from the expert survey (W)).

CVlIrrigated=E?=1(Z£' * Wi) CVlrainfed= ?zl(Zt' * Wi) (3)

4.2.2.5.1. Reliability analysis

In order to increase the transparency on the data quality used to perform the vulnerability
assessment, a metric to calculate the reliability of the data for each local municipality was
developed. Following suggestions of the European Commission, JRC (2017) in their Index for
Risk Management (INFORM) and Hagenlocher et al. (2018), the reliability metric included two
dimensions i) average year of the data sources (recency) and ii) percentage of missing data
across all indicators. Each dimension score was then normalized to a scale from 0O to 1,
aggregated and averaged in order to have the final reliability scores. Where the tendency to 1
indicates that the vulnerability score for that particular local municipality is based on more

reliable data, while the tendency to O indicates less reliable data (Appendix D Figure D3).

The reliability metric was computed separately for each of the two agricultural systems

considered in this article (irrigated and rainfed).

4.2.2.6. Risk assessment

Drought risk, in any particular area, is composed of hazard, exposure, and vulnerability (IPCC,
2014). For this paper, hazard/exposure and vulnerability were combined through a matrix
approach (Figure D8 in appendix). Two different drought risk assessments were performed -
one for irrigated agricultural systems and one for rainfed systems - at the municipality level.
Following methodological suggestions of the International Standard on Risk Norm ISO/IEC
31010 (IEC, 2019), Frigerio et al. (2016) and Tung et al. (2019) the CVI and hazard/exposure
for each agricultural system was classified into seven classes using equal intervals from the
maximum, and then those classes were combined to obtain the final risk for each agricultural

system (Figure D8 in appendix).
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4.2.3. Results

4.2.3.1. Drought hazard and exposure of agricultural systems

Our results demonstrate a large variability in drought hazard and exposure among provinces

and local municipalities. The most extreme drought hazard/exposure for rainfed conditions is

observed in the North Cape, North West and Limpopo provinces during the study period

(Figure 4.12). On the other hand, the lowest hazard and exposure in the period 1981-2018 is

computed for Kwazulu Natal province (Figure 4.12). Western and central parts of Eastern

Cape and Mpumalanga provinces also have a low level of rainfed drought hazard/exposure

(Figure 4.12). The time series analysis of drought hazard and exposure showed that 1992 and

2016 were the driest years during the study period under rainfed conditions (Figure 4.13 and

Figure D4 in appendix). The year 2000 and 2006 are classified as wettest years across South

Africa (Figure 4.13 and Figure D4 in appendix). The frequency of dry years for rainfed systems

remarkably increased after year 2010.
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Figure 4.12. Long-term drought hazard and combined hazard/exposure for rainfed (top row)

and irrigated (bottom row) cropping systems across South Africa at grid and local municipality

levels in the period 1981-2018.
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Figure 4.13. Annual drought hazard/exposure for rainfed cropping systems across local
municipalities of South Africa in the period 1981-2018.

In general, the irrigated systems are less often affected by drought than rainfed systems, with
larger areas exposed to drought in Limpopo and Eastern Cape provinces of South Africa
(Figure 4.12). These areas have semi-arid to arid climates and are characterised with less
annual precipitation than the rainfed growing areas of the country. For irrigated croplands,
larger areas were affected by drought hazard/exposure since 2012, even in areas that have
low share of irrigated croplands, such as north western municipalities in the Northern Cape
(Fiures 4.12 and 4.14). Despite smaller areas of hazard/exposed irrigated land compared to
rainfed areas, the impacts can be significant due to the number of affected people. Roughly
about 230,000 irrigation farmers were affected, mostly smallholders often with very small plots
for self-consumption (FAO, 2016). The highest hazard/exposure was found in years 2015-
2016 and the lowest in year 2001 (Figure 4.14 and figure D5 in appendix).
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Figure 4.14. Drought hazard/exposure for the irrigated cropping system across local

municipalities of South Africa for the period 1981-2018.

The accuracy of simulated hazard/exposure for rainfed agricultural systems was tested by
comparing modelling outputs with remotely sensed exposure data in the period 2001-2018
(Figure 4.15). There was a strong correlation (0.5 to 0.9) between remotely sensed and
simulated drought exposure for rainfed conditions for most of the municipalities across South
Africa. The lowest correlation (0 to 0.2) was obtained in a limited number of municipalities
mainly in KwaZulu-Natal and Eastern Cape provinces, which are largely covered by natural
grasslands. The annual drought signal obtained by remote sensing may therefore deviate
considerably from the conditions in the cropping period considered in the model.
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Figure 4.15. Correlation coefficient between drought exposure of rainfed systems obtained by

modeling and remote sensing.

Moreover, we assessed the relationships between annual drought exposure simulated for
rainfed systems and yield/production reported at the country scale (FAO, 2021). The
correlation coefficient among simulated drought exposure and reported yield and production
anomalies were -0.32 and -0.41, respectively (Figure D6 in appendix) which means that
drought resulted in lower yields and production. The model reproduced the drought for the
years (1992-2015-2016) which showed the largest yield/production reduction. As a second
analysis, we performed the assessment for maize production anomaly in South Africa in the
period 1986 to 2018 and its relationship with the annual rainfed hazard/drought simulated for
rainfed systems across five most important maize production provinces in South Africa (Figure
D7 in appendix). The results showed a remarkable overlap between negative production
anomalies and simulated drought hazard for all provinces, e.g. in years 1992-93, 2007, 2013
and 2016. In contrast, positive production anomalies were recorded in all provinces in years
with low drought hazard such as 1991, 2006 or 2014 (Figure D7 in appendix). It is important
to note that the FAO and regional yield/production data did not distinguish between rainfed
and irrigated systems. Therefore, we expected even higher correlations when separate data

would become available.

4.2.3.2. Vulnerability and risk of rainfed and irrigated systems

The vulnerability assessment shows heterogeneity across the country (Figure 4.16) for both

systems. Our assessment highlights that crops under rainfed systems are more vulnerable to
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drought than irrigated systems. Several indicators contribute to the difference, but the most
relevant are the lack of area equipped for irrigation, which affects the coping capacity of the

system, followed by a low fertilizer application rate.

According to the experts (table 4.6 and Figure D2 in appendix), the most relevant vulnerability
indicator for irrigated systems is unemployment rate (%). This is also recognized as a relevant
indicator by the scientific community in the South African context as the country suffers from
deep structural unemployment having a direct impact on poverty levels (Chibba and Luiz,
2011). Agriculture proved to be the best way to reduce rural poverty according to the rural
development literature, besides, in most developing countries, agriculture and agriculture-
related activities provide most of the rural employment (Machethe, 2004). Irrigation schemes
have had great impact in South Africa, not only in food production but also alleviating poverty.
One notable example is the one caused by the Great Depression by resettling of returning
soldiers that reduced the unemployment rate in the country (FAO, 2016). Irrigated agriculture

employs between 10% and 15% of the total agricultural workforce (DWA 2002).

The most relevant indicator for rainfed systems according to the experts (table 4.6) is the
percentage of households with an alternative to farm income. Low harvests threaten the
households that only depend on their farm income (~97%); this could result from a drought
period that requires compromising their entire livelihoods. Having an alternative income may
increase their coping capacities as they do not depend solely on the agricultural income

derived from crop sales.

The experts assigned to the two indicators “population with assistive devices and medication
(disability)” and “total dam storage capacity” high weights for irrigated systems but much lower
weights for rainfed systems. In contrast, the indicators “households with alternative farm
income” and “debtors” received high weights for rainfed systems and much lower importance

for irrigated systems.

The vulnerability maps display high values particularly on irrigated systems for the Western
Cape municipalities and for rainfed agricultural systems in KwaZulu-Natal. Our findings
underline that determining factors of vulnerability vary depending on the sector which is
susceptible to the negative impacts of drought. For instance, the main indicators which shape
the vulnerability for irrigated systems and are potential entry points for the drought risk
reduction is the lack of environmental awareness, poor water quality, and low total dam
storage capacity. In the South African context this is due to the limited access to extension
services (e.g. geographically remote farmers tend to have little network coverage), and very

limited financial resources to invest in technologies or utilities. Resulting in a lack of accessible,
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relevant, and practical information to share, as well as few or no opportunities to expand the
irrigation farmers’ capacities (FAO, 2020b).

For rainfed agricultural systems, the key indicators shaping the socio-environmental
susceptibility and the coping capacities of the local municipalities are the small fertilizer
application rate, the lack of area equipped for irrigation, and land degradation. This last
indicator is relevant for both systems; land degradation is linked to different factors in the
context of agricultural systems in South Africa, one of them is the lack of environmental

awareness that led to unsustainable farming practices (Rother et al., 2008; Schulze, 2016).
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Figure 4.16. Drought vulnerability and risk in South Africa at local municipality level for rainfed
(top row) and irrigated agriculture (bottom row). Tendency to dark blue shows lower levels of

vulnerability and risk, the tendency to red shows higher vulnerability or risk values.

The drought risk assessment highlights its context-specificity and how different communities
of a country experience different levels of risk. Drought risk varies substantially for rainfed and
irrigated systems (Figure 4.16). There is a high-risk pattern towards the North provinces for
rainfed agricultural systems. Meanwhile, high-risk hotspots for irrigated agricultural systems
can be found in some local municipalities of Limpopo (e.g. Modimolle, Polokwane local
municipalities), North West (e.g. Merafong, Rustenburg) and Gauteng (e.g. Merafong city,

Rand West city) provinces.
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When analysing the risk for rainfed systems, among the local municipalities in the Northern
Cape, Emthanjeni has the lowest risk score than other provinces despite its high hazard and
exposure levels; it is explained by a lower social susceptibility (e.g. overall quality of water
services, less population have experienced crime and theft of livestock), and higher coping
capacities (e.g. access to credits). In contrast, the local municipality of Khai-Ma in the same
province has lower vulnerability than other local municipalities, but its high hazard and

exposure scores result in a high risk.

In order to identify priority areas for disaster risk management, the risk assessment of each
agricultural system was plotted against the crop dependent population in each local
municipality (Figure 4.17). The comparison shows that the local municipalities with higher
irrigated and rainfed systems are not among the highest in terms of crop dependent
population. The city of Johannesburg presents a higher crop dependency, but also has high
risk for both systems. Its drought hazard and exposure are high, and the vulnerability analysis
reveals that their lack of environmental awareness, fertilization rate and land degradation are
key factors contributing to their overall very high risk; highlighting the relevance to take actions
in this municipality. Johannesburg, the largest city in South Africa, is facing enormous
challenges which reflect on the drought vulnerability level. Challenges like urbanisation’s
impact on the soil and water quality and availability, and facing non-sustainable growth paths
(SACN, 2016) have significant impacts on the magnitude of Johannesburg’s vulnerability

toward drought.

In contrast, the city of Tshwane has a high number of crop dependent population, but it
presents a medium rainfed risk and very low irrigated risk. Its medium risk is explained by its
medium-low vulnerability as a result of better performance in nutrition level, good water quality

and road density, among others.

The Northern-Cape province has the lowest population dependent on crops. However, it is
one of the provinces with more local municipalities on high rainfed risk, as this province has
arid climate which exposes rainfed crops to high drought hazard. In contrast, the Limpopo
province has a higher amount of population dependent on crops, but more local municipalities

are at high risk for irrigated systems.
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Figure 4.17. Local municipalities contrasted with drought risk for rainfed (x axis) and irrigated
(y axis) systems. The size of the bubbles represent the amount of crop dependent population

by local municipality (Data from Statsa, 2016).

4.2.4. Discussion

The dependency of agriculture on water resources (approx. 60% of the total water demand
(Schreiner et al., 2018) is making water availability one of the key factors for the agricultural
system, furthermore, the predominance of rain-fed agriculture in South Africa makes the
country extremely susceptible to drought. Despite this, drought risk management remains
ambiguous and mainly reactive (Hornby et al., 2016, Baudoin et al., 2017; Vogel and Olivier,
2019). Drought is a recurrent phenomenon in South Africa's climate and is one of the most
relevant hazards (Gibberd et al., 1996, Jordaan et al., 2017a). In fact, all local municipalities
were affected by drought during the last 30 years (Figure 4.13 and 4.14). The dependency of
South Africa's economy on agricultural products emphasises the importance of drought risk
assessments and the identification of potential entry points for reducing its vulnerability. An
integrated hazard, exposure and vulnerability assessment of the agricultural sector (irrigated,
rainfed) specifically was lacking so far for South Africa at national level, and it is presented
here for the first time. Furthermore, the methodology can be transferable in other regions, the
hazard and exposure assessment can be reproduced in any country, however the vulnerability

assessment is context specific and some indicators that might be relevant for South Africa will
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not be for another country, therefore, we suggest to identify key indicators following the
methodology applied on this paper.

4.2.4.1. Limitations

Our innovative methodology to simulate hazard indicators captured the spatiotemporal pattern
of the drought for a long-term period (back to 1980s); the time that remote sensing was not
available (generally available from early 2000s). Our results show that exposure to drought in
croplands varies for rainfed and irrigated systems, spatially and temporally. A time series of
exposure for irrigated and rainfed agriculture shows different patterns; this proves the
necessity for separate analysis for these two cropping systems. The hazard indicators for
rainfed and irrigated systems were computed in different ways; for rainfed systems, we
assume a strong impact of meteorological drought on the system while for irrigated systems,
we assume a strong impact of hydrological drought on the system. Therefore, hazard
indicators and, subsequently, risk indicators for irrigated and rainfed systems should not be

directly compared.

To better manage and mitigate drought risk, it is necessary to improve the response to drought
impacts, the preventive actions and actively address the root causes of vulnerability as well
as build capacities as in the local communities and the government. The vulnerability
assessment helps to identify potential entry points to reduce the level of drought risk for both
irrigated and rainfed systems; which include better water quality, reduction of land
degradation, and increasing the dam storage capacity. Specifically for rainfed systems with
high risk could become irrigated if they are located in regions where irrigated risk is low as
areas equipped for irrigation can help in supporting the livelihood of rural communities and
food production. However, it is relevant to consider the water availability, the access to the
water source, the soil and topography conditions, among others before installing any irrigation

system.

The contribution of relevant experts on selecting and weighting vulnerability indicators is an
added value of this assessment. However, the expert survey consultation could be enhanced
by expert interviews, where more details and the rationality behind the ranking of the different
indicators could be further explained. Another point of improvement is the number of experts

who responded to the survey. With more time and resources, more experts could participate.

As this study is the first to separately assess the drought risk for rainfed and irrigated

agricultural systems, there is no comparison of our findings with other national assessments.
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However, the drought risk analysis results and its components agree with other studies
conducted at the local level for agricultural systems. For instance, Eastern Cape's vulnerability
pattern follows an east-west descending gradient reported by Walz et al. (2018). Jordaan et
al. (2013) showed that the coping capacities such as the land ratio and management, access
to credit and markets are key in determining the level of risk in the Northern Cape. Similar to
the results of this study, Schreiner et al. (2018) suggests that expanding the storage capacity
of existing dams and water conservation practices would reduce drought risk, especially for
irrigated agricultural systems. Furthermore, the low drought risk values identified for the
Northern Cape for irrigated systems also agree with previous drought risk assessments
performed by Jordaan (2011) and Jordan et al. (2013).

It is necessary to analyse and interpret the drought risk through systems perspective (Vogel
and Oliver 2019), as extreme droughts and its impacts are not a result of a linear equation,
rather they reflect the dynamic and complex realities of the socio-ecological system. To
address the complex realities in this assessment, we considered the nature of farming in South
Africa in terms of climate and social factors (e.g. dependency ratio, unemployment rate). An
enhancement for future assessments could be the integration of temporal dynamic exposure
and vulnerability with the hazard data. As Schreiner et al. (2018) stated, the South African
government knows that drought is a recurrent hazard, and particularly with climate change, it
is critical to implement the necessary structures to support the diverse makeup of the
agricultural sector. Further, it is necessary to plan actions according to specific needs of the
system, irrigated or rainfed. We also need to understand better how severe, prolonged and
repetitive drought events might shift policies, local and rural economies, and actions
(Schreiner et al., 2018).

Despite the wealth of climate change and drought policies and responses in South Africa,
recent droughts are a stark reminder of the realities of climate variability and the difficulty of
effectively responding. Notwithstanding the examples and legislation mentioned, recent
responses to drought reveal a lack of awareness and a need for a broadly informed
assessment of drought in a rapidly changing socio-environmental context (Vogel and Olivier,
2019). So far, while the changes on policy over time have had the goal to improve drought risk
management, the focus is still largely on relief and emergency support instead of implementing
proactive policies (Vogel and Zyl, 2016; Bruwer, 1989; Vogel et al. 2010; South African
Weather Service, 2017 in Baudoin et al., 2017). Interdisciplinary drought risk assessments like
the one presented here can be used in decision-making processes. These assessments help
to identify potential pathways and actions towards proactive drought risk reduction policies

such as the increasing access to finance, increasing extension services and programs in order
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to improve the environmental awareness, reducing land degradation and increasing farmers’

capacities towards a sustainable agroecosystems.

Limitations in data availability impact the accuracy of our research like many others. For
instance, the hazard and exposure analysis is based on the land cover data from one timestep
(static input data), which can impact the results (i.e., as cropping patterns are dynamic and

often can change over time).

Furthermore, future analysis can be improved by accounting for risk differences of individual
crop types, and exposed farmers.

4.2.4.2. Recommendations and next steps

There are various ways to measure drought hazard, and composite indices could make
additional use of surface and ground water deficit, provided that time series for these variables
can be reliably derived from hydrological modelling. In recent years the observation of surface
water volume changes from remote sensing, and of groundwater variability from the GRACE
and GRACE-FO satellite missions combined with data assimilation, has made tremendous
progress and we expect that adding such indices would lend more robustness to our risk

assessment framework.

Future assessments may benefit from new approaches to assess vulnerability beyond
administrative boundaries (e.g., pixel-level vulnerability data), since much of the information
and effort in analyzing hazard and exposure at the smallest possible resolution is lost when
aggregated at administrative boundary levels reducing the capacity to accurately reflect reality.
In addition to examining the environmental, social and political processes shaping drought
risk, an enhancement for this assessment could be developing a reliable and standardised
database of losses and damages regarding agricultural systems in South Africa. Such
database can help better examine the medium- and long-term impacts of drought and allow
the comparison of impacts of similar hazard events in different parts of the country (e.qg.
drought of 2015-2016) (JRC, 2014). It could also help identify indirect and cascading effects
even after the drought hazard event is finished. Moreover, loss data collections can be useful
to identify trends and patterns in data over time (JRC, 2014), and to achieve consistent and

coordinated implementation of risk reduction strategies.
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4.2.5. Conclusions

Drought impacts on South Africa's agricultural sector are recurrent; these drought events
provide opportunities to learn and to improve drought risk reduction efforts. We present, for
the first time, an integrated drought risk assessment that considers hazard, exposure and
vulnerability to evaluate the impact of drought on irrigated and rainfed systems (separately) at
national level. In addition, we pioneer an expert survey to weigh relevant indicators at national
level. Our spatially explicit results assist to identify priority regions to take actions. Our findings
highlight the relevance of assessing and discussing drought risk in relation to specific impacts
and diagnosing entry points to reduce drought risk in a context-specific manner (i.e. irrigated
and rainfed systems). This ensures that relevant proactive policies and planning can be
effective even within the same sector (i.e. agricultural sector) before the worst impacts occur.
While this assessment provides valuable information at local municipality level, the
assessment can be enhanced with a temporal dynamic exposure and more spatially explicit

vulnerability information.
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Abstract

Global drought risk assessments have been conducted with the objective of highlighting the
regions or countries most at risk, and their outcomes are deemed useful to inform decisions
on the implementation of risk reduction, transfer, financing, and adaptation strategies.
However, by virtue of the scale of the assessment, some countries and regions experiencing
negative impacts of droughts may not appear in “high” risk categories in global comparisons.
This limits and potentially biases the ability of decision-makers, regional organisations, or
funding mechanisms to recognise which countries under their purview should be targeted for
assistance. This paper addresses this gap by comparing the outcomes of global and regional
drought risk assessments for different clusters of countries of particular relevance to
international climate and disaster risk policy. Results show that 50 countries changed the risk
category to “high” or “very high” in their clusters compared to a lower risk category at the global
level, due to the renormalisation of raw indicator values with different ranges for each cluster.
The findings highlight the importance of analysing risk at multiple spatial scales to ensure no

country is “left behind” in global risk and adaptation finance decisions.

5.1. Introduction

It is now widely acknowledged that drought risk is a function of drought hazard, exposure of
one or multiple elements to drought, and multi-dimensional vulnerability of these elements
incorporating both human and natural factors (Hagenlocher et al., 2019, Hagenlocher et al.,
2018, UNDRR, 2019, UNDRR, 2021. GAR Special Report on Drought, , 2021). As drought
occurrence is projected to increase around the world (Cook et al., 2020, Spinoni et al., 2020),
global drought risk assessments incorporating hazard, exposure, and vulnerability are
deemed useful to guide investments in disaster risk reduction and international climate finance
to build resilience (UN, 2015, UNDRR, 2015, UNDRR, 2017, UNDRR, 2019). Notably, such
assessments might be of relevance for organisations and funding bodies that have the
mandate to focus on the “most at-risk” and “most vulnerable” such as the Adaptation Fund
(AF), the Green Climate Fund (GCF), the Global Environment Facility (GEF) Trust Fund and
its Special Climate Change Fund (SCCF), the InsuResilience Solutions Fund (ISF), and the

recently established Global EbA fund. For example, the AF states they have allocated over
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US $850 million to projects in developing countries that are particularly vulnerable to climate
change for adaptation and resilience-building projects (The Adaptation Fund, 2022). The GCF
is mandated to allocate at least a quarter of its resources to adaptation in the most climate-
vulnerable countries and, in the March 2021 board meeting, committed a total US $1.2 billion
to 15 different climate projects (The Green Climate Fund, 2021). The ISF also limits its co-
financing allocation to a selection of countries that are vulnerable to extreme weather events,
offering up to €2.5 million per project in their 8th call for proposals (InsuResilience Solutions
Fund, 2022). The SCCF is open to all vulnerable developing countries and supports a wide
spectrum of adaptation activities. Over the past 20 years, the SCCF has invested $355 million
in 87 projects around the world (GEF, 2021). While recent studies found that other factors than
vulnerability contribute to the allocation of adaptation aid, they also found that vulnerability
assessments remain an important tool for both donor and recipient countries (Doshi and
Garschagen, 2020, Garschagen and Doshi, 2022). Further, the stated motivations for funding
and the mandate of organisations to focus on countries most vulnerable or at risk to climate
change or extreme weather events, suggest that a comparison of risk across countries should

impact resource allocation.

At present, drought risk assessments that can be used for comparison of risk, exposure and
vulnerability across multiple countries at the country scale are limited to a handful of global
assessments (Carrdo et al., 2016, Meza et al., 2020), global tools/platforms (Global Drought
Observatory (GDO), Water Risk Filter (WWF)); and regional assessments for Europe and
Africa (see Blauhut, 2020, Hagenlocher et al., 2019 for a review of existing assessments). This
means that when determining which country or countries are the most at-risk or vulnerable,
organisations are mostly limited to global assessments. However, by virtue of the scale of
these assessments some countries and regions that experience the negative impacts of
drought might not appear in “high” risk categories in global comparisons. For example, looking
to the global risk assessment results from Meza et al. (2020), Brazil had a lower drought risk
than most other countries, yet Brazil has recently suffered through a drought that had
devastating consequences for agriculture in the country (Marengo et al., 2017) and has one
of the highest numbers of drought events registered in the international Emergency Events
Database (EM-DAT) in the world (Meza et al., 2020). Spatial scale has been identified as an
important factor informing investment in drought risk reduction (King-Okumu et al., 2020) and
the restriction to global risk assessments when comparing countries’ drought risk and
vulnerability can limit and potentially bias the ability of decision-makers, regional
organisations, or funding mechanisms to recognise which countries under their remit should

be targeted for assistance. This may result in countries that are potentially “left behind” as the
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international community scales up financial investments towards more drought resilient

futures.

This paper intends to show the effect of changing the selection of countries included in a
drought risk assessment on its outcomes and highlight the countries that are “left behind” by
a global drought risk assessment. Here, we use an updated version of the global drought risk
analysis by Meza et al. (2020) as the foundation, and reanalyse the data used in this
assessment by subsets of countries (hereafter called “clusters”) of particular relevance for
international climate and disaster risk policy. We then discuss how the results could influence

decision making.

The primary question driving the analysis is: How might decision making for drought risk
reduction, resilience building, or funding be influenced depending on the selection of countries
assessed? To inform the discussion, two sub-questions will be addressed: 1) How does
drought hazard/exposure, vulnerability, and risk change when reanalysing data from a global
risk assessment by clusters of countries?, and 2) Which countries are “left behind” in the global

assessment?

5.2. Methods

To answer these questions, three steps of analysis were performed. First, the global drought
risk assessment by Meza et al. (2020) was updated to create a baseline global assessment
for comparison with the cluster assessments (see chapter 3.2). Second, 14 clusters of
countries of particular relevance for international climate and disaster risk finance and policy
were identified, and data from the global assessment were reanalysed to create new
hazard/exposure, vulnerability, and risk indexes for each of the clusters (Figure 5.1). Lastly,
the outcomes of the global and cluster assessments were compared, and then the risk indexes
were split into quintiles to identify in which clusters drought risk severity categorisation
changed the most compared to the global assessment. Countries that moved into a “high” or
“very high” drought risk category in the cluster assessment from a lower risk category in the

global assessment were identified as the countries “left behind” by the global assessment.
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Figure 5.1. Diagram of the workflow for the global and cluster-scale risk assessments. A, C,
and E are the outcomes of the global assessment and B, D, and F are the outcomes of the 14
cluster-scale assessments. A was compared with B, C with D and E with F. E and F were also

split into quintiles and countries’ risk categorisation was compared.

As this paper builds on well-established index-based approaches to assess risk and the aim
of the paper is the comparison of the global and cluster risk assessments, the detailed
methods for index creation, including justification for decisions made, are provided in
appendix E.1. A short overview is provided here, followed by description of the cluster

identification and comparative analysis methods.

5.2.1. Global drought risk assessment

A drought risk assessment at the global scale was conducted to create a baseline for
comparison with the cluster assessments. This was achieved by updating the global drought
risk analysis for agricultural systems by Meza et al. (2020), where risk is a function of hazard,
exposure, and vulnerability. The most common methods for composite indicators according to

a review conducted by Beccari (2016) were followed in the assessment.

Firstly, the drought hazard/exposure index for irrigated and rainfed agriculture in all countries

was drawn directly from Meza et al. (2020) and normalised using linear max normalisation for
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comparability with the vulnerability index (OECD, 2008). Then, the vulnerability index was

created by identifying 14 indicators for analysis.®

These were selected based on Meza et al., 2020, Meza et al., 2019), further review of the

literature, and data availability. Indicators were pre-processed to address missing data,

outliers, and multicollinearity (appendix E 1d). 30 countries and one indicator were removed

from the analysis to reduce the level of missing data; 165 countries and 13 indicators remained

in the analysis (Table 5.1 shows the indicators used in the analysis and their data sources.

appendix E shows the countries that were included in the analysis).

Table 5.1 Indicators and their respective data sources used in the vulnerability assessment.

Indicator

Data source

Contribution

to

vulnerability*

Literacy rate, adult total (% of people ages 15
and above)

Prevalence of undernourishment (population)

Unemployment (% of total labour force) (national

estimate)

GINI index (wealth inequality)

Share of GDP from agriculture, forestry, and
fishing in US$ (%)

Population with access to an improved water
source (%)

Government Effectiveness: Percentile Rank

Saved any money in the past year (age 15+)

Proportion of population living below the national

poverty line (%)

GDP per capita

[dataset] World Bank (2015a)

[dataset] World Bank (2015b)

[dataset] World Bank (2017a)

[dataset] World Bank (2017b)

[dataset] FAO (2016)

[dataset] World Bank (2015c)

[dataset] World Bank (2017c)

[dataset] World Bank (2017d)

[dataset] SDG Indicators

(2017)

[dataset] FAO (2018)

8 An index is an aggregation of several indicators that are combined to provide a single composite
measure of a complex concept that cannot be represented by a single indicator, such as vulnerability

(OECD, 2008).
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Average soil erosion for exposed area (t ha-1 yr- [dataset] JRC ESDAC (2019) +
1)

*Access to information (# mobile phone [dataset] World Bank (2017¢€) -
subscriptions per 100 people, max threshold
100)

**Cultivation of drought-resistant crops (% of Calculated*** -
total crop yield)

* Refers to whether a high value for an indicator increase (+) or decrease (-) vulnerability.

** Indicators additional to Meza et al. (2020).

*** See appendix E3 for the method.

Three indicator values were treated using Winzorisation (Field, 2013), and no issues of multi-
collinearity were detected using a Spearman correlation matrix with the threshold for high
correlation set at r = £0.9 (Hinkle et al., 2003) with two-tailed significance at the 0.05 level.
Then the vulnerability indicators were normalised using linear min—max as this is the most
common approach to composite indicator creation according to Beccari (2016), and
aggregated using additive arithmetic aggregation. Finally, the vulnerability index was

normalised using linear max to render it comparable to the exposure index.

The drought risk index (DRIc) was created by multiplying the hazard/exposure index (HEc) by

the vulnerability index (VIc) for each country (Equation (1)):
DRI = HE; x VI 1)

5.2.2. Cluster drought risk assessments

To undertake the drought risk assessments at the cluster scale, relevant clusters were
identified. Then the raw hazard/exposure and vulnerability values used in the global risk
assessment were grouped into clusters, renormalised, and aggregated to create the cluster-

scale risk indexes.

5.2.2.1. Cluster identification
Countries analysed in the global assessment were grouped into clusters based on existing
political and economic divisions and countries with a strong link to agriculture. In total, 14

clusters were identified (Table 5.2).

Table 5.2 Clusters used in the assessment, number of countries analysed, and their defining

data sources. See excel in appendix E.1.3.2 for a list of countries in each cluster.

Cluster Data Source
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Continents [dataset] UN DESA
Geographic regions*#: Population Division
Africa (49 countries) (2019)

Asia (43 countries)

Europe (38 countries)

Latin America and the Caribbean* (27 countries)

Income Groups World Bank (2019)
High income (45 countries)

Upper middle income (45 countries)

Lower middle income (48 countries)

Low income (27 countries)

Annex Classification UNFCCC (2021)
Annex | (39 countries)
Non Annex | (126 countries)

Least Developed Countries [dataset] UN DESA

Least Developed Countries (43 countries) Population Division
(2019)

V20 V20 (2021a)

The Vulnerable 20 (V20) Group of Ministers of Finance of the Climate
Vulnerable Forum (39 countries)

Breadbasket Gaupp et al. (2019)
Countries with a breadbasket region
Breadbasket (17 countries)

Reliance on agriculture based on employment [dataset] UNDP (2019)
Countries with the highest per cent employment in agriculture were

determined using Jenks Natural Breaks Optimisation (3 classes for this

data).

Reliance on agriculture (35 countries)

* North America was not analysed within the geographic regions due to the small number of countries
(n = 2). Neither was it included in the analysis with Latin America and the Caribbean to create an
“Americas” cluster given the vastly different socio-economic circumstances between the USA and
Canada compared to other countries in Latin America and the Caribbean and the presence of
organisations that focus specifically on this cluster.

# Oceania was excluded due to the small number of countries with sufficient data (n = 6) and the
presence of highly developed and less developed countries within the cluster (i.e. Australia and
Vanuatu), which would have produced poor comparative results.

All clusters except for “Reliance on Agriculture” were constructed directly from these existing
political and economic groups. Continent-based clusters were analysed given the existence
of regional disaster risk funds and programmes such as the EU Solidarity Fund and the USAID

Office of U.S. Foreign Disaster Assistance Latin America and the Caribbean Program. World

Bank Income Group-based clusters were analysed as they are widely recognised and
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represent groups of similar economies (World Bank, 2019). Annex | and Non Annex | clusters
of countries were chosen for analysis, as the United Nations Framework Convention on
Climate Change (UNFCCC) uses the classification for the allocation of roles and
responsibilities regarding climate mitigation and adaptation (Lucas, 2021, UNFCCC, 2021).
The LDCs were also classified by the United Nations as countries with limited capacity to
respond and adapt to climate change (UNFCCC, 2021) and were thus included in this
analysis. The V20 countries were included as a cluster as these are globally recognised as
being at high risk to climate change (V20, 2021b) and are part of specific programs targeting
adaptation and resilience to climate change and disasters such as the InsuResilience Global
Partnership (InsuResilience Global Partnership, 2021). Finally, two clusters with a strong link
to agriculture were formed given the significant impact of drought on the agricultural sector
and the potential global implications of drought events on these countries (Lunt et al., 2016).
The first cluster was formed from countries with a high reliance on agriculture in the labour
force (using data from [dataset] UNDP, 2019). Countries were divided into three classes based
on their per cent employment in agriculture using Jenks Natural Breaks Optimisation, and the
class with the highest percentages formed the cluster. Jenks Natural Breaks Optimisation was
used as it reduces the variance within classes and maximises the variance between classes
(Jenks and Caspall, 1971). Additional analysis on the significance of this cluster was outside
the scope of the paper, however, would be necessary in future assessments that specifically
aim to assess risk for countries with high reliance on agriculture in the labour force. The second
cluster was formed from countries that were considered breadbaskets based on analysis of
wheat, maise, soybean, and rice crop yield data by Gaupp et al. (2019). Breadbasket countries
produce enough food to feed their population and to export elsewhere. These regions are

major contributors to the world's food supply.

5.2.2.2. Cluster risk assessment

To conduct the cluster risk assessments, the global analysis’ raw hazard/exposure values
were grouped by cluster and normalised using linear max. Countries’ vulnerability indicators
were grouped by cluster as well and normalised with linear min—max at the cluster scale before
aggregation into the preliminary vulnerability index. This was then normalised again using
linear max to create the final vulnerability index comparable with the respective
hazard/exposure indexes. With these modifications, a new risk index for each cluster was
created by multiplying the cluster hazard/exposure indexes with the corresponding cluster
vulnerability index. For example, Africa’s hazard/exposure index was multiplied by the
vulnerability index for Africa, resulting in the risk assessment for Africa. This created 14 new

drought risk indexes, one for each cluster.
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5.2.3. Comparison between global and cluster assessments

To understand the effect of grouping countries on the outcomes of risk assessments, the
global hazard/exposure, vulnerability, and risk index scores were plotted against each of the
cluster hazard/exposure, vulnerability, and risk scores using scatterplots. This highlighted how
these elements of a risk assessment change when assessing risk at different scales.

For both the global risk index and the cluster-scale risk indexes, countries were then split into

quintiles based on their risk index scores. The five quintiles represent “very low”, “low”,
“medium”, “high”, and “very high” risk categories. To determine which clusters were most
affected by renormalisation due to the change in the countries analysed (from the full global
list to the restricted cluster-list of countries), the percentage of countries that changed category

relative to the global assessment was calculated.

Finally, the countries that switched from a lower risk category in the global assessment to the
“high” or “very high” risk category in the cluster assessment were identified to find countries

that could be “left-behind” by the global risk assessment.

5.3. Results
5.3.1. Global assessment results

Here we present the results of the global assessment, i.e., when comparing 165 countries.
The global index scores were regrouped into the clusters and displayed as box and whisker
plots to uncover the patterns of hazard/exposure, vulnerability, and risk that emerge with a

global-scale assessment (Figure 5.2).

a b
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Figure 5.2. Global (a) hazard/exposure (b) vulnerability and (c) risk index scores grouped by
clusters and ordered from lowest to highest by the median value. The vertical axis describes

the cluster, and the horizontal axis refers to the index score. In the box plot, the vertical line
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represents the median value for that cluster based on the global assessment results. The box
represents the interquartile range (IQR), or the 25th percentile (Q1) to the 75th percentile (Q3).

The circle is the absolute minimum value, and the square is the absolute maximum value.

Based on the median value in the global assessment, the LDCs, V20, and low income
countries had the lowest hazard/exposure, however, had relatively higher vulnerability than
other clusters. Conversely, Europe, breadbasket countries, and Annex | (or more developed
countries) had the highest hazard/exposure but were among the clusters with the lowest
vulnerability. In terms of risk, the low income, Africa, and reliance on agriculture clusters all
shared the highest risk, while high income, Latin America and the Caribbean, and Annex |

clusters had the lowest risk based on the global risk index.

For hazard/exposure, most of the clusters that had a median below the global median still
hosted countries with the highest absolute values. For example, Timor-Leste had the fourth-
highest hazard/exposure and is in the LDCs cluster, which had the lowest median
hazard/exposure overall. Conversely, for vulnerability and risk, most clusters with medians
above the global median hosted the countries with highest absolute values globally. Table 5.3
outlines the five countries with the highest hazard/exposure, vulnerability, and risk based on
the global assessment and the clusters to which they belong.

Table 5.3 The five countries with the highest hazard/exposure, vulnerability, and risk to
drought based on the global assessments. The italic text outlines the clusters in which they
belong.

Hazard/exposure

Vulnerability

Risk

Namibia
Upper middle income, Africa,
Non Annex |

Botswana
Upper middle income, Africa,
Non Annex |

Morocco
Low middle income, Africa,
Non Annex |, V20

Central African Republic
Low income, Africa, LDCs,
Non Annex |, Reliance on
agriculture

Haiti
Low income, Latin America &
Caribbean, LDCs, Non Annex
[, V20, Reliance on agriculture

South Sudan
Low income, Africa, LDCs,
Non Annex |, V20, Reliance
on agriculture

Zimbabwe

Low middle income, Africa,
Non Annex |, Reliance on
agriculture

Lesotho
Low middle income, Africa,
LDCs, Non Annex |, Reliance
on agriculture

Djibouti
Low middle income, Africa,
LDCs, Non Annex |, Reliance
on agriculture
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Timor-Leste Chad Afghanistan
Low middle income, Asia, Low income, Africa, LDCs, Low income, Asia, LDCs, Non
LDCs, Non Annex |, Reliance Non Annex |, Reliance on Annex |, V20

on agriculture agriculture
Zimbabwe Afghanistan Namibia
Low middle income, Africa, Low income, Asia, LDCs, Non Upper middle income, Africa,
Non Annex |, Reliance on Annex |, V20 Non Annex |
agriculture

5.3.2. Cluster assessment results

For each cluster, the rankings changed, and different countries were highlighted as the most
exposed, vulnerable, and at risk to drought with the reanalysis. The countries with the highest
hazard/exposure, vulnerability, and risk scores for each cluster are outlined in Table 5.4.

Table 5.4 The top five countries for hazard/exposure, vulnerability, and risk based on the
cluster assessments. Numbers in brackets refer to the country’s rank from the overall global
assessment. The countries in bold do not appear in the top 5 of the respective cluster based

on the global assessment.

Hazard/exposure Vulnerability Risk

Africa Namibia (1) Central African Republic (1) Zimbabwe (1)
Botswana (2) South Sudan (3) Lesotho (2)
Morocco (3) Chad (4) Djibouti (3)
Zimbabwe (5) Comoros (6) Mauritania (6)
Cabo Verde (6) Burundi (7) Niger (9)

Asia Timor-Leste (4) Afghanistan (5) Afghanistan (4)
Kazakhstan (12) Yemen (8) Timor-Leste (7)
Palestine (15) Democratic Republic Korea Palestine (8)
Mongolia (18) (32) Yemen (16)
Syria (26) Syria (36) Syria (13)

Pakistan (40)

Europe Slovakia (7) Albania (80) Moldova (37)
Spain (10) Macedonia (100) Albania (31)
Moldova (16) Moldova (119) Macedonia (48)
Montenegro (17) Bosnia and Herzegovina (67) Bosnia and
Hungary (19) Serbia (98) Herzegovina (29)

Montenegro (33)
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Latin
America &
Caribbean

High income

Upper
middle
income

Lower
middle
income

Low income

Annex |

Non Annex |

Paraguay (36)
Argentina (40)
Peru (45)
Ecuador (62)
Chile (71)

Slovakia (7)
Spain (10)
Hungary (19)
Canada (20)
USA (22)

Namibia (1)
Botswana (2)
Kazakhstan (12)
South Africa (13)
Montenegro (17)

Morocco (3)
Timor-Leste (4)
Zimbabwe (5)
Cabo Verde (6)
Djibouti (8)

Syria (26)

Niger (31)
Afghanistan (38)
Sudan (61)
Tajikistan (67)

Slovakia (7)
Spain (10)
Hungary (19)
Canada (20)
USA (22)

Namibia (1)
Botswana (2)
Morocco (3)
Timor-Leste (4)
Zimbabwe (5)

Haiti (2)
Honduras (42)
Paraguay (53)
Guatemala (50)
Nicaragua (66)

Panama (95)
Oman (139)
Romania (105)
Chile (113)
Greece (91)

Iraq (43)
Guatemala (50)
Paraguay (53)
Ecuador (60)
Albania (80)

Comoros (6)

Papua New Guinea (19)
Lesotho (20)

Eswatini (13)

Zambia (21)

Central African Republic (1)
South Sudan (3)

Haiti (2)

Chad (4)

Afghanistan (5)

Bulgaria (114)
Greece (91)
Turkey (108)
Romania (105)
Ukraine (118)

Central African Republic (1)
Haiti (2)

South Sudan (3)

Chad (4)

Afghanistan (5)

Paraguay (22)
Ecuador (43)
Peru (39)
Argentina (42)
Guyana (68)

Romania (47)
Hungary (52)
Greece (55)
Spain (50)
Slovakia (61)

Namibia (5)
Botswana (10)
South Africa (12)
Iraq (27)
Paraguay (22)

Zimbabwe (1)
Lesotho (2)
Mauritania (6)
Djibouti (3)
Timor-Leste (7)

Afghanistan (4)
Niger (9)
Mozambique (15)
Yemen (16)
Syria (13)

Bulgaria (59)
Turkey (54)
Romania (47)
Russia (56)
Greece (55)

Zimbabwe (1)
Lesotho (2)
Djibouti (3)
Afghanistan (4)
Timor-Leste (7)
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LDCs

V20

Reliance on
agriculture

Breadbasket

Timor-Leste (4)
Djibouti (8)
Mauritania (9)
Lesotho (11)
Niger (31)

Morocco (3)
Timor-Leste (4)
Palestine (15)
Mongolia (18)
Tunisia (21)

Timor-Leste (4)
Zimbabwe (5)
Djibouti (8)
Mauritania (9)
Lesotho (11)

Hungary (19)
USA (22)
Portugal (23)
Australia (25)
Russia (28)

Central African Republic (1)
Haiti (2)

South Sudan (3)

Chad (4)

Afghanistan (5)

Haiti (2)

South Sudan (3)
Comoros (6)
Afghanistan (5)
Madagascar (10)

Central African Republic (1)
Haiti (2)

South Sudan (3)

Chad (4)

Burundi (7)

India (68)

Brazil (69)
Indonesia (104)
Argentina (86)
China (117)

Lesotho (2)
Afghanistan (4)
Niger (9)
Mauritania (6)
Djibouti (3)

Afghanistan (4)
Niger (9)
Timor-Leste (7)
Palestine (8)
Sudan (17)

Zimbabwe (1)
Lesotho (2)
Niger (9)
Mauritania (6)
Djibouti (3)

India (63)
Argentina (42)
Romania (47)
Ukraine (66)
Hungary (52)

5.3.3. Comparison between global and cluster risk assessments

5.3.3.1. Hazard/exposure, vulnerability, and risk

Figure 5.3 shows how the patterns of hazard/exposure, vulnerability, and risk change between
the global and cluster assessments. The solid line represents a 1:1 ratio between the global
analysis and cluster analysis values. Points that lie above the line represent a higher score in
the cluster analysis compared to the global analysis, and points that lie below the line
represent a lower cluster score compared to the global analysis. Points that lie on the solid

line show the same score in the cluster and global analysis.
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Figure 5.3. (a) Global hazard/exposure scores plotted against cluster hazard/exposure
scores; (b) Global vulnerability scores plotted against cluster vulnerability scores; (c) Global
risk scores plotted against cluster risk scores. The solid line represents a 1:1 ratio where the

global and cluster assessment scores are the same.

Figure 5.3a shows that when comparing global and cluster-scale hazard/exposure values,
every cluster had the same or higher hazard/exposure in the cluster assessment compared to
the global assessment. For vulnerability, Figure 5.3b shows that vulnerability scores for the
high income, upper middle income, Europe, and Annex | clusters are higher in the cluster
assessment compared to the global assessment. Scores for the clusters, reliance on
agriculture, Latin America and the Caribbean, low income, Africa, LDCs, and Non Annex | are
the same or lower. Finally, for risk (Figure 5.3c), most clusters have similar or higher risk
scores in the cluster assessments compared to the global assessment, with only few clusters
with some scores slightly lower. Importantly, a change in score does not reflect a change in
absolute hazard/exposure, vulnerability, or risk for the countries, but the change relative to

other countries included in the assessments.

5.3.3.2. Categorisation of risk

Drought risk categorisation changes the most in the high income, Latin America and
Caribbean, and breadbasket clusters when comparing the cluster-scale analysis to the global
analysis (Figure 5.4). For the high income and Annex | clusters, all countries that changed risk
categorisation switched to a more severe risk category in the cluster-scale analysis compared
to the global analysis. For example, from “medium” to “high”. For Africa, low income, Non
Annex |, and reliance on agriculture clusters, all countries that changed risk categorisation

switched to a less severe risk category in the cluster-scale analysis compared to the global
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assessment. For example, “medium” to “low”. Appendix le contains an additional table that

shows how many countries were in each risk category in the cluster analysis and the global

analysis.

High income

Latin America & Caribbean
Annex |

Breadbasket

Europe

LDCs

V20

Low middle income

Upper middle income

Asia

Reliance on Agriculture

Non Annex |
Africa
Low income
0 10 20 30 40 50 60 70 80 90 100
B % moved to more severe risk category M % moved to less severe risk category % stayed the same

Figure 5.4. Per cent change to a more severe and less severe drought risk classification in

the cluster-scale risk assessments, compared to the global risk assessment.

5.3.3.3. Countries “left behind”

In total, there were 50 cases where a country switched to the “high” or “very high” drought risk

category in the cluster-scale risk assessment from a lower risk category in the global risk

assessment (Figure 5.5).
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Figure 5.5. Countries that moved from a lower risk category in the global assessment (petrol

square) to a “high” or “very high” category in the cluster assessment (red circle).

The clusters that had the highest percentage of countries moving to the “high” or “very high”
risk quintile from a lower quintile in the global assessment were the high income (40 %), Latin
America and Caribbean (33 %) and Annex | (31 %) clusters.

There were 29 cases where a country switched to the “very high” risk category in the cluster
assessment from a lower risk category in the global assessment. For example, Hungary and
Greece moved from the “high” risk category in the global assessment to the “very high” risk
category in the high income and Annex | cluster assessments and Croatia, Chile, and Canada
switched from “medium” risk in the global assessment to “very high” risk in the high income
assessment. In the Asia cluster, Tajikistan switched to “very high” risk, from “high” risk in the
global assessment, as did Romania, India, and Argentina in the Breadbasket cluster

assessment.

Twenty-one countries also moved from a lower risk category in the global analysis to the “high”
risk category with reanalysis at the cluster scale. For instance, Oman moved from “low” risk in

the global assessment to “high” risk in the high income cluster assessment. The Democratic
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Republic of Congo also switched to “high” risk in the V20 cluster assessment from “medium”

risk in the global assessment.

Several countries also switched to a less severe risk category in 12 of the 14 clusters as well.
A full breakdown of risk quintile categorisations for both the global and cluster assessments
can be found in the link provided in the appendix E.1.3.2.

5.4. Discussion
5.4.1. Synthesis of findings

This paper shows the effect of changing the selection of countries included in a drought risk
assessment on its outcomes. Country-level data used in a global indicator-based drought risk
assessment was reanalysed by clusters of countries of policy relevance based on established
socio-economic and geographic factors, such as income level or continent. Changes from the
global assessment in hazard/exposure, vulnerability, and risk are presented and countries that
moved from a lower-risk category into a “high” or “very high” risk category are highlighted as

those “left behind” by the global drought risk assessment.

Our results highlight that the selection of countries included in a comparative risk assessment
influences the outcome given that index-based assessments are commonly relative
comparisons by design. By grouping and renormalising the global data by subsets of
countries, relative hazard/exposure, vulnerability, and risk changed, and some countries

moved to a higher risk severity categorisation based on the cluster analysis.

Behind the change in the distribution of hazard/exposure, vulnerability and risk index scores
between the global drought risk assessment and the cluster risk assessments is the method
to create the indexes, specifically the process of normalisation. For the vulnerability index, the
indicators were renormalised within the clusters before being aggregated. For clusters such
as Europe, which had overall lower vulnerability in the global assessment (Figure 5.2), the
removal of more acute absolute (non-normalised) vulnerability indicator values from countries
outside Europe, meant that the acute indicator values from European countries received
normalised indicator scores closer to one. Thus, after aggregation of the renormalised
indicator scores followed by index normalisation, most countries in the European cluster
vulnerability index had higher vulnerability scores than in the global assessment. For the
hazard/exposure indexes, all clusters that showed no change from the global assessment
shared the country with the highest absolute hazard/exposure, Namibia. For the results of the
cluster assessments without Namibia, the next highest hazard/exposure value for each cluster

received an index score of 1 and all other values were transformed through linear
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normalisation, thus resulting in cluster hazard/exposure indexes with overall higher scores
than in the global assessment. For risk, higher scores were observed generally across most
cluster risk indexes compared to the global index as the magnitude of increase of the
hazard/exposure index scores was mostly greater than any decrease in the vulnerability index
scores, which was reflected in the outcome of multiplicative aggregation of these indices.

To explain the change in drought risk categorisation, Figure 5.2, Figure 5.4 are revealing. It
was not a result of change in absolute risk between the global and cluster assessments, but
rather the grouping of countries and the aggregation of the respective hazard/exposure and
vulnerability indexes reflecting change in relative risk between countries in the cluster. Figure
5.2, Figure 5.4 show that the clusters that had the lowest risk medians based on the global
assessment (and therefore would have had more countries in the least severe drought risk
categories), had the highest percentage of countries switch to a more severe drought risk
category in the cluster assessment (high income, Latin America and Caribbean, Annex I). The
grouping of countries resulted in countries that were previously overshadowed by others with
higher drought risk at the global scale, being highlighted as having “high” or “very high” drought

risk within the cluster assessment.

These results have direct implications for climate change and disaster-related policy and
finance decision makers, as according to the United Nations Convention to Combat
Desertification (UNCCD), “understanding who and what are at risk provides critical information
to deploy meaningful mitigation and adaptation strategies” (Barker et al., 2020p.xxiii). While
global drought risk assessments achieve the goal to identify the most at-risk or most
vulnerable from all countries globally, if funding or resources are aimed at a particular subset
of countries, a cluster-based risk assessment for these countries could change the outcome.
Countries considered not at “high” or “very high” risk based on the global scale assessment
may be at “high” or “very high” risk within a subset of countries. This could impact the
assistance received and focus on drought risk adaptation and have ramifications beyond

country borders if the drought risk is not addressed.

For example, in the high income cluster, 18 countries moved from a lower risk category in the
global assessment to the “high” or “very high” risk category in the cluster assessment. Croatia,
Canada, and Chile switched from “medium” risk to “very high” risk, representing a significant
shift in relative drought risk. This shift could influence the perception of action needed to
address drought in these countries. All three have experienced or are currently experiencing
significant drought impacts. In Croatia, drought is the most frequent hazard, causing the most
economic loss in the agricultural sector of all hydro-meteorological hazards (Peréec Tadi¢ et

al., 2014), Chile has been experiencing a so-called mega drought since 2010 and modelling
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has shown it to be the most severe dry period for 700 years in the country (Mufioz et al., 2020),
and nearly all regions in Canada experience drought (Bonsal et al., 2011) with major
agricultural impacts experienced in the prairies (Quiring and Papakryiakou, 2003). Oman also
switched from “low” risk in the global assessment to “high” risk in the high income cluster
assessment, representing a significant shift in relative, and potentially perceived, drought risk.
In Oman, droughts are acknowledged to be one of the worst hazards, having severe
agricultural impacts (El Kenawy et al., 2020). Many of the other countries that switched from
“‘medium” to “high” risk or “high” to “very high” risk categories, have experienced severe
drought impacts in recent years as well, such as the Mediterranean countries (Naumann et
al., 2021).

Changes in drought risk categorisation in the breadbasket cluster are also important for
decision makers to consider, as simultaneous droughts in these countries could have
cascading impacts and global implications. Climatic interdependence is important for the
global food system, where low precipitation and low crop yields in one area can be offset by
higher precipitation and higher crop yield in another. For example, Gaupp et al. (2019) found
that drought risk for soybean in India can generally be mitigated with imports from Argentina
as the drought risks are negatively correlated. Both these countries switched to the “very high”
drought risk category in the breadbasket cluster risk assessment. However unlikely due to the
negatively correlated drought risk, simultaneous drought in these countries could have impacts
beyond their own borders, contributing to rising food prices and food insecurity. Further,
simultaneous breadbasket failures have been linked to cascading impacts on income,
employment, and consumption decisions as well as increased displacement and migration
(Nagvi et al., 2020). Understanding which breadbasket countries are at “very high” risk to
drought is a first step towards reducing drought risk and the associated cascading impacts,
yet in a global assessment several of these countries were overshadowed. For decision
makers, these results may influence the decisions made and allocation of resources to achieve

resilience both within these breadbasket countries and globally as well.

Extending this analysis beyond the implications for decision makers based on the change in
drought risk categorisation, to the patterns of hazard/exposure and vulnerability that were
revealed in the global assessment, it is evident that different risk reduction or adaptation
strategies may be appropriate depending on the subset of countries focused on as well. For
example, European countries had high hazard/exposure and low vulnerability to drought,
whereas Africa had high vulnerability and lower hazard/exposure to drought, compared to the

global medians. For drought adaptation and risk reduction strategies aimed at multiple
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countries, ensuring that the most relevant element contributing to risk is addressed is an

important consideration for decision makers.

While the paper had an explicit focus on drought, the findings of this research likely also apply
for other global risk assessments, such as the World Risk Index (Welle and Birkmann, 2015),
the INFORM Global Risk Index (UN OCHA, 2020), the ND-GAIN Country Index (Chen et al.,
2015), the Global Climate Risk Index (Eckstein et al., 2021) or the Global InsuRisk Index (Sett

et al., 2021) which are based on similar risk assessment approaches.

5.4.2. Limitations and recommendations for future research

While comprehensive and suitable to show how selection of countries can influence the
outcomes of risk assessments, this study had several limitations. Imputation of missing data
introduced uncertainty and the exclusion of countries to reach acceptable levels of missing
data at the global scale limited analysis. For example, Small Island Developing States (SIDS)
are considered at risk to drought (OECD and World Bank, 2016) but were not analysed due
to exclusion of nearly 50 % of the countries. Further, the acceptable thresholds of missing data
were applied at a global scale and the same indicators were used across all cluster analyses
for consistency. However, this resulted in high levels of missing data for some of the cluster
analyses. For example, 49 % of countries in the Annex | cluster did not have data for the
literacy rate indicator. This means that the results for some clusters have a higher level of

uncertainty than others (see E6 for a comprehensive overview of missing data).

In addition, several elements of the assessment were aggregated or generalised to the
national level. While there is a difference in drought risk between irrigated and rainfed systems
(Meza et al., 2020), this assessment used the aggregation of the exposed systems as the
hazard/exposure indicator. Also, the breadbasket cluster was created from countries where a
region in the country was considered a breadbasket (Gaupp et al., 2019). These regions may
have different hazard/exposure and vulnerability to drought compared to the whole country
average thereby influencing risk. Considering regional drought hazard, exposure, and
vulnerability characteristics would be necessary if conducting a regional risk assessment in

the future.

Further, equal weighting of all indicators was used to construct the vulnerability index despite
wide acknowledgement that indicators do not equally contribute to vulnerability (Crossman,
2019, Meza et al., 2019). Weighting of each indicator should be informed by the relative
importance of the indicator to the area or group of countries under assessment (Barker et al.,
2021). However, research on the importance of indicators for each of the clusters in this paper

does not exist and thus equal weighting was used as it is the most common approach to index
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construction (Beccari, 2016), and was considered appropriate for accuracy and comparability.
Future work that aims to specifically conduct a risk assessment should consider weighting the
vulnerability indicators as this may change the outcomes.

Moreover, a sensitivity analysis was not conducted as this was outside the scope of the paper
which was to show how changing the scale of an assessment using the same method changes
the outcome and may result in countries being “left-behind”. Therefore, different methods for
data normalisation, imputation, aggregation, and the impact of weighting were not tested. A
sensitivity analysis would also be recommended for a risk assessment that specifically aims

to analyse risk for a particular grouping of countries in the future.

Finally, there are several recommendations and areas for future research that arise from this
analysis. When targeting a specific subset of countries for risk reduction or adaptation finance
and decision making, for example through the Least Developed Countries Fund (LDCF)
established under the UNFCCC to address the unigue needs of those Least Developed
Countries that are especially vulnerable to the adverse impacts of climate change, a specific
assessment for those countries is necessary. This can be extended to any spatial unit. Further,
global tools and platforms that provide an assessment of global drought risk like the GDO
could be improved by also sub-setting target regions or countries. As the findings of our
research likely hold true for other existing global risk assessments that build on similar
assessment approaches, such as the World Risk Index, the INFORM Global Risk Index, the
ND-GAIN Index, the Global Climate Risk Index or the Global InsuRisk Index, future research
should examine whether similar effects can be observed for these global risk assessment

products as well.

5.5. Conclusion

Many organisations in the disaster risk reduction and climate change adaptation field have the
mandate to focus on the “most at-risk” or “most vulnerable” countries and hence need risk
information as a basis for decision making. At the global scale, this analysis has presented
the general pattern of drought hazard/exposure, vulnerability, and risk by clusters of countries.
By comparing the results of the global drought risk assessment and the cluster risk
assessments, this analysis illustrated that hazard/exposure, vulnerability, and risk indexes are
impacted by the selection of countries included in the analysis. Further, comparing the
categorisation of drought risk between the global and cluster assessments has revealed that
some countries that do experience the negative impacts of drought and are highlighted as
having “high” or “very high” risk at the cluster scale, are overshadowed in a global assessment.

This may impact decision making as these countries could be overlooked when determining
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drought risk reduction and adaptation resourcing. With 50 cases of countries switching drought
risk category to “high” or “very high” in a cluster risk assessment from a lower category in the
global risk assessment across 8 of the 14 clusters, the results emphasise the importance of
utilising context-specific drought risk assessments to inform decision making to ensure that a

country that experiences the negative impacts of drought is not “left behind”.
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6. Discussion

6.1. Synthesis

The drivers of drought risk for agricultural systems vary substantially across and within
countries. Drought risk needs to be analysed from a holistic and integrated perspective that
brings together data from different sources and disciplines and is based on a spatially explicit

approach, which can inform spatially targeted risk reduction and adaptation options.

As identified by the IPCC AR5 (IPCC, 2014), the literature review in Chapter 2 (Hagenlocher
et al., 2019) confirmed the lack of assessments focusing on the actual implementation of
adaptation measures and their potential positive or negative effects, with just under half of the
studies reviewed (40%) making a direct link to drought risk reduction or adaptation strategies.
Additionally, only very few of these articles consider or recommend ecosystem-based
approaches, leaving the potential of nature-based solutions (NbS) for drought risk reduction
and mitigation (Kloos and Renaud 2016, UN 2018) far from being realised. It is necessary,
therefore, to move away from hazard-centric conceptualisations towards holistic approaches
that also take into account the complex interaction of natural (ecological) and human (social)
factors contributing to exposure and vulnerability. We need to draw our attention not only to
enhanced monitoring and prediction of drought hazards, but must also consider the people
and ecosystems which are affected, and their respective conditions. Chapter 2 showed
through an extensive literature review that the relevance of individual hazard, exposure, and
vulnerability indicators for explaining different drought impacts is poorly understood and
tackled in assessments (Hagenlocher et al., 2019). Furthermore, 57% of the indicator-based
risk assessments reviewed did not explicitly specify any weighting method, and less than ten

percent of all risk assessments reviewed conducted some form of validation of their results.

Over the past years, indicator-based approaches have been promoted as useful tools to
assess, compare, and monitor the complexity of drought risk from local to global scales (e.g.,
Carréo et al., 2016; Blauhut et al., 2016). However, the individual indicators' contribution to
explaining drought vulnerability and, ultimately, the risk of sectoral drought impacts is often
only weakly understood. As a result, the majority of assessments, notably at the global scale
(e.g. Carréo et al., 2016), are based on equal weights for all indicators. In order to address the
limitation of using equal weights, a global expert survey on vulnerability indicators for global-
scale, sectoral drought risk assessments was conducted and presented in Chapter 3.1 as a
joint effort between JRC's Global Drought Observatory (GDO) and United Nations University

(UNU-EHS). The objective was to identify and weigh relevant drought vulnerability indicators
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with regard to potential impacts of drought hazards on agricultural systems and domestic water
supply.

Chapter 3.1 summarises the results of the "Drought Global Expert Survey" and provides a
general overview of the most relevant vulnerability indicators according to expert judgement.
The drought vulnerability indicators list was derived from a systematic literature review
(Hagenlocher et al., 2019, Chapter 2) and expert consultations. In total, 64 indicators for
agricultural systems and domestic water supply were identified and included in the online
survey. The results informed the vulnerability indicator weightings in Chapter 3.2. The global
expert survey highlighted that the relevance of indicators varies strongly according to the
sector, as different drivers are relevant for different impacts. Furthermore, the national expert
survey performed in Chapters 4.1 and 4.2 showed that the relevance of indicators, even within
the same sector (e.g. agricultural systems), might vary for different contexts and scales. The
three expert surveys emphasised the relevance of vulnerability assessments and the
identification of key drivers with a socioecological approach, as vulnerability shapes the risk
of current and future droughts for the different sectors.

Chapter 3.2 has shown, for the first time, a separate global drought risk analysis for irrigated
and rainfed cropping systems from a socioecological perspective by integrating drought
indicators of hazard, exposure, and vulnerability. In previous assessments, the share of
irrigated cropland was either ignored or considered to be a vulnerability indicator (Carréo et
al., 2016). Chapter 3.2 went beyond previous studies by including a separate and spatially
explicit analysis of the drought hazard and exposure of irrigated and rainfed agricultural
systems and includes a specialised vulnerability index for this sector according to expert
judgment. These differences revealed the importance of focusing more clearly on distinct
impacts (e.g., on irrigated vs. rainfed systems) when conducting drought risk assessments,
even within the same sector. For instance, irrigated agricultural systems in Latin America are
highly exposed to droughts, whereas the probability of droughts occurring in rainfed
agricultural systems in that region is comparably low. While the study in Chapter 3.2 presents
the first attempt to assess drought risk for agricultural systems, more work is needed to
analyse drought risk for other sectors, such as public water supply, tourism, energy production,

and water-borne transportation, among others.

The national level assessments on Zimabwe's (Chapter 4.1) and South Africa's (Chapter 4.2)
agricultural sectors pioneer an integrated drought risk assessment that considers hazard,
exposure, and vulnerability to evaluate the impact of drought on rainfed and irrigated systems

(separately) at a national level. The chapters also respond to articulated national policy needs,
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show how vulnerability assessments are crucial to understanding why certain peoples are
disproportionately affected by drought, and identify entry points for vulnerability reduction.
While hazard analyses outline which districts/provinces are frequently and severely affected
by drought, vulnerability analyses help in identifying entry points for vulnerability reduction
measures. It was found that high vulnerability levels undermine the implementation of drought
adaptation strategies, making drought impacts even more devastating (Fischer et al., 2020).
Thus, these analyses could support policy and decision-makers in prioritising key intervention
areas and formulating strategies that will be essential in proactively dealing with future drought
episodes. A deeper understanding of risks and their underlying factors, as presented in this
thesis, will be key in encouraging a paradigm shift from reactive towards proactive drought
risk management (Sivakumar et al., 2014; World Bank, 2019). Additionally, spatially explicit
results are highly suitable for raising awareness to communicate the results of such

assessments in a simple and efficient manner (Meza et al., 2020).

Finally, Chapter 5 discusses how changing the selection of countries included in a global
drought risk assessment affects its outcomes. While global drought risk assessments achieve
the goal of identifying the most at-risk or most vulnerable countries globally, if funding or
resources are aimed at a particular subset of countries, a cluster-based risk assessment for
these countries could change the outcome (Dudley et al., 2022). Countries not considered at
"high" or "very high" risk based on the global scale assessment may still be at "high" or "very
high" risk within a specific subset of countries. This could impact both the assistance received
as well as the approach to drought risk adaptation and have ramifications beyond country
borders if the appropriate drought risk is not addressed (Dudley et al., 2022). Country-level
data used in the global indicator-based drought risk assessment presented in Chapter 3.2 was
reanalysed by clusters of countries on policy relevance based on established socioeconomic
and geographic factors, such as income level or continent. Results highlighted that the
selection of countries included in a comparative risk assessment influences the outcome,
given that index-based assessments are commonly relative comparisons by design. By
grouping and renormalising the global data by subsets of countries, the relative
hazard/exposure, vulnerability, and risk all changed, and some countries moved to a higher
risk severity categorisation based on the cluster analysis. This limits and potentially biases the
ability of decision-makers, regional organisations, or funding mechanisms to recognise which

countries under their purview should be targeted for assistance.

It is widely acknowledged that a paradigm shift from 'reactive' and ‘crisis-based' approaches
towards 'proactive’ and 'risk-based' drought management approaches is indispensable

(Tsegai & Bruntrup, 2019). The findings of this thesis highlight the relevance of assessing and
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discussing drought risk in relation to specific impacts with a socioecological approach and
diagnosing entry points to reduce drought risk in a context-specific manner (i.e. irrigated and
rainfed systems). This ensures that relevant, proactive policies and planning can be effective
even within the same sector (i.e. agricultural sector) before the worst impacts occur. While this
thesis provides valuable information at the national and municipal levels, the assessments can
be enhanced with a temporal dynamic exposure, more spatially explicit vulnerability
information, and a systems approach, which all consider the multiple direct, indirect, and

cascading impacts of drought risk on the different social and ecological systems.

Finally, being based on open-source data, the approach presented in this thesis allows for
reproduction in various regions and at different spatial scales. The hazard and exposure
assessment can be reproduced in any country. However, the vulnerability assessment is
context-specific, and some indicators that might be relevant at the global level or, for some
specific countries (e.g. South Africa or Zimbabwe), might not be relevant for other countries.
Therefore, further research in other countries or regions will be needed to identify key
indicators following the methodology applied in this thesis.

Overall, this thesis contributed to bridging the gap between disciplines and providing a
comprehensive understanding of the socioecological drivers of drought risk. The findings
underscore the need for integrated approaches that consider the interconnectedness between
human systems and the environment. By providing information on the underlying drivers and
patterns of drought risk, the approach developed in this thesis supports the identification of
priority regions and provides entry points for targeted drought risk reduction and adaptation

options to move towards resilient agricultural systems.

6.2. Way Forward
Tackling Growing Drought Risks—The Need for a Systemic Perspective
Hagenlocher, M., Naumann, G., Meza, |., Blauhut, V., Cotti, D., Ddll, P., Ehlert, K., Gaupp, F.,

Van Loon, A. F., Marengo, J. A, Rossi, L., Sabino Siemons, A. S., Siebert, S., Tsehayu, A.
T., Toreti, A., Tsegai, D., Vera, C., Vogt, J., & Wens, M.
Published as a commentary in Earths Future (2023): https://doi.org/10.1029/2023EF003857
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Abstract

In the last few years, the world has experienced numerous extreme droughts with adverse
direct, cascading, and systemic impacts. Despite more frequent and severe events, drought
risk assessment is still incipient compared to that of other meteorological and climate hazards.
This is mainly due to the complexity of drought, the high level of uncertainties in its analysis,
and the lack of community agreement on a common framework to tackle the problem. Here,
we outline that to effectively assess and manage drought risks, a systemic perspective is
needed. We propose a novel drought risk framework that highlights the systemic nature of
drought risks, and show its operationalization using the example of the 2022 drought in
Europe. This research emphasizes that solutions to tackle growing drought risks should not
only consider the underlying drivers of drought risks for different sectors, systems or regions,
but also be based on an understanding of sector/system interdependencies, feedbacks,
dynamics, compounding and concurring hazards, as well as possible tipping points and

globally and/or regionally networked risks.

Key Points:
e Drought risks are on the rise and their effects are increasingly felt across communities,
economic sectors, ecosystems, borders and entire societies
e To effectively assess and manage drought risks, a systemic perspective is needed

e We propose a novel systemic framework to better inform drought risk research and

policy

Plain Language Summary

In recent years, the world has faced severe and frequent droughts, resulting in significant
direct and indirect impacts. However, our understanding and assessment of drought risks are
still limited which has important implications for risk management. Here, we propose a new
approach—a systemic perspective on drought risks—to effectively assess and manage
drought risks. Our framework highlights the interconnected nature of drought risks, impacts
and responses. We demonstrate the framework's application by analyzing the 2022 drought
in Europe. This research emphasizes the need for a comprehensive understanding of drought
risks and offers a practical tool for policymakers and researchers to guide future drought risk

research and policy.

6.2.1. Introduction

Droughts are temporary, recurring, usually slow-onset water deficits that can lead to
devastating impacts on many sectors and systems and, eventually, affect ecosystems, entire
societies and economies (Chiang et al., 2021; IPCC, 2022; Pokhrel et al., 2021; UNDRR,
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2021). These water deficits are caused by the interaction of meteorological imbalances
propagating through the hydrological cycle and human activities (Bartholomeus et al., 2023;
Van Loon et al., 2022). Drought impacts, resulting from an inbalance between water availability
and water needs, are severe, spatially and temporally complex, interlinked, and often slowly
evolving, rendering their assessment a challenge. Between 2001 and 2021, droughts affected
on average about 67 million people globally every year, with variations across the years, and
caused global economic losses of USD 146 billion (CRED, 2022). While agriculture is the most
affected sector, the lack of water due to droughts also affects ecosystems, public water supply,
power generation, tourism, water-borne transport and buildings often with non-linear
cascading and systemic impacts across economic sectors and systems (UNDRR, 2021). For
example, low streamflow directly affects power generation from fossil fuels, nuclear energy
and hydropower as well as river-borne transportation, which in turn increases the risk of
systemic failure for societies as a whole due to possible cascading effects on entire
industries—as it could be observed in Europe in 2018—-2019 and 2022. While droughts can
develop gradually over several months, they can also act as a sudden and dramatic trigger for
famine or ecosystem loss when an ecological or social tipping point is crossed—as
experienced in the Horn of Africa in 2022—2023, which is enduring its longest drought in 40
years (WMO, 2022). Droughts also increase the risk of wildfires, as observed in the Amazon
and Pantanal in 2020-2021 (Marengo et al., 2021) and during the concurrent drought and
heat wave affecting Europe in the summer of 2022. In addition, over the past few decades,
the occurrence of droughts, compounded by unsustainable water management practices,
have generated severe water crises that affected water, energy and food security, as in
Central Chile (Garreaud et al., 2019), California (Mann & Gleick, 2015), South Africa (Meza et
al., 2021) and Sao Paulo and the Parana-La Plata basin (Naumann et al., 2023). These
characteristics pose a serious challenge to our ability to grasp the complexities of drought risks
and to manage them in a comprehensive way. This is particularly concerning as extreme
drought-heat compound events are expected to further increase in anthropogenically forced
warmer climates (IPCC, 2021, 2022; Kreibich et al., 2022; Naumann et al., 2018) while
vulnerabilities of communities, sectors and systems to drought are high in many parts of the
world (UNDRR, 2021).

Identifying pathways toward more drought-resilient societies is high-up on global political
agendas (UN, 2022). Cross-sectoral assessments of who and what is at risk to what (e.g.,
lower than normal soil moisture or streamflow as well as temporal water shortages and its
cascading effects), where, when, and why, will be key for proactive risk management and
adaptation. This has also been underscored by relevant international agendas and initiatives,

such as the Sendai Framework for Disaster Risk Reduction (UN, 2015), the Integrated Drought
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Management  Programme  (https://www.droughtmanagement.info) by the World
Meteorological Organization and the Global Water Partnership which originated in the 2013
High-level Meeting on National Drought Policy (WMO, 2013), the 2018/2019 Drought Initiative
(https://www.unccd.int/actions/drought-initiative) of the United Nations Convention to Combat
Desertification (UNCCD) and the GAR Special Report on Drought 2021 (UNDRR, 2021).
Furthermore, UNCCD Parties made a land mark decision to establish an Intergovernmental
Working Group (IWG) on Drought at the 14th session of the UNCCD Conference of Parties
(COP 14) and a new IWG at COP 15 with the aim to tackle the issue of drought in a deeper,
sustainable and more systemic manner
(https:/iwww.unccd.int/convention/governance/intergovernmental-working-group-drought-2).
Besides, African Nations urged the United Nations to improve research and data on drought
and drought risks during the UNCCD Conference of the Parties (COP14) that took place in
New Delhi, India (Padma, 2019). Spearheaded by the governments of Spain and Senegal, an
International Drought Resilience Alliance was launched in November 2022 at COP27 Leaders'
Summit in Egypt (https://idralliance.global/). Moreover, in 2023 the first UN water conference
in decades took place, a global event aimed to speed up actions to achieve the internationally
agreed goals on water resilience, security and cooperation.

6.2.2. Progress and Persisting Gaps

Over the past decades, major progress has been made in understanding the physical
processes underlying drought onset and evolution (Schumacher et al., 2022), the human role
in enhancing and mitigating droughts (AghaKouchak et al., 2021; Di Baldassarre et al., 2018;
IPCC, 2021, 2022; Rangecroft et al., 2019; Savelli et al., 2022; Van Loon et al., 2016, 2022;
Wendt et al.,, 2020), mutual feedbacks between human and water systems in general
(Hoéllermann & Evers, 2020; Huggins et al., 2022; Sivapalan et al., 2012, 2014), as well as
approaches to proactive drought management (Pischke & Stefanski, 2016). Drought hazard
monitoring and event-based early warning systems have also been implemented in many
countries, regions (e.g., East Africa Drought Watch) and at the global level (e.g., the EC-JRC
Copernicus Global Drought Observatory). However, a multi-sectoral global drought hazard
early warning system is not yet operational. While a plethora of hazard indicators for
monitoring droughts exists, a clear understanding and communication of the conceptual basis
of the selected drought hazard indicators and their relation to specific drought risks are less
developed (Bachmair et al., 2016). A systematic approach for selecting drought hazard
indicators that are specific to the risk system under consideration has recently been presented
by Herbert and Dol (2023), who also propose to take into account the habituation of the
system at risk to less water than normal when deciding which drought hazard indicators are

suitable for a drought risk assessment. Impact-based forecasts that include risk information
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are largely missing (Sutanto et al., 2019). Meanwhile, the conceptual understanding of risks
associated with meteorological and climatic hazards has evolved from hazard-focused and
environmental-deterministic concepts to a holistic one that considers environmental, socio-
economic, physical and governance-related drivers of hazard, exposure, and vulnerability as
well as the dynamic nature of risks and responses (IPCC, 2022). Further advances have been
made regarding the conceptualization of (a) risks linked to connected extreme events
(Raymond et al., 2020; Zscheischler et al., 2018), (b) the nexus approach to drought risks
(Reichhuber et al., 2019), (c) multi-risk (Curt, 2021) and complex climate risk (Simpson et al.,
2021) and (d) cascading and systemic risks and impacts linked to multiple hazards, threats
and shocks (Chatzopoulos et al., 2021; Hochrainer-Stigler et al., 2023; Sillmann et al., 2022;
UNDRR & UNU-EHS, 2022), including compound and cascading drought impacts (Cotti et al.,
2023; de Brito, 2021; Niggli et al., 2022). These concepts are now widely used to assess the
risks associated with floods, storms, tsunamis, or earthquakes. However, according to recent
reviews of drought risk and impact assessments (Blauhut, 2020; Hagenlocher et al., 2019) the
most used conceptual frameworks aiming to explain the propagation from drought hazards to
drought impacts (Van Loon et al., 2016; Wilhite & Glantz, 1985) have not been updated with
these recent developments and remain largely hazard-focused, deterministic and do not
consider cascading or systemic effects. Efforts to quantify drought risks on multiple systems
through a probabilistic risk assessment approach at continental scale have been recently
carried out (Rossi et al., 2023), but focus remained confined to direct losses on individual
systems. Severe droughts in recent years have however clearly shown that impacts are not
only linked to the onset, duration, severity and frequency of drought events. Instead, the risk
of drought impacts depends on the degree of direct and indirect exposure, the intrinsic and
dynamic vulnerability conditions of different communities, sectors and systems, as well as
(transient) adaptation decisions and their interconnectedness (Wens et al., 2019). A static and

incomplete view of the system bears the potential for insufficient and conflicting solutions.

6.2.3. A Novel Systemic Framework

Recognizing the recent conceptual advances in the field of drought evolution, drought and
society, socio-hydrology and complex risk (incl. compounding, cascading, systemic and multi-
risk), we aim to bring together these separate contributions into a comprehensive framework
to advance drought risk research. We propose a novel conceptual framework that captures
the complex, dynamic and non-linear interactions of drought (and possible concurring)
hazards, direct and indirect exposures and vulnerabilities of interconnected sectors and
systems across scales from a systemic perspective (Figure 6.1). This framework aims to

provide guidance for drought risks assessments and the identification of integrated solutions
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to reduce and manage risks holistically which in turn can help to inform drought policies now

and in the future.
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Figure 6.1. Characterizing the systemic nature of drought risks and impacts: (a) drought risks
and impacts for communities, sectors and systems result from the complex, dynamic, non-
linear interaction of drought hazards, direct and indirect exposure and systems' vulnerabilities.
Drought hazards are influenced by climate change as well as societal pressures on water
resources, such as unsustainable water abstraction leading to water scarcity. Underlying these
components of risks are root causes that stem from socio-economic and political structures,
processes, choices and values. (b) Direct drought risks and impacts can lead to further
cascading effects on communities, sectors and systems in the same region or distant areas
(indicated as region(s) 2 to n) which are not necessarily directly affected by the drought hazard
(indicated by a blank hazard propeller) as a result of indirect exposures through the
interdependence of sectors and systems and their vulnerabilities. Often these risks and

impacts are compounded and further exacerbated by concurrent hazards. Furthermore, risk
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management and adaptation responses to drought impacts can lead to possible response
risks. (c) The systemic nature of drought risks calls for systemic solutions, that is, actions that
consider system/sector interdependencies, interconnections, non-linear relationships,
feedbacks, dynamics, compounding and cascading effects, possible tipping points,
globally/regionally networked risks, and account for uncertainty.

Persistent anomalies in large-scale atmospheric circulation patterns leading to reduced rainfall
and/or increased temperatures can cascade through the hydrological cycle leading to severe
droughts, with less water than normal in snow packs, soils, groundwater and surface water
bodies—aggravated or alleviated by human activities (Figure 6.1, panel a), such as water
abstractions (Di Baldassarre et al., 2018; Van Loon et al., 2022) and water use regulations.
The severity of the resulting impacts, however, depends on the vulnerability of who or what is
exposed to specific water shortages (Gonzales Tanago et al., 2016; Hagenlocher et al., 2019;
IPCC, 2022; UNDRR, 2021). Analyzing the root causes and dynamics of direct and indirect
exposure and vulnerability of communities, interconnected economic sectors and human and
natural systems (e.g., ecosystems) is therefore vital to understand why communities, sectors
or systems facing the same drought event may experience fundamentally different impacts
(Figure 6.1, panel a). For example, the 2018 drought event that led to widespread water
shortages and almost to “Day Zero” in Cape Town has shown that human actions exacerbated
the drought hazard (here: streamflow, reservoir and groundwater storage) through
overconsumption, but also that socio-economic disparities influenced access to information
as well as the choices households had to prepare for and cope with the drought (Savelli et al.,
2021, 2023; Ziervogel, 2019). In a review of governmental financial assistance in Tropical
Asian countries, Goodwin et al. (2022) found that even when institutional schemes are
available, high levels of social vulnerability prevent many potential beneficiaries from
accessing them, therefore leaving vulnerable communities/sectors (e.g., farmers) with little to
no options to cope with drought impacts. The impacts of droughts, however, are not only
exacerbated or ameliorated by social, economic, or institutional factors that influence societal
susceptibilities and the ability of communities economic sectors and systems to cope and
adapt, but are also directly linked to physical and biological factors determining the

susceptibility of ecosystems and the services they provide (Figure 6.1, panel a).

As a result of the interdependence of economic sectors and systems in our highly connected
world, direct drought risks and impacts can lead to cascading effects (Figure 6.1, panel b) on
(a) other sectors and systems in the same region, (b) other regions that are not even directly
affected by the drought hazard or (c) global repercussions (Challinor et al., 2018;
Chatzopoulos et al., 2020; UNDRR, 2021). At the same time, research has shown that
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responses to climate-related hazards such as droughts can also lead to response risks (IPCC,
2022). For example, Di Baldassarre et al. (2018) have highlighted how the establishment of
reservoirs in response to droughts can lead to an overreliance on these reservoirs and in turn
increase the vulnerability of communities, sectors and systems to droughts. This is reflected
by the propeller labeled “response risks/impacts” in the framework shown in Figure 6.1 (panel
b). Furthermore, often the effects of droughts are compounded by concurring hazards and
shocks (Kreibich et al., 2022; Lin et al., 2023; Mishra et al., 2021; Mukherjee & Mishra, 2020;
Singh et al., 2022; Toreti et al., 2019; Yaddanapudi & Mishra, 2022) and their risk management
strategies (e.g., Ward et al., 2020), such as heat waves, wildfires, floods, global pandemics or
armed conflict as the global COVID-19 pandemic and the Russian aggression on Ukraine
have revealed (Figure 6.1, panel b). Given the systemic nature of risks, a systemic perspective
is also needed to manage and adapt to growing drought risks (Figure 6.1, panel c). These
solutions should not only consider the drivers of drought risks presented in Figure 6.1 (panel
a), but also be based on an understanding of key characteristics of the systemic nature of
drought risks, such as sector/system interdependencies, feedbacks, dynamics, compounding
and concurring hazards, as well as possible tipping points and globally and/or regionally
networked risks.

To illustrate how the framework can be applied, we draw on lessons from the concurrent
drought and heat wave event that affected Europe in the summer of 2022 to illustrate the
systemic nature of drought risks and impacts across economic sectors and systems (Figure
6.2).
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Figure 6.2. Application of the conceptual risk framework to illustrate the systemic nature of
drought risks and impacts using the drought that affected Europe in summer 2022 as an
illustrative example (cf. text below for a description). The figure applies the categories of the
conceptual risk framework (Figure 6.1) to the example (see legend in top right corner), using
connectors to showcase the relationships between interconnected risks and drivers. To
facilitate the interpretation, elements were clustered in sectors or systems of interest (gray

shading).

Europe is widely understood to be at risk of suffering major and costly cross-sectoral impacts
from droughts, especially in the context of expected climate change (Naumann et al., 2021).
In the summer of 2022, a concurrent drought (which already started in winter with precipitation
deficits) compounded with a sequence of heat waves affected Europe (Copernicus Climate
Change Service, 2023; Toreti et al., 2022b). These manifested in a precipitation deficit as well
as increased evapotranspiration, contributing to significant low flows in surface water, a
reduction of soil moisture and of the water volume stored in reservoirs (Baruth et al., 2022a,
2022b; Toreti et al.,, 2022a). Consequently, reduced water availability resulted in water
demands for both rain fed and irrigated agriculture not being met, which negatively affected
crop yields in large parts of Europe (Baruth et al., 2022a, 2022b, 2023; BMEL, 2022). Water
intensive crop varieties, such as rice, were particularly affected, resulting also in a decrease

in farmers' sowing area and high percentages of unproductive fields (Baruth et al., 2022a;
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Ente Nazionale Risi, 2022). Compounding with decreased water availability, the decrease in
yield was exacerbated by the acceleration in the phenological cycle induced by increased
temperatures/heat stress, which reduced the length of the grain filling phase (Baruth et al.,
2022a, 2022b, 2023). As a response to the unavailability of sufficient surface water, multiple
European countries restricted abstractions for irrigation purposes (ibid.) in order to reduce the
competition for water resources between sectors (Toreti et al., 2022a) which was also a partial

cause for yield losses.

The 2022 low flow event also had severe effects on major European rivers, such as the Rhine
corridor (Toreti et al., 2022a), where it significantly affected the inland water transport (IWT)
sector. The Rhine is one of the river systems that compose the European network of almost
40,000 km of navigable inland waterways. This network has undergone exponential growth in
terms of traffic and tonnage of goods transported in the last four decades (Notteboom, 2007),
establishing itself as a reliable and high-capacity mode of transportation for a variety of goods,
including raw materials. This means that disruptions of IWT can be of significant importance
for the region and beyond. Driven by the growth of IWT volumes (Vinke et al., 2022)—a
reflection of the increase in global maritime container transport (Bishop et al., 2011; Corbett
et al., 2010; Notteboom, 2007)—riverine transportation companies increasingly make use of
large vessels with deep drafts. Because of the reduced navigable depth during the low flow in
the Rhine, such vessels had to restrict their load factors, in order to decrease their drafts and
stil be able to navigate safely (Federal Institute of Hydrology, 2022). In addition to
transportation surcharges (Federal Institute of Hydrology, 2022), this load reduction affected,
for instance, coal and oil transport in the Netherlands (Toreti et al., 2022¢). Moreover, to
compensate for the reduced loads, a higher number of vessels had to be employed (Wrede,
2022), a response that can lead to an increase in traffic intensity and berth occupancy in ports
(Vinke et al., 2022). Added to the reduced vessel speeds resulting from the low water depth
at local levels, this contributed to further delays and interruptions of deliveries of goods in the
Rhine corridor (Connolly, 2022; Wrede, 2022).

The high level of interconnectedness between different sectors and systems meant that the
disruption of IWT in the Rhine posed for example, a cascading risk for the coal-based energy
sector, notably in Germany, which is dependent on riverine transport of the raw material.
Especially since the gas shortages caused by the Russian aggression on Ukraine, the
European energy sector has an increased dependency on coal (European Commission,
2022a; Wrede, 2022), which augments its vulnerability to shortages of the material. For
example, in the third quarter of 2022 more than 36% of the total energy produced in Germany

stemmed from coal, with an increase of over 13% compared to the same quarter in 2021
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(DESTATIS, 2022). It is not inconceivable that an increased recurrence of prolonged low-flow
conditions due to climate change may push the sector to a tipping point, where other industries
might look into alternative supply chains to avoid regular disruptions.

At the same time, thermoelectric energy production is directly dependent on water at a suitable
temperature for power plant cooling (De Stefano et al., 2015). This means that warmer river
water as a result of the heatwave has a decreased plant cooling capacity, making it unsuitable
for this purpose (De Stefano et al., 2015). Moreover, the excessive discharge of the warmed-
up water used for cooling processes back into the river is a major disturbance to riverine
ecosystems due to its disruption of the environmental flow, and as such is usually regulated
through a restriction of abstractions and discharge in case of too high temperatures (Carlino
et al., 2021; De Stefano et al., 2015). In France, however, these restrictions were waived in
2022 for operational nuclear plants to avoid further disruption to production, given the
unavailability of multiple other plants due to maintenance (Boulle, 2022). As such, this
constitutes an example of response risk, whereby an intervention to safeguard a system
(energy) resulted in aggravated negative consequences for another (riverine ecosystems).
Outside this specific case, pre-existing drivers of vulnerability contributed to impacts in the
energy sector. The lack of implementation by energy producers of dry and hybrid cooling
technologies due to the high costs of technological change exacerbates this problem, which
is aggravated during low-flows (De Stefano et al., 2015). As a result of these processes and
cascading impacts, energy prices in Europe soared during summer 2022, affecting consumers

all throughout the continent (European Commission, 2022b).

As highlighted in our framework, understanding growing drought risks for people,
communities, economic sectors and systems hence calls for a systems perspective that
considers the non-linear feedbacks and dynamics between human, environmental,
technological and governance-related drivers of multiple interconnected drought risks.
Accordingly, in our highly interconnected world, where the effects of droughts on one sector
or system can lead to cascading effects on other sectors and systems even in distant areas,
that is, regionally or globally networked risks (Challinor et al., 2018; Chatzopoulos et al., 2020),
more efforts are needed to better understand and map how sectors and systems are
interconnected in order to strengthen resilience towards cascading effects and reduce the risk
of systemic failures. While the framework has been designed with a specific view on droughts
(Figure 6.1a), elements of it, such as the notion of the systemic nature of risks, impacts and
responses (Figure 6.1b) and the systemic perspective on possible solutions (Figure 6.1c), can
also inform research and policies linked to other hazards and shocks where systemic

perspectives are also less common to date.

150


https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-bib-0024
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-bib-0025
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-bib-0025
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-bib-0012
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-bib-0025
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-bib-0011
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-bib-0025
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-bib-0029
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-bib-0013
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-bib-0015
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023EF003857#eft21374-fig-0001

6.2.4. Implications for Drought Risk Management

In times when interconnectedness characterizes growing drought risks, we need to move
beyond crisis and hazard-oriented, sectoral perspectives, and instead develop just/fair,
prospective, risk-informed, multi-scale, multi-sectoral and adaptive drought risk management
policies, plans and strategies that consider the whole spectrum of compounding and
cascading effects. The proposed novel conceptual framework offers an entry point to
understand this complexity, and aims to inspire addressing growing drought risks from a
systemic lens. This implies that for managing the systemic nature of drought risks, we need to
expand and broaden the actor space toward a transdisciplinary, whole-of-society approach.
To achieve this, multi-level governance frameworks and associated working groups that share
responsibilities for drought risk/water management and increase collaboration across sectors,
spatial scales, borders and actors (incl. citizens, authorities, private sector, civil society
organizations, decision makers), are needed (Blauhut et al., 2022; UNDRR, 2021), calling for

institutional reform where these are not in place.

Addressing the systemic nature of drought risks requires actions in multiple domains. First and
foremost, more actions are needed to prevent drought hazards from becoming more frequent
and severe. This includes accelerated and deeper efforts for greenhouse gas emissions
reductions to tackle anthropogenic climate change. To limit the impacts of droughts, it is also
important to incentivize sustainable water management, including water saving, equitable
water sharing and ecosystem restoration practices. In addition, an enhanced evidence base
is needed on direct as well as cascading and systemic impacts of droughts, responses and
adaptation to drought, and their feedback on vulnerability dynamics of systems and sectors.
Drought hazard monitoring, forecasting and impact-based warning capacities should be
strengthened and scaled up, but also approaches and methods for systemic risk assessment
should be developed that can provide actionable knowledge for comprehensive drought risk

management and adaptation.

New analytical tools have become available that could support these efforts. In particular, the
emergence of systems thinking, network and system approaches, such as causal loop
diagrams or impact webs (Sparkes et al., 2023), but also agent-based modeling (e.g., Wens
et al., 2019) are promising developments for systemic risk analysis. Scenarios, serious games
and adaptation pathways (Schlumberger et al., 2022; Werners et al., 2021) can be useful tools
to bring stakeholders together to engage with the complexity of drought risks, and co-create

pathways toward systemic risk management—both in the short and the long-term.

All this means that we, as society as a whole, need to be open to transformative and more

radical changes to our risk management approach overall. For example, existing
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water/drought risk management and adaptation plans and strategies should be reviewed, and
where necessary revised, to evaluate if and how these are cognizant of possible
compounding, cascading and systemic effects of droughts and potentially concurring hazards,
and also of possible response risks and maladaptations. In some cases this might require
transformation of the water management system, rather than modest revision and optimization
(Bartholomeus et al., 2023). As risks cannot be eliminated from systems, managing the
systemic nature of drought risks also implies that we have to engage with questions of which
risk levels are acceptable and fair for whom, and if, and how, the possible impacts of exceeding
safe and just water boundaries can be transferred for example, through drought/climate risk
insurance or financial instruments, such as dedicated drought funds. Further, as the COVID-
19 pandemic has shown, scaling up social protection might also help buffering against the
direct and cascading effects of hazards and prevent people from falling (back) into poverty
(UNDRR & UNU-EHS, 2022). If we want to achieve the goals of the Sendai Framework and
the SDGs, supra-national systemic efforts are needed to address the transboundary effects
and globally networked risks linked to droughts. Without these changes, despite our best
efforts, adverse impacts of droughts will further increase, and stories of successful drought
risk management will remain scarce (Kreibich et al., 2022), thus undermining sustainable
development.
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7. Conclusions

Drought impacts on the agricultural sector are recurrent. Such drought events provide
opportunities to learn and to improve drought risk reduction efforts. Reducing drought risk and
all associated direct and indirect impacts through targeted risk reduction and adaptation has
become a global priority, as reflected by different global initiatives and frameworks (e.g. the
2018/19 UNCCD Drought Initiative, Sendai Framework for Disaster Risk Reduction 2015—
2030, Sustainable Development Goals, and 2021 GAR Special Report on Drought). Alongside
these global efforts, a growing number of drought risk assessments have been conducted over
the past decades, underlining the importance of understanding and addressing the
multifaceted aspects of drought risk. Efforts to reduce drought risk and adapt to changing
environmental conditions by prioritising and allocating funding and resources should be based
on sound understanding, characterisation, and assessment of the drivers, patterns, and past
trends as well as projected future patterns of drought risk. However, despite substantial
progress in refining methodologies for characterising individual components of drought risk,
the second chapter of this thesis has identified persistent knowledge gaps of conceptual,
methodological, and practical nature. These gaps need immediate attention to enhance our
understanding of drought risk and to promote pathways toward more drought-resilient
societies. It is clear that the path to effective drought risk reduction and adaptation hinges
upon a robust comprehension of the drivers, patterns, and historical trends, as well as the

projected future patterns of drought risk.

This thesis presents, for the first time, a global and national-scale drought risk assessment for
both irrigated and rainfed agricultural systems from a socioecological perspective by
integrating drought indicators for hazard, exposure, and vulnerability. Going beyond previous
studies, it includes a separated and spatially explicit analysis of the drought hazard and
exposure of irrigated and rainfed agricultural systems as well as an empirically based
weighting of vulnerability indicators based on the judgment of drought experts around the
globe or in the respective countries. Past assessments often focused on a single aspect of
drought risk (i.e. hazard/exposure or vulnerability), neglecting the interconnectedness of its
components. Findings from this thesis underscore the relevance of analysing drought risk from
a holistic perspective (i.e., including the sector-specific hazard, exposure and vulnerability)
that is based on a spatially explicit approach. The findings also highlight the relevance of
assessing and discussing drought risk in relation to specific impacts and diagnosing entry
points to reduce drought risk in a context-specific manner (i.e. irrigated and rainfed systems).
This ensures that relevant proactive policies and planning can be effective even within the

same sector (i.e. agricultural sector) before the worst impacts occur. By providing information
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on high-risk areas and underlying drivers, this approach helps identify priority regions and
entry points for targeted drought risk reduction and adaptation options.

While this first attempt provides valuable information at the global and national levels,
improvements could be achieved with a temporal dynamic exposure, the availability of more
spatially explicit vulnerability information (i.e., at subnational levels), and the availability of
standardised drought impact information that can serve as a quantitative validation of risk
levels. Further, the thesis has also shown that the effect of changing the selection of countries
included in a drought risk assessment can have a significant impact on its results. This is
particularly important when determining drought risk reduction and adaptation resourcing, as
some countries that are at high risk of drought may be overshadowed in a global assessment.
The results emphasise the importance of utilising context-specific drought risk assessments
to inform decision-making in order to ensure that a country that experiences the negative

impacts of drought is not "left behind".

In times when interconnectedness characterises growing drought risks, a shift is needed from
crisis and hazard-oriented, sectoral perspectives, towards the development of equitable,
prospective, risk-informed, multi-scale, multi-sectoral, and adaptive drought risk management
policies, plans, and strategies that consider the whole spectrum of compounding and
cascading effects. The proposed novel conceptual framework in this thesis offers a way
forward to understand this complexity, and aims to inspire addressing growing drought risks
through a systemic lens. To achieve the goals of the Sendai Framework and the SDGs, supra-
national systemic efforts are needed to address the transboundary effects and globally
networked risks linked to droughts. With a better understanding of the complex nature of
drought across different sectors and scales, it is possible to identify entry points to enhance

the resilience of people and ecosystems against drought.
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9. Appendices

Appendix A

Al Reviewed articles

Appendix Al provides an overview of the 105 articles that were reviewed. Figure Al shows the trend in
the number of people-centered drought risk assessments over the years.
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Figure Al. Trend in the number of people-centered drought risk assessments per year (showing the

strong increase in drought risk assessments since 2005).
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A2 Exposure and vulnerability indicators

Appendix A2 provides an overview of factors and indicators (exposure, vulnerability) that were identified from the review. These are
complemented with potential proxy indicators (where additional sources based on expert knowledge where consulted).

Table A2.1: Exposure factors and indicators (incl. potential proxy indicators)

Factors Indicator Proxy indicators Source (review)

(from review) | (from review)

People Farmers & laborers in Population density in drought-prone | Asare-Kyei et al. 2017; Carrao et al. 2016; De Waal et al. 2006; Fontaine & Steinmann 2009; Gil-
drought-prone areas (#, areas Guirado et al. 2016; Gonzales et al. 2016; Hill & Porter 2017; Keil et al. 2009; Lindoso et al. 2014;
%) Liu et al. 2013; Panda 2017; Pei et al. 2016; Saleh et al. 2012; Sam 2017; Sena et al. 2017; Tingting

et al. 2014; Wittrock et al. 2011; Wu et al. 2017a; Xenarios et al. 2016; Yaduvanshi et al. 2015;
Yuan et al. 2013; Zhang et al. 2015; Reardon 1989; Mohmmed et al. 2018; Mogotsi 2012; Naumann
2014; Pei 2018; Shahid-Behrawan 2008; Villholth 2013; Wu 2013; Dumitrascu et al. 2018; Bhavani

2017
Livestock Livestock in drought- Livestock density Ayantunde et al. 2015; Guimire et al. 2010; Carrao et al. 2016; Villholth 2013; Dabanli 2018
prone areas (#, %)
Agricultural land | Agricultural land in n/a Asare-Kyei et al. 2017; Carrao et al. 2016; De Waal et al. 2006; Fontaine & Steinmann 2009; Gil-
drought-prone areas Guirado et al. 2016; Gonzales et al. 2016; Hill & Porter 2017; Keil et al. 2009; Lindoso et al. 2014;
(km?2, %) Liu et al. 2013; Panda 2017; Pei et al. 2016; Saleh et al. 2012; Sam 2017; Sena et al. 2017; Tingting

et al. 2014; Wittrock et al. 2011; Wu et al. 2017a; Xenarios et al. 2016; Yaduvanshi et al. 2015;
Yuan et al. 2013; Zhang et al. 2015; Dabanli 2018

Table A2.2 Vulnerability factors and indicators (incl. potential proxy indicators)
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Sub- Factors Indicator Proxy indicators Source (review)
dimension (from review) | (from review)
Social dimension
Education Education / Illiteracy rate (%) Education (years); literacy rate (%); lack of Alcamo et al. 2008; Ayantunde et al. 2015; Etemadi & Karami 2016;
illiteracy investment in education; expenditure on education Carrao et al. 2016; Debela et al. 2015; Hill & Porter 2017; Muyambo et
(%); adults without primary education (%); al. 2017; Keshavarz et al. 2017; Kurosaki 2015; Lindoso et al. 2014;
households having below primary education (%); Mohammed et al. 2018; Nelson & Finan 2009; Panda 2017; Sam 2017;
Science higher education level; Children dropping Wittrock et al. 2011; Blauhut et al. 2016; Duinen et al. 2015; Ezra and
out of school Kiros 2000; Yaduvanshi et al, 2015; Antwi-Agyei et al. 2012; Zarafshani
et al. 2012; Zhang et al. 2015; Asare-Kyei et al. 2017; Naumann 2014;
Austin et al. 2018; Sun 2014; Villholth 2013; Wu 2013; Mohmmed et al.
2018; Nguyen 2009; Ortega-Gaucin 2018; DeSilva and Kawasaki 2018;
Bhavani 2017
Indigenous and People using local | n/a Muyambo et al. 2017; Asare-Kyei et al. 2017; Etemadi & Karami 2017
local knowledge | knowledge (%)
Gender Gender Female headed Sex ratio; Females in labor force (%); female headed Alcamo et al. 2008; Guimire et al. 2010; Hill & Porter 2017; Asare-Kyei et
households (%) households (%); female literacy (%); Gender al. 2017; Sam 2017; Kurosaki 2015; Zhang et al. 2015, De Waal et al.
inequality index (categorical) 2006; Etemadi & Karami 2016; Mogotsi 2012; Austin et al. 2018;
Mthembu and Zwane 2017; Shahid-Behrawan 2008; Greene 2018
Discrimination Presence of stigma against women in public space; Schroeder 1987
Discrimination in inheritance laws; Women excluded
from development plans
Social capital Social capital Social capital Lack of social integration; Participation in Alcamo et al. 2008; McNeeley 2014; Etemadi & Karami 2016; Muyambo
index organizations (%); Households whose heads are et al. 2017; Duinen et al. 2015; Guimire et al. 2010; Lindoso et al. 2014;
(categorical) engaged in associations or unions (%); Refugees (% Wittrock et al. 2011; Naumann 2014; Austin et al. 2018; Toni 2008
total population); Number of migrants; Sense of
place scale; Sense of community index
Health status | Restricted Population with Receiving disability grant from government Mthembu and Zwane 2017
mobility / restricted
disability mobility (%)
Malnutrition Meals skipped per | Households with insufficient food for consumptionin | Sam 2017; Asare-Kyei et al. 2017; Saha et al. 2012; Sena et al. 2014;

month (#);

a year (%); Stunting children under age 5 (%);
Mortality rate under 5; Food supply and
consumption (grams per capita per day); Population
undernourished (%); Access to nutritious food;
Caloric intake per capita

Ahmadalipur 2018; Uexkull et al. 2016; Toni 2008; Nguyen 2009

Mental health

Farmers/laborers
with mental
health issues (%)

Government expenditures on mental health (% of

total government expenditures on health); People

with depression, distress, anxiety, frustration, fear,
and hopelessness (%)

Sena et al. 2014; Birhanu et al. 2017; Muyambo et al. 2017; Nguyen
2009
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Disease
prevalence

Disease
prevalence in
population (fever,
respiratory
problems, water-
borne,
pneumonia, etc.)
(%)

Population with ill-health (%); Incidence of
Tuberculosis; Mortality rate under 5; Self-rated
health

Saha et al. 2012; Ahmadalipur 2018; Austin et al. 2018; Nguyen 2009

Life expectancy

Life expectancy

Life expectancy at birth

Ahmadalipur 2018; Naumann 2014

Health Health services Physicians per Hospital beds per 1,000 (#); Distance to closest Liu et al. 2013; Sena et al. 2014; Ortega-Gaucin 2018; Dumitrascu et al.
services 1,000 (#) hospital (km); Medical doctors per thousand 2018
inhabitants
Average distance Population with access to health services (%); Sam 2017; Saha et al. 2012;
to public health General government expenditure on health (%); Out-
center (km) of-pocket expenditure on health (%); Population
with access to urban health care (use)
Health Households Total public and primary private health insurance (% | Sam 2017; Alcamo et al. 2008; Ortega-Gaucin 2018
insurance without a health of total population covered); Expenditures for health
insurance (%) (USD/year)
Remoteness Rural / remote Rural population Urbanization rate (%); Distance to town (minutes); Mohmmed et al. 2018; Simelton et al. 2009; Hill & Porter 2017; Gil-

population (% of total Rural population 0-14 and 65+ (%); Travel time to Guirado et al. 2016; Carrao et al. 2016; Yuan et al. 2013; Dumitrascu et
population) closest city (mins); Land covered by ways of al. 2018; Mogotsi 2012; Naumann 2014
communications and railways (% of total land area);
Ratio of urban to rural area
Awareness & Drought People who Households that have not attended any disaster McNeeley 2014; Etemadi & Karami 2017; Blauhut et al. 2016
information awareness attended drought | preparedness training (%), Catastrophic events in
meeting (%) last ten years (#); Population who has experienced
hazard(s) in the past 10 years (%)
Access to People that Households with access to one of the following (%): Liu et al. 2013; Eriksen & Silva 2009; Etemadi & Karami 2016; Wittrock
information received drought Radio, TV, mobile phones, internet access (max. et al. 2011; Mogotsi 2012; Mthembu and Zwane 2017

information (%)

value of the four used); ICT Development Index;
Access to information during drought periods
(qualitative); Existence of early warning systems
(yes/no); Level of progress in EWS according to
UNISDR; Households who previously received EW
messages (%); Availability of a functioning drought
early warning system (yes/no)

Underestimatio
n of drought
risk

Drought risk
perception
(qualitative)

Perception of future drought impact; Farm revenue
(higher = more aware = more likely to cope/adapt);

Duinen et al. 2015; Etemadi & Karami 2016; Liu et al. 2013
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Participating in extension classes related to coping
with drought (%)

Water Water demand Demand coverage | Freshwater scarcity; Freshwater withdrawal rate as Wilhelmi & Wilhite 2002; Rajsekhar et al. 2015; Yuan et al. 2013; Carrao
demand, of water use (%) % of total renewable water resources; Baseline et al. 2016; Zarafshani et al. 2012, Blauhut et al. 2016; Hill & Polsky
quality Water Stress (ratio of withdrawals to supply); Annual | 2007; Sun 2014

freshwater withdrawals, total (billion cubic meters);

water consumption (/L)

Economic dimension

Poverty & Income Population with Contribution of agriculture to GPD (%); Agriculture, Kurosaki 2015; Pei et al. 2016; Carrao et al. 2016; Simelton et al. 2009;
income diversification alternate food value added (% of GDP); GDP from agr. forestry and Alcamo et al. 2008; Sam 2017; Panda 2017; Mohmmed et al. 2018;

and income
sources (%)

fishing, Employment diversification (%); Main source
of income; Dependency on agriculture for livelihood
(%); Households depending on own farm for food
(%); Agricultural value added/GDP %; Inability to
engage in secondary occupations; Economy
proportion from easy-drought farmland; Livestock
ownership

Lindoso et al. 2014; Liu et al. 2013; Keshavarz et al. 2017; Sam 2017;
Etemadi & Karami 2016; Zarafshani et al. 2012; Nelson & Finan 2009;
Guimire et al. 2010; Panda 2017;

Mogotsi 2012; Naumann 2014; Mthembu and Zwane 2017; Uexkull et
al. 2016; Pei 2018; Schroeder 1987; Toni 2008; Sun 2014; Wu 2013;
Yuan 2015; Mohmmed et al. 2018; Nguyen 2009; Dumitrascu et al.
2018; Fan 2017; Greene 2018; Bhavani 2017; Chen et al. 2017

Poverty

Population below
national poverty
line (%)

Poverty headcount ratio at national poverty lines (%
of population); Population below 1.9 USS per day
(%);Population living below USD 1.25 PPP per day
(%); asset-based poverty index; GDP per capita, PPP
(current international $); Average regional GDP;
Average annual household income (USS); Rural per
capita income; Poverty gap total, ratio; Receiving
pension from private employer; receiving child
support grant; receiving remittances; cattle/livestock
ownership; Landless household percentage;
Dependence on food aid

Carrao et al. 2016; Sena et al. 2014; Saleh et al. 2012; Panda 2017; Gil-
Guirado et al. 2016; Keil et al. 2009; Antwi-Agyei et al. 2012; Asare-Kyei
et al. 2017; Nelson & Finan 2009; Birhanu et al. 2017; Etemadi & Karami
2016; Blauhut et al. 2016; Naumann 2014; Mthembu and Zwane 2017;
Uexkull et al. 2016; Pei 2018; Reardon 1989; Shahid-Behrawan 2008;
Toni 2008; Wu 2013; Mohmmed et al. 2018; Zhang 2011; Ortega-Gaucin
2018; DeSilva and Kawasaki 2018; Greene 2018; Deng et al. 2018;
Ahmadalipur 2018; Mohmmed et al. 2018; ; Fan 2017; Mogotsi 2012;
Naumann 2014; Reardon 1989; Fan 2017

Unemployment

Population
without
employment (%)

Unemployed people per household (%);
Unemployment, total (% of total labor force);
Employee in permanent, temporary, or casual job;
Lack of job opportunities

Keshavarz et al. 2017; Mdungela et al. 2017; Austin et al. 2018;
Mthembu and Zwane 2017; Schroeder 1987; Nguyen 2009; Dumitrascu
et al. 2018; DeSilva and Kawasaki 2018; Greene 2018; Ahmadalipur 2018

Problematic Farmers/laborers Household debt Total (% of net disposable income) Mdungela et al. 2017; Alcamo et al. 2008; Saha et al. 2012
debt struggling to pay
debt (%)
Dependency Dependency ratio | Children <5 years (%); Population in retirement (%); Asare-Kyei et al. 2017; Panda 2017; Zhang et al. 2015; Alcamo et al.
ratio (%) Population 0-14 and 65+ years (%), Household 2008; Muyambo et al. 2017; Guimire et al. 2010; Krémker et al. 2008;

dependency ratio (%); Dependents per household

Sam 2017; Kurosaki 2015; Gil-Guirado et al., 2016; Muyambo et al.,
2017; Keshavarz et al., 2017; Carrao et al. 2016; Mthembu and Zwane
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(#); Receiving old-age grant from government;
Dependence on child labor

2017; Schroeder 1987; Ncube 2018; Austin et al. 2018; Mthembu and
Zwane 2017; Reardon 1989; Dumitrascu et al. 2018; DeSilva and
Kawasaki 2018; Greene 2018

Inequality Inequality Economic GINI index Sam 2017; Carrao et al. 2016; DeSilva and Kawasaki 2018
inequality
(qualitative)
Savings, Savings Farmers having Saving rate total (% of GDP); Saved any money in the | Liu et al. 2013; Birhanu et al. 2017; Keshavarz et al. 2017; Mdungela et
credits & an account in the past year, income, poorest 40% (% ages 15+); Saved al. 2017; Schroeder 1987; Mogotsi 2012; Nguyen 2009; Bhavani 2017
loans nearest rural for emergencies, income, poorest 40% (% ages 15+);
banks (%) Farmers/laborers without savings (%); Amount of
cash assets saved by household (USD); Small
dowries; Forced sale of livestock
Credit/loans People with Population (age 15+) who has not borrowed any Sam 2017; Birhanu et al. 2017; Etemadi & Karami 2016; Kurosaki 2015;
access to credits money in the last year (%); Account ownership at a Panda 2017; Mohmmed et al. 2018; Zarafshani et al. 2012; Barbier et al.
(%) financial institution or with a mobile-money-service 2009; Liu et al. 2013; Schroeder 1987; Ortega-Gaucin 2018; Jilich 2019
provider (% of population ages 15+); Credit to
Agriculture; Farmers/labourers without access to
bank loans / (micro-) credits (%); Per Capita Savings
Deposit; Lack of investment capital
Markets Access to Distance to Travel time to closest city (km); Density of markets Hill & Porter 2017; Kurosaki 2015; Mohmmed et al. 2018; Asare-Kyei et
markets closest market per 100,000; density of settlement points; Market al. 2017; Mdungela et al. 2017; Ayantunde et al. 2015; Guimire et al.
(km) concentration of up to top 5 (%); Nearest urban 2010; Bhavani 2017
market (km)
Market fragility Price sensitivity Producer Price Index; Producer protection (Total, Mdungela et al. 2017; Sena et al. 2014; Zarafshani et al. 2012; Ncube
(%) Ratio); Food price fluctuations; Commodity retail 2018
price index
Consumer price Production value (RS) Smucker & Wisner 2008;
index
Insurance Agricultural / Farmers with Agricultural insurance coverage (%), Total gross Mohmmed et al. 2018; Panda 2017; Zarafshani et al. 2012; Mdungela et
(excl. health Animal / crop / crop/drought premiums (non-life insurance); Insurance indicators al. 2017
insurance) drought insurance (%) (US dollar, millions); Micro insurance penetration
insurance (%); Membership in the Sovereign Catastrophe Risk

Pools CCRIF, ARC, PCRAFI

Farmers with
animal insurance
(%)

Vaccination doses used (%) (could be chosen the
species)

Birhanu et al. 2017

Physical dimension
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Infrastructure | Transportation Rail & road Rail lines (total route-km); Damage in transport Simelton et al. 2009; Carrao et al. 2016; Saha et al. 2012; Gil-Guirado et
density (km/km2) | communications (%); ; Access to transportation al. 2016; Keshavarz et al. 2017
per 10,000 network; Road density (km of road per 100 sq. km of
land area); Distance from the main road (km)
Quality of Poor Investment in physical infrastructure (energy, roads, Nelson & Finan 2009; Saha et al. 2012; Etemadi & Karami 2016;
infrastructure infrastructure etc.) (USD); Existence of infrastructure; Households Naumann 2014; Ortega-Gaucin 2018
(qualitative) with dirt floor
Energy Electricity and Access to clean fuels for cooking; Household has Ahmadalipur 2018; Naumann 2014
fuel access electricity (%); Energy use
Water & Water treatment Households without access to waste/water Hill & Porter 2017; Lindoso et al. 2014; Neri & Magana 2016; Neri &
Sanitation volume/ urban treatment (%); Households without access to sewage | Magana 2016; Ahmadalipur 2018; Ncube 2018; Ortega-Gaucin 2018
water supply drainage system (%); Population without access to
volume (improved) sanitation (%); The built-up area density
of sewer (km/resources km2)
Population with Water stress index; Improved water source (% of Gil_Guirado et al. 2016; Rajsekhar et al. 2015; Jain et al. 2015; Asare-
access to clean population with access); Total population supplied Kyei et al. 2017; Blauhut et al. 2016; Hill & Polsky 2007; Duinen et al.
water (%) by water supply industry; Renewable internal 2015; Sam 2017; Wittrock et al. 2011; Zarafshani et al. 2012; Fontaine &
freshwater resources per capita (cubic meters); Steinmann 2009; Sena et al. 2014; Birhanu et al. 2017; Asare-Kyei et al.
Population that can obtain at least 20 liters per 2017; Deng et al. 2018; Dumitrascu et al. 2018; Villholth 2013; Wu 2013;
person per day from an “improved” source that is Ortega-Gaucin 2018; Dumitrascu et al. 2018; Blauhut 2015
within one kilometer of the user’s dwelling (%);
Distance to drinking water source; Rate of
groundwater resources; Households without running
water; Total length of drinking water supply network
Water tanks / Total dam Volume of water storage in a safe Blauhut et al. 2016; Pei 2018; Deng et al. 2018
reservoirs/ capacity km3 reservoir/container (m3); Average dam yields and
wells (public & projected supply percentages according to river
private) basin; Reservoir storage capacity

Water quality

Groundwater
quality
(qualitative score)

Area under fresh and marginal groundwater quality
(%); Arsenic in groundwater (probability of
occurrence); Groundwater quality; Wastewater
treatment; Water quality of freshwater bodies;
People using safely managed drinking water services
(%); Water Quality Index; Population without access
to improved water

Neri & Magana 2016; Hill & Polsky 2007; Sena et al. 2014; Duinen et al.
2015; Palchaudhuri-Biswas 2016; Nguyen 2009; Blauhut 2015; Naumann
2014; Zhang 2011
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Crime & conflict dimension

Stability Crime Stock theft (%) Crime and Theft, Index (0-30) Muyambo et al. 2017
War & conflict Water conflicts Fatalities caused by terrorists per 10,000 (# per Smucker & Wisner 2008; Ezra and Kiros 2000; Alcamo et al. 2008;
(%) year); Homicide rate per 100,000 inhabitants; Uexkull et al. 2016; Nguyen 2009
temporal dependence in conflict risk; at least one
other ethnic group in the same country engaged in
armed conflict against the state during the previous
year; increased conflicts over water use; social
disputes
Governance dimension
Plans & Drought Disaster Drought governance & management frameworks Muyambo et al. 2017; Asare-Kyei et al. 2017; Carrao et al. 2016;
strategies planning and Prevention & (qualitative); Availability of drought plans in the Wittrock et al. 2011; Ncube 2018
investment in Preparedness community and preparedness strategies for drought
disaster (USS/Year/capita) | (qualitative); Lack of involvement in drought
prevention and mitigation planning
preparedness
Water River basin Programs to bring water to new populations (#); Carrao et al. 2016; Blauhut et al. 2016; Gil-Guirado et al. 2016;
management management Existence of flexible adaptive water use policies McNeeley 2014; Asare-Kyei et al. 2017
planning plans (yes/no); (yes/no); Existence of an emergency management
committee (yes/no)
Corruption & Corruption Level of Failed States Index; WGI Corruption Percentile Rank; | Blauhut et al. 2016; Alcamo et al. 2008; Toni 2008
law corruption (Rank) | Corruption Perception Index (CPI); Political
enforcement patronage and clientelism
Law Law enforcement | Strength of legal rights index Blauhut et al. 2016
enforcement (qualitative)
Participation Public Opportunities for Do ministries or regulatory agencies in your Alcamo et al. 2008; Blauhut et al. 2016; Naumann 2014
participation in participation (%) jurisdiction solicit comments on proposed (not yet
governance adopted) regulations from the general public?
(yes/no)
Political Functioning of QoG Index (EQI); Government Effectiveness: Etemadi & Karami 2016; Uexkull et al. 2016; Schroeder 1987

representation

government

Percentile Rank; Ethnopolitical exclusion (Ethnic
Power Relations database);

Assistance

Availability of
food aid

Food aid (USD),
per population

Lacking availability of food reserves (yes/no); Food
for work programs (yes/no); Government support for
seed supply (yes/no); Beneficiaries of social
programs (%); Lack of technical assistance for
farmers (%); Drought relief expenditure rate (%);
Disaster relief capacity

De Waal et al. 2006; Barbier et al. 2009; Nguyen 2009; Ortega-Gaucin
2018; Deng et al. 2018
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Development
projects (ODA)

Development
projects of the
government and

Existence of integrated development plans:
conservation, protection; land use planning (yes/no);
Level in drought mitigation and response Research

Muyambo et al. 2017

NGOs (%) and development expenditure (% of GDP)
Environmental dimension
Soil condition | Soil quality Soil organic Average carbon content in the topsoil as a % in Asare-Kyei et al. 2017; Jain et al. 2015; Ayantunde et al. 2015; Boultif &
matter weight (%); Area covered by "problem soils" (%); Benmessaoud 2017; Palchaudhuri-Biswas 2016; Shahid-Behrawan 2008;

Thickness of the soil organic layer; Nutrient retention
capacity; Nutrient availability; Soil organic carbon
levels; Soil fertility (physical and chemical
properties); Soil texture; Soil water holding capacity;
Size of arable land

Bhavani 2017; Mogotsi 2012

Soil depth (mm)

Soil absorption rate; Return Flow Ratio; Average soil
erosion; Annual losses of soil in t/ha from water
erosion; soil drainage (%)

Jain et al. 2015; McNeeley 2014; Wilhelmi & Wilhite 2002

Degradation /
desertification

Degraded areas
(%)

Vegetation Condition Index; Environmental
Performance Index; Vegetation Health Index;
Average land degradation in GLASOD erosion
degree; Eroded surface; Loss of forests; Exhaustion
of crop fields; Loss of biodiversity; Depletion of
grasslands; Overexploitation of natural resources

Asare-Kyei et al. 2017; Ezra and Kiros 2000; Toni 2008; Nguyen 2009;
Ortega-Gaucin 2018; Bhavani 2017

Protection &
conservation

Protected areas

Protected
biodiversity areas
(%)

Area protected and designated for the conservation
of biodiversity (%); Protected natural areas; Natural
vegetation areas

Blauhut et al. 2016; Ortega-Gaucin 2018; Toni 2008

Pest

Increased number
of pests (per year)

Countries that had signed the pest free contract with
FAO; Increased pests in livestock

Wittrock et al. 2011; Nguyen 2009

Disease (plant /
animal)

Plant diseases (%)

Livestock losses; Animal disease prevalence; Higher
animal mortality rates; Lack of access to improved
animal breeds; Lack of veterinary doctor

Toni 2008; Nguyen 2009

Livestock health | Animal health Veterinarians and veterinary para-professionals (# Birhanu et al. 2017
condition care (%) Personnel)
Soil Indigenous soil Mitigation strategies that may be used to conserve Keshavarz et al. 2017; Kanchebe Derbile 2013; Ortega-Gaucin 2018
conservation conservation soil resources under drought (#); Reforested surface
practices measures (ha)
(qualitative)
Water Households doing | Recycling irrigation water (#, %); Any water-saving Panda 2017; Kanchebe Derbile 2013; McNeeley 2014; Keshavarz et al.
conservation water- strategy (#, %); Indigenous water conservation 2017; Sun 2014; Nasrollahi 2018; Pei 2018; Yuan 2015
practices conservation measures (qualitative); Mitigation strategies that

practices (%)

may be used to conserve water resources under
drought (#); Water consumption per unit GDP (m3);
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Share of municipal, industrial and agricultural water
consumption; Investments in water conservancy

‘Farming practices’ dimension

Technology Access to Agricultural Tractors per agricultural land (#); Agricultural Pei et al. 2016; Wu et al. 2017b; Ezra and Kiros 2000; Guimire et al.
farming machinery power | machinery in use (#); Type of draught power; 2010; Alcamo et al. 2008; Liu et al. 2013; Mogotsi 2012; Toni 2008;
technology per unit area Investment in machinery/equipment (USD); Bhavani 2017; Bhavani 2017; Reardon 1989; Ahmadalipur 2018

(X12) (kWh ha-1) | Agricultural power consumption

Number of people | Mobile cellular subscriptions; Secure internet Ahmadalipur 2018
with access to services

technology (#)

Irrigation Irrigated land (%) Cultivated area equipped for irrigation (%); Irrigation | Barbier et al. 2009; Keil et al. 2009; Vatsa 2006; Nelson & Finan 2009;
potential per 1000 hectares; Individual water use for | Carrao et al. 2016; Mohmmed et al. 2018; Zhang et al. 2015; Yuan et al.
irrigation index; Households without access to 2013; Zarafshani et al. 2012; Gil-Guirado et al. 2016; Wu et al. 2017a;
irrigation (%), crop area irrigated (%); Total of days Pei et al. 2016; Guimire et al. 2010; Simelton et al. 2009; Alcamo et al.
irrigation available per year (#); Land non-irrigated 2008; Wilhelmi & Wilhite 2002; Jain et al. 2015; Kim et al. 2015; Panda
(%); Rainfed smallholder farms (#, %) 2017; Zhang et al. 2015; Rajsekhar et al. 2015; Lindoso et al. 2014;

Nasrollahi 2018; Naumann 2014; Shahid-Behrawan 2008; Chen et al.
2017; Sun 2014; Wu 2013; Yuan 2015; Kamruzzaman 2018; Kim 2018;
Deng et al. 2018; Villholth 2013; Wu 2013; Zhang 2011; Nguyen 2009;
Bhavani 2017; Dabanli 2018

Use of Fertilizer (ton) Multi-nutrient fertilizers (Thousand metric tons); Simelton et al. 2009; Pei et al. 2016; Eriksen & Silva 2009; Mohmmed et

agricultural Fertilizers by nutrient (agricultural use); Fertilizer al. 2018; Zarafshani et al. 2012; Barbier et al. 2009; Naumann 2014

inputs scalar unit area (ton ha-1); Fertilizer supply — percent

(fertilizer) of population within 10 km of supply sources

Fodder Access to fodder Units of straw or fodder balers (including pickup Saha et al. 2012; Birhanu et al. 2017; Toni 2008; Nguyen 2009; Zhang

(kg purchased per
year)

balers); Fodder area (ha); Lack of fodder; Insufficient
storage facilities for fodder

2011

Insecticide and
pesticide use

Households that
use insecticide
and pesticide (%)

Insecticide and pesticide (he population within km to
supply sources %); Total pesticide use; Tonnes of
active ingredients of insecticides and pesticides
used; High cost of pesticide; Percentage of
households that use insecticide; Lack of access to
integrated pest management practices

Mohmmed et al. 2018; Nguyen 2009

Crop type
(resistance)

Use of drought-
resistant varieties

Different crops yield by country; Drought resistant
crops (%); Lack of access to drought, pest, and

Panda 2017; Mohmmed et al. 2018; Mdungela et al. 2017; Zarafshani et
al. 2012; Mogotsi 2012; Nguyen 2009

(%) disease-tolerant crops
Crop Crop diversity Different crops yield by country; crop diversity - The Panda 2017; Mohmmed et al. 2018; Asare-Kyei et al. 2017
diversification index (%); inverse of (the number of crops grown by a

200




household +1); Farmers who use different crop
varieties (%)
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A3 Risk concepts classified as “other”

Appendix A3 provides an overview of risk concepts that were classified as ‘other’ in Figure 2.2
of the manuscript (see also Figure A3.1 below). Authors are listed in alphabetical order.
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Figure A3.1: Risk definitions considered in the reviewed drought risk assessment articles

(including trend over the years).

Table A3.1: Risk definitions classified as “other” in the reviewed drought risk assessment

articles.
Authors | Risk definition used by the Interpretation or equation
authors
Chen et al. “The comprehensive agricultural drought The occurrence of drought is due to dangerousness of
2017 risk is defined as a composite function of hazard-formative factors, sensitivity of hazard-inducing
dangerousness, sensitivity, and environment, and vulnerability of hazard-affected bodies.
vulnerability based on the natural disaster | The authors combine elements from different risk
system theory” (page 2). definitions taken from the IPCC’s 4th Assessment Report
(IPCC 2007) and the UNISDR terminology on disaster risk
(UNISDR 2017).
Chuah et al. “The potential for consequences where The authors draw on the first part of the risk definition of
2018 something of value is at stake and where the IPCC 5t Assessment Report (IPCC 2014), but then
future outcomes are uncertain, does not include exposure, hazard and vulnerability.
recognizing the diversity of values.” (page Instead risk is seen as an outcome and does not have a
1) clear definition.
Deng et al. “Agricultural drought risk is the The authors build on a modified version of the DPSIR
2018 comprehensive results of pressure, state, framework (Driving forces, Pressures, States, Impacts and
and response (PSR)” (page 17) Responses) to characterize and assess drought risk.
The purpose of the PSR is to analyze the interactions
between environmental pressures, the state of the
environment and environmental responses (OECD, 2004)
Gil_Guirado “The evolution of four key factors in risk The authors mix different concepts (vulnerability,
etal. 2016 processes: perception of the agents adaptation, resilience) to assess drought risk.
responsible for the impact, natural hazard
perception, vulnerability and strategy of Perceptual Index for Changes in Climate Risk = Dangerous
adaptation and resilience” (page 187) perception + global vulnerability + resilience and
adaptation strategy.
Keil et al. “Risk as stochastic simulation of crop Risk is the result of combining a linear programing model
2009 production” (page 158) (which identifies suitable crop management strategies for

different climate scenarios and compares them with
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observed farmers’ practices) with stochastic simulation of
random yield fluctuations. Hence, risk is defined as an
outcome.

Mdungela et | “We first identified each municipality’s According to the BBC model, which builds on Wisner et al.
al. 2017 economic vulnerability (2004) risk is a function of hazard and vulnerability.
indicators for drought using the BBC Vulnerability is a function of exposed and vulnerable
(Bogardi, Birkman, Cardona) framework” elements including their coping capacity.
(page 1054)
Simelton et “Food security framework that links local- The authors integrate exposure, adaptive capacity and
al. 2009 level exposure to a risk with the capacity impact to assess risk:
of members of a community to adapt to
that risk, and the potential of the problem | Risk = Exposure x adaptive capacity x Impact
to have severe consequences at a range of
scales” (page 440)
Wu et al. “The higher the degree of exposure, the Risk is largely driven by exposure (hazard-centric).
2017 more probable it is that agricultural risk
may happen; thus, the higher the
vulnerability value is” (page 4)
Zhang, 2011 “Agricultural drought risk in terms of The risk is assessed through variable fuzzy sets model

drought dangerousness, vulnerability,
exposure and drought-resistibility” (page
169)

using the drought dangerousness, vulnerability, exposure
and drought-resistibility as variables.
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Appendix B

1 [C_INo data

Figure B1. Social-environmental susceptibility and lack of coping capacity by country

Table B2. Final indicators for the vulnerability assessment and their respective code

0.474
0.432
0.421
0.410
~0.399
+-0.388
~0.374
~0.358

0.474

~0.436
-0.417
~0.388
-0.349

Indicator | CODE
Social susceptibility (SOC_SUS)
Prevalence of conflict/insecurity C_STAl
Dependency ratio (Population ages 15-64 (% of total population)) E_DEP
Unemployment, total (% of total labor force) (national estimate) E_EMP
Share of GDP from agr., forestry and fishing in US$ (%) E_INC
GINI index E_INQ
Proportion of population living below the national poverty line (%) E_POV
Insecticides and pesticides used (ton/ha) F _INPE
Electricity production from hydroelectric sources (% of total) P_ELE
Population using at least basic sanitation services (%) P_W&S2
Access to improved water sources (% of total population with access) P W&S1
DALYs (Disability-Adjusted Life Years)(DALYs per 100,000, Rate) S DISP
Literacy rate, adult total (% of people ages 15 and above) S EDU
Gender Inequality Index S GNDR
Healthy life expectancy (HALE) at birth (years) S LEB
Prevalence of undernourishment (% of population) S _NUT
Rural population (% of total population) S RUR
Ecological susceptibility (ECO_SUS)
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Average land degradation in GLASOD erosion degree E_DEGR
Terrestrial and marine protected areas (% of total territorial area) E_PROA
Average soil erosion E SOIL2
Fertilizer consumption (kilograms per hectare of arable land) F FERT
Lack of coping capacity (COP)
Saved any money in the past year (% age 15+) E_SAV
Corruption Perception Index (CPI) G_CORP
Government Effectiveness: Percentile Rank G_REP
Total renewable water resources per capita (m3/inhab/year) P_RW
Travel time to cities <30 min (population) (%) P_TRNS
Total dam storage capacity per capita. Unit: m3/inhab P_WAT

Countries with higher drought risk for agricultural systems

e 7imbabwe === Morocco Namibia === Timor-Leste
S_EDU
G_REP 1,0 S_GNDR
G_CORP S_NUT
P_RW 0.8
P_WAT
P_TRNS
E_SAV
F_INPE
F_FERT
E_PROA
E_DEGR
E_SOIL2 P_W&S1
C_STA2 P_W&S2
P_ELE

== Botswana

E_POV

Figure B3. Weighted normalized vulnerability indicators scores for the five countries with
highest drought risk for combined agricultural systems (irrigated and rain-fed)

205



=== Central African Republic == Fiji

Countries with lower drought risk for agricultural systems

Guinea == Guinea Bissau === Switzerland

S_EDU
G_REP 1.0
G_CORP
P_RW 8
P_WAT
P_TRNS
E_SAV
F_INPE
F_FERT
E_PROA
E_DEGR
E_SOIL2
C_STA2

P_ELE

S_GNDR

S_NUT

E_INQ
P_W&S1

P_W&S2

S_DISP

S_RUR

S_LEB

E_INC

E_POV

E_EMP

E_DEP

Figure B4. Weighted normalized vulnerability indicators scores for the five countries with
lowest drought risk for combined agricultural systems (irrigated and rain-fed).

Table B5. Number of grid cells and harvested area of rainfed crops for the thresholds 10%,

20% and 50% for the deviation of the annual ratio AET/PET from the long-term median of the

ratio AET/PET in different percentile classes. A percentile of 0.01 means that such an event

can be expected every 100 years, a percentile of 0.5 means that such an event can be

expected every 2 years.

Percentile

0
<0.01
<0.02
<0.05
<0.10
<0.20
<0.30
<0.50

Grid cells

3997
4611
5450
7730
11115
19119
28461
37195

10

Harv. Area
(%)
7.15
8.47
10.85
17.17
26.62
51.09
81.17
99.96

Grid cells

11877
13137
14823
19082
24384
31656
35785
37264

20

Harv. Area
(%)
28.44
32.12
37.23
50.89
69.66
91.09
98.87
100.00

Grid cells

32265
33280
34172
35639
36495
37095
37241
37265

50

Harv. Area

(%0)
91.80
94.14
96.26
98.94
99.76
99.96
100.00
100.00
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Appendix C

C.1 Multicollinearity Analysis for Social Susceptibility.
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S_SEC
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-.490
0.000

457"
0.000

-.405
0.002

0.138
0.303

-0.223
0.092

-D0.036
0.789

-431
0.001

383
0.003

-0.110
0.413
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C.2 Multicollinearity Analysis for Environmental Susceptibility.

C.3 Multicollinearity Analysis for Lack of Coping Capacity.
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C.4 Relevance of drought vulnerability indicators based on expert opinions.

100%

g g g 3

% of Expert ranking the relevance of Indicators

Social networks

Rural population

Refugees

Prevalence of conflict and insecurity
Population density

Marital status

Literacy rate

Indigenous knowledge and practices
Human Development Index

Gender equality

Social Dependency

Child-headed households

Access to educational facilities

Soil quality / fertility

Soil erosion

Renewable Interndl freshwater resources
Protected areas and national parks
Municipal freshwater water withdrawal
Land degradation

Soil and water management plans
Forest resource

Forest degradation

Access to improved water sources
Access fo safe drinking water

Dam capacity

Access fo transpartation infrastructure
Access to information

Access to improved sanitation facilities
Access to electricity

Prevalence of HIV

Population with lll-health

Matemal mortality rate

Life expectancy at birth

Lack of animal healthcare service
Infant mortality

Access to health facilities
Government effectiveness
Unemployment Rate

Access to credit

Poverty prevelance

Food poverty

GINI Ind ex

Savings

External support and relief systems
Access to markets

Maize grain price

Average household income

GDP

Agricultural GDP

Labour Force in Agriculture

Use of fertilizers

Livestock

Land fenure

Agricultural water use

Agricultural machinery

Social

Land Use

Infrastructure

Health

Economic

Agriculture
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C.5 Institutions and backgrounds of experts that participated in the survey on drought vulnerability indicators.

*  Welthungerhilfe Zimbabwe
» Department of Civil Protection, Zimbabwe

* Department of Agricultural and Resource Economics, University of Arizona, Tucson, USA
» School of Agricultural Sciences and Technology, Chinhoyi University of Technology Zimbabwe

* University of the Free State, South Africa
- University of Zimbabwe, Harare, Zimbabwe

Gender

0,0%

50,0% 50,0%

H male M female M other

Years of work experience in Zimbabwe

25,0%

33,3%

8,3%
33,3%

B No experience W1-2 m3-5 6-10 m 10+

Sector

8,3%

8,3%
. 41,7%

41,7%
e 0,0%

B Academia M Private Sector @8 NGO ® Government B Development Consultant

Years of work experience with droughts

16,7%

25,0%

8,3%

16,7%

33,3%

B No experience ®m1-2 m3-5 6-10

w10+
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C.6 Drought Vulnerability by subcategory

No Data 001-020 [ 021-040 [ 041-060 [ o61-080 [ os1-1.00
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Appendix D
D.1. Statistical steps and results of the vulnerability assessment.

Following the methodological suggestions by Hagenlocher et al. (2018), Meza et al. (2020),
Nauman et al. (2014), and OECD (2008), statistical operations were performed to prepare an
indicator dataset to perform the vulnerability assessment: i.e., i) imputation of missing data, ii)
normality test, iii) outlier detection and treatment, iv) multicollinearity assessment, V)

normalization and vi) expert weighted aggregation.

To detect potential outliers box plots and visualization using scatter plots were created for
each indicator. Potential outliers were further examined using triangulation with other sources

and past years. On this basis, no outliers were treated.

To assess the relationship between the indicators, a multicollinearity test was performed using
the Spearman's rank correlation coefficient since only three indicators were normally
distributed; the multicollinearity was done for all indicators and the different vulnerability
components (S4 a,b). The correlations were considered significant from the 0.01 level (two-
tailed). No variables were found very highly correlated (-0.9< rs <0.9); however, some
variables showed high and significant correlations (-0.7< rs <0.7). For social susceptibility the
poverty level, unemployment rate and dependency ratio are highly correlated (0.858), and for
environmental susceptibility, the soil organic carbon content and clay content were highly
correlated (0.719). Dependency ratio was retained due to what it represents and its different
implications for social susceptibility since lower dependency ratio means higher working
efficiency and greater contribution to economic growth. Poverty level was excluded, but
unemployment was retained as one of the root causes of poverty in South Africa lies in the
labour market (i.e the growing inability of the labour market to generate opportunities) (Chibba
and Luiz, 2011). Furthermore, unemployment was mentioned and measured by more articles
from the literature review and all experts that answered the survey agreed that it is a highly
relevant indicator for South Africa for rainfed and the 95% for irrigated systems. Regarding
environmental susceptibility, the clay content indicator was kept for the analysis and the
organic carbon content removed as this indicator on arable fields highly depends on crop
management (e.g. fertilization, treatment of crop residues, cropping intensity, crop rotation)
(Soderstrom et al., 2014). Furthermore, most of the experts on the online survey considered
this indicator highly relevant for rainfed (88.89%) and irrigated (78.95%) South African

agricultural systems.
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a)

Test of Normality (Irrigated)

Test of Normality (Rainfed)

Shapiro-Wilk Shapiro-Wilk
Statistic df Sig. Statistic df Sig.

S _GNDR 0.94 213 0.00 0.94 213 0.00
S_NUT 0.97 213 0.00 0.97 213 0.00
P _ELE 0.27 213 0.00 No selected

S_DISP No selected 0.85 211 0.00
S_CHC 0.99 213 0.22 0.99 213 0.22
E_INC 0.70 213 0.00 0.70 213 0.00
E_POV 0.97 213 0.00 0.97 213 0.00
E_EMP 0.99 213 0.25 0.99 213 0.25
E_DEBT 0.93 213 0.00 0.93 213 0.00
E_DEP 0.76 213 0.00 0.76 213 0.00
E_ACM 0.85 213 0.00 0.85 213 0.00
P_W&S1 0.84 213 0.00 0.84 213 0.00
P_W&S52 0.95 213 0.00 0.95 213 0.00
C _STA1 0.70 213 0.00 0.70 213 0.00
C_STA2 0.81 213 0.00 0.81 213 0.00
G_CCA 0.78 201 0.00 0.78 201 0.00
F_FERT 0.80 194 0.00 0.80 194 0.00
E_SOIL1 0.97 213 0.00 0.97 213 0.00
E_SOIL2 0.98 213 0.00 0.98 213 0.00
E_DEGR 0.98 213 0.01 0.98 213 0.01
P_Sw 0.79 213 0.00 0.79 213 0.00
E_CRED 0.71 213 0.00 0.71 213 0.00
S_GRNT 0.98 212 0.00 0.98 212 0.00
P_TRNS 0.69 213 0.00 0.69 213 0.00
P_WAT 0.57 213 0.00 0.57 213 0.00
P_IRRI No selected 0.42 213 0.00
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Multicollinearity irrigated systems

S GNDR| S_NUT | PELE | SCHC | EINC | EPOV | EEMP | EDEBT | EDEP | ELACM | P_W&S1 | P_W&S2 | C_STA1 | C_STA2 | G_CCA | F_FERT | E_SOIL1 | E_SOIL2 | E DEGR | P_SW | E_CRED | S_GRNT | P_TRNS | P_WAT
Spearman's S_GNDR  Correlation Coefficient 1.000| 0.080]  -0.019| 347" 0.007 236" 0.125 0.115 151 0003  -0.032 1e4”| 0108 4917  -0.093 0.076|  -0.005 0.113]  -0.076 0075 200" 0.105 0.065 2127
tho Sig. (2-tailed) bl 0.247 0.785 0.000 0.916 0.001 0.070 0.095 0.027 0.960 0.637 000s| 0127 0.005 0.188 0.292 0.939 0.101 0.271 0.278 0.003 0.126 0.345 0.002

S_NUT Correlation Coefficient 1.000 0021  _3247|  -0.050] 557" 490" 0.081 455" 0002  -0.0% ao0”|  s227|  -0107 _146’|  -2807) 0.116 255" 148" 0421 163 4037|  -2a3" _173
Sig. (2-tailed) 0.757 0.000 0.468 0.000 0.000 0.241 0.000 0.977 0.163 0000/  0.000 0.120 0.038 0.000 0.092 0.000 0.030 0.077 0.017 0.000 0.000 0.012
P_ELE Correlation Coefficient 1000  -0.058|  -0.028 0.095 0.072 0.048 158" 0.126 0.008 0.048| 0126 0.027 0.003 0.121 0.053 137 0.100 0.062 0.011 0.113] 0004 -0018
Sig. (2-tailed) 0.397 0.686| 0.167 0.292 0.488 0,023 0.067 0.891 0506| 0087 0.700 0.959 0.093 0.440 0,045, 0.145 0.454] 0.870 0.100| 0.955 0.7%0
S_CHC Correlation Coefficient 1.000(  -0.051 -6247|  -5817] 0.012) . a58"] 0.087 2617 -‘sov'f -308" 0.115 298" 2387 2817 4427 2817 22171 2357 338 4107 0.095
Sig. (2-tailed) 0.459 0.000 0.000 0.862 0.000 0.204 0.000 0.000 0.000 0.095 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.162
E_INC Correlation Coefficient 1,000 185" -149° - 160" 291" -257" 0.020 0011|0121 227" 0.024 160" 0.116 -0.035 -0.065 -314” 214" =317 -0.067 0.078
Sig. (2-tailed) 0.004 0.030 0.020 0.000 0.000 0.774 0877| 0078 0.001 0.736 0.026 0.091 0612 0.348 0.000 0.002 0.000 0.332 0.257
Correlation Coefficient 1.000 868" -0.044 874" 0.129 - 193" 653" 458" -288" -2107 - 441" 225" 408" 283" 0129 -485" 775" -3907 -,184"
-Sig. (2-tailed) 0.000 0.521 0.000 0.060 0.005 0000/  0.000 0.000 0.003 0.000 0.001 0.000 0.000 0.059 0.000 0.000 0.000 0.007
E_EMP  Correlation Coefficient 1000  -0.018 7157| 0029  -0.098 629" 3s0” -1817  -1997|  -385 269" 455" 255°|  -00%6 408" 6517  -418” -158
Sig. (2-tailed) 0.797 0.000 0675 0.156 0.000|  0.000 0.018 0.005 0.000 0.000 0.000 0.000 0.163 0.000 0.000 0.000 0.021
E_DEBT  Correlation Coefficient 1000/  -0100]  -D.008 2547|0013 0011 -0087 -0.132 72| -2847|  -0.003)  -0.046 164" 0017|  -0.029 246" 0.092
Sig. (2-tailed) 0.144 0.912 0.000 0845 0871 0.204 0.062 0.016 0.000 0.960 0.502 0.017 0.809 0.670 0.000 0.180
E_DEP Correlation Coefficient 1.000 314" -214" 554" 375" -376" - 146 -432" 230" 324" 284" 298" -484" 821" -332" -2337
Sig. (2-tailed) 0.000 0.002 0000/ 0,000 0.000 0.039 0.000 0.001 0.000 0.000 0.000 0.000 0.000| 0.000 0.001
E_ACM Correlation Coefficient 1.000 -0.083 0.070| -0.118 486" 0.048 259" .358" -3477 0.007 5307 .246" 3317 256" -0.111
Sig. (2-tailed) 0.227 0309  0.086 0.000 0.500 0.000 0.000 0.000 0.916 0.000 0.000 0.000 0.000 0.105
P_W&amp: Correlation Cosefficient 1.000 aret 0111 0.129 0.080 79 243" -0.035 209" -0.048| 0.090 -0.111 3107 -0.003
st Sig. (2-tailed) 0005  0.108 0.060 0.260 0.012 0.000 0613 0.002 0.479 0.193 0.107 0.000 0.968
P_Wgamp; Correlation Coefficient 1.000| 322" -324" -288" 326" 225" 396" 2397 -0.014] -424" 513" -376" -0.068
s2 Sig. (2-tailed) 0.0 0.000 0.000 0.000 0.001 0.000 0.000 0.840 0.000 0.000 0.000 0.338
C_STA1  Correlation Coefficient 1.000|  -0.015  -0.110|  -0.083 240" 4117 207" 0081  .184" a7y 2177 0104
Sig. (2-tailed) 0.823 0.120 0.252 0.000 0.000 0.002 0.240 0.007 0.000 0.001 0.132
C_STA2  Correlation Coefficient 1.000 0.076 0111 174 0.001 -0.080 -483" 3257 -,369" -0.038 0.114
Sig. (2-taled) 0.283 0.125 0.011 0.988 0.243 0.000 0.000 0.000 0.576 0.095
G_CCA  Correlation Coefficient 1.000 0.070 _157|  -234” 0.061 0.008 0.079 143 0.103|  -0.130
Sig. (2-tailed) 0.347 0.026 0.001 0.387 0.894 0.264 0.044 0.145 0.066
F_FERT Correlation Coefficient 1.000] .250" -141" .248" -0.062 3357 -404" a1 159"
Sig. (2-tailed) 0.000 0.050 0.000 0.380 0.000 0.000 0.000 0.027
Correlation Coefficient 1.000 719" 55|  -2247] 0012 0112 _ga17|  -0.048
Sig. (2-tailed) 0.000 0.024 0.001 0.854 0.105 0.000 0.480
E_solL2 Correlation Coefficient 1.000 152" -0.128| -154" 2637 - 475" -0.010
Sig. (2-tailed) 0.027 0.062 0025 0.000 0.000 0.883
E_DEGR Correlation Coefficient 1000  -0.001|  -0.040 7| -me2t| -2177
Sig. (2-tailed) 0.994 0.566 0.010 0.000 0.001
P_SW Correlation Coefficient 1.000| 172 340" 277" -0.088
Sig. (2-tailed) 0.012 0.000 0.000 0.198
E_CRED Correlation Coefficient 1.000 -495" 0.123 0.047
Sig. (2-tailed) 0.000| 0,074 0.491
S_GRNT  Correlation Coefficient 1.000] 163  -0.084
Sig. (2-tailed) 0.017 0.225
P_TRNS Correlation Coefficient 1.000 217
Sig. (2-tailed) 0.001
P_WAT  Correlation Coefficient 1.000
Sig. (2-tailed)
**. Correlation Is significant at the 0.01 level (2-tailed). tion
b) *_ Correlation is significant at the 0.05 level (2-tailed) Highly correlated
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Spearman’s  S_GNDR
rho
S_NUT
S_DISP

S_CHC

E_INC

E_EMP

E_DEBT

E_DEP

E_ACM

P_W&s1

P_W&s2

C_STA1

c_sTA2

G_CCA

F_FERT

E_SOIL2

E_DEGR

P_sw

E_CRED

S_GRNT

P_TRNS

P_WAT

P_IRRI

**. Correlation Is significant at the 0.01 level (2-tailed).

Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-talled)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-talled)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-talled)
Correlation Coefficient
Sig. (2-telled)
Correlation Coefficient
Sig. (2-talled)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-talled)
Correlation Coefficient
Sig. (2-talled)
Correlation Coefficient
Sig. (2-talled)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-tailed)
Correlation Coefficient
Sig. (2-talled)

C) *. Correlation is significant at the 0.05 level (2-tailed).

ity rainfed

sGNDR | snUT | soise | scHe | Eine | Epov | EemP | e DEsT | EDEP | E_acm |PWast | p wasz | c_sTa1 | c_staz | 6 cca | FFERT | E_soit | E_sol2 |E_DEGR | P_sw | E_CRED | S_GRNT | P_TRNS | P_WAT | P_IRRI

N 1000 0080 0014 347" 0.007 236" 0.125 0.115 151 0.003) -0.032 194" 0.105] .1917] -0.094 0.076]  -0.005 0.113]  -0.078 0.075]  .200" 0.105 0.065 2127 0.071
N 0.247 0.845 0.000 0.916 0.001 0.070 0.095 0.027 0.960} 0637, 0.005| 0.127 0.005! 0.186. 0.292 0.939 0.101 0.271 0.278 0.003 0.126 0.345 0.002 0.305
1.000 183" -324" -0.050 557" 490" 0.081 455" 0.002| -0.096 400" 522" -0. 107: - 146" 260" 0.116 255" 148" 0.121 -.183" 403" -243" .73 215
0.008 0.000 0.468 0.000 0.000 0.241 0.000) 0.977 0.163 0.000 0.000 0.120 0.038 0.000 0.002 0.000 0.030 0.077 0.017 0.000 0.000 0.012 0.002
1.000 0.038| 0" az” 267" 0.018 358" 141" 0.089) 163" 212°| 0071 0038 _a72' 0.016 0.087 0.085 215" 180" 481" 0012 0.043|  -0.044
0.574 0.000 0.000 0.000 0.792 0.000 0.041 0.199] 0.018] 0.002] 0307 0822 0.017 0.815 0.209 0.345 0.002 0.009 0.000 0.860 0.539 0518
1000 -0.051 6247 5817 0012| 458" 0.087] 2817  -8077 - aoa": 0.115) .295": 3387 2817|442 o281 221" 2357 -338" 4107 0.098 0.133
0.459 0.000 0.000 0.862 0.000 0.204] 0.000] 0.000! 0.000 0.095! 0.000. 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.162 0.052
1.000 195" -149° .1607  -2017| 2577 0020, -0.011 -0.121 227" 0.024 1607 0116  -0.035  -0.085|  .314” 2147 .37 -0.067 0.078 206"
0.004 0.030 0.020 0.000 0.000} 0.774] 0877, 0.078 0001 0736 0.026 0.091 0612 0.348 0.000 0.002 0.000 0.332 0.267 0.003
1.000 858" -0.044 874" 01291 - 183" 653" 4587  -2887  -2107|  -4417 225" 405" 283" 0.129 485" 75" -390 1847  -297"
0.000 0521 0.000 0.060} 0.005| 0.000, 0.000 0.000! 0.003 0.000 0.001 0.000 0.000 0.058 0.000 0.000 0.000 0.007 0.000
1000 0018|7157 0029 0098|297 ae0"|  -te1|  -1997  -3657|  2897| 455 2557|009 4087 e8| -ate7| 15| -3027
0.787 0.000 0.675) 0.156| 0.000, 0.000 0.019. 0.005: 0.000 0.000 0.000 0.000 0.163 0.000 0.000 0.000 0.021 0.000
1000  -0.100|  -0.008 2847 0013 0011 -0087 -0.132 A72)| 2647  -0.003]  -0.046 164 0.017|  -0.029 246" 0.092 0.008
0.144) 0.912 0.000 0843 0.871 0204|  0.062 0.016 0.000 0.960 0.502 0.017 0.809 0.670 0.000 0.180 0.805
1.000 314" -214" 554" azs” -378" - 148" - 432" 230" 324" 284" 298" - 494" 821" - 332" -233"|  -281"
0.000} 0.002] 0.000! 0000  0.000]  0.038 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
1.000]  -0.083 0070  -0.118]  .4s6" 0048  _259"| -3s8"| -347" 0.007 530" 246" 3317 256” 0.111|  -0.079
0.227] 0.309) 0.085| 0000,  0.501 0.000 0.000 0.000 0.916 0.000 0.000 0.000 0.000 0.105 0.243

10000  -q787 0114 0.129 0.080. 179’|  -2437| 0035  _p97|  -0.049 0.080|  -0.111 3107 0.003|  -0.001
0.009, 0.108 0080 0281 0.012 0.000 0813 0.002 0.478 0.193 0.107 0.000 0.968 0.883
1.000 322": 3247 -288" -328" 225" 396 239" -0.014 4247 5137 376" 0.066 - 175"

0.000 0.000! 0.000. 0.000 0.001 0.000 0.000 0.840 0.000 0.000 0.000 0.338 0.011
1000 -0.015] -0.410]  -0.083 2407 4117 207" 0.081 184" A L2177 0.104|  -208"

0.823, 0120 0252 0.000 0.000 0.002 0.240 0.007 0.000 0.001 0.132 0.002

1000, 0076 0.111 174 0001 -0.080| .483" 3257  .3ee”|  -0.038 0.114 0.124

0.283 0.125 0011 0.988 0.243 0.000 0.000 0.000 0.576 0.096 0.072

1.000 0.070 o157 -234” 0.081 0.010 0.080 143" 0.103 0.130 140

0.347 0.026 0.001 0.387 0.893 0.261 0.044 0.145 0.066 0.041

1.000 -250" - 141" -248" -0.062 3357 -,404” 3117 159" 318"

0.000 0.050 0,000 0.3%0 0.000 0.000 0.000 0.027 0.000

1.000 719" 155 |  -224” 0.012 0112 _gar” 0.048|  -0.046

0.000 0.024 0.001 0.864 0.108 0.000 0.480 0.500

1.000 152" -0.128 -154" 263" - 475" 0.010 -192"

0.027 0.062 0.025 0.000 0.000 0.883 0.005

1.000 -0.001 0.040 AT -,3427 217 -237"

0.994 0.566 0.010 0.000 0.001 0.000

1.000 o172 340" 277" 0.088| - 188"

0.012 0.000 0.000 0.199 0.004

1000 - 495" 0.123 0.047 193

0.000 0.074 0491 0.005

1.000 163 0.084| -236"

0.017 0.225 0.001

1.000 217" 0.064

0.001 0.352

1.000 340"

0.000

1.000

cator due to high correlation

Highly correlated

[

Figure D1. a) Test of normality using Shapiro-Wilk (S-W) test for irrigated and rainfed systems, b) Spearman's Rho multicollinearity assessment
for irrigated systems indicators and, c) Spearman's Rho multicollinearity assessment for rainfed systems indicators. Red cells are the deleted
indicators due to high correlation. The blue light cells highlight the highly correlated indicators. Tables in excel formatting in separated
supplementary material Il.

216



Table D1. Pre-defined search terms in the search engines Web of Sciences and Scopus,
selection and exclusion criteria

Database Search query Papers Papers

retrieved selected

Scopus Drought AND risk OR Drought AND vulnerability 77 12
(On title, abstract AND Southern Africa OR SADC OR South Africa

and keywords)
AND assess* OR index OR indic* OR analy* OR evaluat* OR map*

OR quantif* OR monitor* OR measur* OR model* OR spatial

Web of sciences drought AND risk OR drought AND vulnerability ) 12 5
(On title and topic) On topic

AND Southern Africa OR SADC OR South Africa

Inclusion criteria Exclusion criteria
® Peer-reviewed articles from 1976 (no articles are ® Review articles, opinion pieces, non-peer-
listed in Scopus or Web of Science dating back to reviewed literature.
before 1976) e Drought hazard assessments that do not consider
e  Written in English or Spanish exposure or vulnerability
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High relevance
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Figure D2. Relevance of indicators for rainfed and irrigated agricultural systems.
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Local Municipality

Eastern Cape

Walter Sisulu
Umzimvubu
Sundays River Valley
Senqu

Sakhisizwe 4
Raymond Mhiaba
Port 5t Johns
Nyandeni
Niabankulu
Magqushwa 4
Nelson Mandela Bay q
Mdlambe
Mnguma

Mhlontlo

Mbizana

Mbhashe
Matatiele q

Makana
Koukamma
Kouga

King Sabata Dalindyebo
Inxuba Yethemba
Intsika Yethu
Ingquza Hill §

Great Kei

Enoch Maijima
Engcobo
Emalahleni
Elundini

Dr Bevers NaudA® -
Buffalo City 4

Blue Crane Route 4
Amahlathiq

Mpumalanga

Victor Khanye 4
Thembisile Hani
Thaba Chweu
Steve Tshwete |
Nkomazi |
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Figure D3. Reliability metric on vulnerability indicators per local municipality
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Figure D4. Time series of drought hazard for the rainfed cropping system across South Africa
at grid and local municipality levels in the period 1981-2018. Black lines indicate provincial
boundaries (see Figure 4.1 in main text).
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Figure D5. Time series of drought hazard for irrigated cropping systems across South Africa
at grid level in the period 1981-2018. Black lines indicate provincial boundaries (see Figure

4.1 in main text)
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Figure D6. The time series of rainfed hazard (positive values indicate drought) and cereal yield
and production anomaly in South Africa in the period 1981 to 2018. The r values show the
Pearson correlation coefficient.
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Figure D7. The time series of rainfed hazard (positive values indicate drought) and maize
production anomaly in South Africa in the period 1981 to 2018. The r values show the Pearson
correlation coefficient.
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Appendix E

E.1. Detailed methods for index creation
E.1.1 Global drought risk assessment

A drought risk assessment at the global scale was conducted to create a baseline for
comparison with the cluster assessments. This was achieved by updating the global drought
risk analysis by Meza et al. (2020) and following the most common methods for composite
indicators according to a review conducted by Beccari (2016). Meza et al. (2020) analysed
drought hazard and exposure for irrigated and rainfed agriculture to create hazard/exposure
scores for each country, assessed the socioecological vulnerability, and then combined the
hazard/exposure and vulnerability indexes to calculate risk. The steps modified for this global
risk assessment included the selection and weighting of vulnerability indicators and
normalisation of the final hazard/exposure and vulnerability indexes® using the linear max
method. The vulnerability indicators were modified to better reflect the authors’ understanding
of factors contributing to drought vulnerability, based on further literature research. Equal
weighting of vulnerability indicators was applied to ensure comparability of the global
assessment with the cluster assessments. Equal weighting is also the most common approach
for composite indicator assessments (Beccari, 2016). The addition of linear max normalisation
of the global hazard/exposure and global vulnerability indexes was necessary to ensure
comparability between the global indexes and the cluster-scale indexes. While min-max
methods are the most common normalisation method (Beccari, 2016), this approach resulted
in countries with drought exposure or vulnerability being assigned an index value of zero,
resulting in a false representation of zero risk in the final risk index. Therefore linear max was
used.

E.1.2 Global hazard/exposure assessment

Drought hazard/exposure values for each country were obtained from Meza et al. (2020). The
hazard/exposure index (HE;) was created by normalising the values using linear max
normalisation (Equation 1):

HEc = Xc / Xmax [EQ.1]

where X; is the raw hazard/exposure value for country (c) and Xmax iS the maximum
hazard/exposure value across all countries in the analysis. This transformed the range to have
a maximum of 1 and was necessary to remove the measurement units and create
comparability with the vulnerability index (OECD, 2008).

% An index is an aggregation of several indicators that are combined to provide a single composite
measure of a complex concept that cannot be represented by a single indicator, such as vulnerability
(OECD, 2008).
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E.1.3 Global vulnerability assessment

The standard steps to create a vulnerability index include indicator identification, data
collection and pre-processing, indicator normalisation and aggregation (Hagenlocher et al.,
2018; OECD, 2008). A last step of index normalisation was added to this analysis to linearly
transform the range of the vulnerability index so that one country had a maximum of 1
(representing the most vulnerable country relative to others included in the assessment) to
align with the hazard/exposure index.

E.1.3.1 Indicator identification

The initial list of indicators considered were based on the vulnerability analysis of Meza et al.
(2020) and refined to a final list of 14 indicators after further review of the literature.

E.1.3.2 Indicator data collection and pre-processing

After the selection of indicators was finalised, data at the country level was acquired, pre-
processed to address missing data and outliers, and analysed for collinearity. This analysis
used the same data sets as in Meza et al. (2020). For these datasets, the same imputed
values were used as well. Of the two additional indicators, missing data was only imputed for
access to information from the same data source from past years as there was no additional
data for the cultivation of drought resistant crops. To address the residual high levels of
missing data, the threshold for deletion of indicators was set at 20% missing data and for
countries 30% missing data following Meza et al. (2020). One indicator (credit to agriculture)
and 30 countries were removed from the analysis (see appendix E.1.1c); 13 indicators and
165 countries remained. Table 5.1 in the main paper contains the list of indicators and their

data sources. The excel here https://ars.els-cdn.com/content/image/1-s2.0-

S2212096322000614-mmc2.xIsx shows the countries that were included in the analysis.

Outliers were then detected using box and scatter plots, and extreme values were analysed
in relation to other data sources and values from past years. One value each for
unemployment, cultivation of drought-resistant crops, and average soil erosion were treated
using Winzorisation (Field, 2013). No issue of multicollinearity was detected using a Spearman
correlation matrix with the threshold for high correlation set at r = £0.9 (Hinkle et al., 2003)
with two-tailed significance at the 0.05 level. See supplementary material E3 for details on
data pre-processing.

E.1.3.3 Indicator normalisation

Following data pre-processing, each indicator was normalised to remove units and render
them comparable to each other using the linear min-max method (Carrdo et al., 2016;
Naumann et al., 2014). While this method is sensitive to outliers, it is also the most common

in composite indicator approaches (Beccari, 2016). For indicators where high values
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represented high vulnerability, Equation 2 was applied. For indicators where low values
represented high vulnerability, Equation 3 was applied to invert the normalisation:

Ze=(Ye— Ymin) I (Ymax — Ymin) [EQ.2]

Ze=(Ye— Ymax) /I (Ymin — Ymax) [EQ.3]

Y. refers to the indicator value for a country (c) before transformation, Ymin refers to the
minimum value for the indicator across countries analysed, Ymax to the maximum value for the
indicator across countries analysed, and Z. is the indicator value after transformation.

E.1.3.4 Aggregation

The normalised indicators were then aggregated to create a preliminary vulnerability index
(Vlareim). Using additive arithmetic aggregation, all indicators for each country (Zc) were
summed and then divided by the number of indicators with data (N¢) to create a vulnerability
index score for each country (Equation 4):

Vlpreiime) = 2 Zc / Nc [EQ.4]

This aggregation approach resulted in indicators with no data being implicitly assigned the
mean value of the other normalised indicators for each country. This meant that country’s
vulnerability scores were not higher or lower based on the number of indicators with data, but
did introduce uncertainty in the results, which is discussed in more detail in the limitations in
the chapter 5 of the main text.

E.1.3.5 Index normalisation

To create the final vulnerability index (VI¢) the preliminary vulnerability index was normalised
using the linear max method (Equation 5):

Ve =lpreiim(c) / Vlpretim(max) [EQ.5]

This transformed the vulnerability index so that the highest index score was 1, to align with
the maximum score in the hazard/exposure index.

E.1.4 Global risk assessment

The drought risk index (DRI¢) was created by multiplying the hazard/exposure index (HEc) by
the vulnerability index (VI;) for each country (Equation 6):
DRI = HE. x VI [EQ.6]

E.2 Cluster drought risk assessments

To undertake the drought risk assessments at the cluster scale, relevant clusters were first
identified. Then, the global analysis’ raw hazard/exposure values were grouped into clusters
and normalised. Countries’ vulnerability indicators were grouped by cluster as well and
normalised at the cluster scale before aggregation into the preliminary vulnerability index.
They were then normalised again to create the final vulnerability index. With these
modifications, a new risk index for each cluster was created by multiplying the cluster
hazard/exposure indexes with the corresponding cluster vulnerability index.

E.2.1 Cluster identification
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See chapter 5.2.2.1 in the main text

E.2.2 Cluster assessments

E.2.2.1 Cluster hazard/exposure assessments

The countries were grouped into the 14 clusters outlined in Table 2 of section 2.2.1 of the main
paper. Then their hazard/exposure values were normalised using the linear max method, to
create a hazard/exposure index for each cluster.

E.2.2.2 Cluster vulnerability assessments

Countries remained grouped by the 14 clusters outlined in Table 2 of section 2.2.1 of the main
paper. Using the same indicators and data as used in the global vulnerability assessment for
comparability, the method in sections b1.3.3-b1.3.5 of supplementary material 1 was followed.
The indicators were normalised within each cluster using the linear min-max method,
aggregated using additive arithmetic aggregation (resulting in indicators with no data being
assigned the mean of the other normalised indicators for the country), and the preliminary
vulnerability indexes were renormalised using the linear max method to render them
comparable to the hazard/exposure indexes. This created new vulnerability indexes for each
cluster.

E.2.2.3 Cluster risk assessments

For each cluster, the respective hazard/exposure indexes were multiplied by the respective
vulnerability indexes to create the final risk indexes. For example, Africa’s hazard/exposure
index was multiplied by the vulnerability index for Africa, resulting in the risk assessment for
Africa. This created 14 new drought risk indexes, one for each cluster.

E.3. Method to calculate the cultivation of drought resistant crops (% of total crop yield)

(Equation 7)
(Total yield of drought resistance crops x 100) / Total yield of all crops [Eq.7]

where drought resistant crops were cabbages and other brassicas, cotton link, cottonseed,
dry cowpeas, groundnuts with shell, safflower seed, seed cotton, sorghum, soybeans,
sunflower seed based on findings from Steduto et al. (2012) and the yield of crops obtained
from ([dataset] FAO, 2018).

E.4. Data preprocessing
Data deleted

Indicator
Credit to Agriculture, Forestry and fishing (US$, share of total credit)
Countries

Andorra Antigua and Barbuda Libya Tuvalu
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Brunei Darussalam

Holy See
Liechtenstein
Marshall Islands
Monaco

Nauru
San Marino

Bahamas

Bahrain

Barbados
Equatorial Guinea
Eritrea

Grenada
Kiribati

*no exposure data available

Outlier treatment

Unemployment (% of total labor force) (national

estimate)

Cultivation of drought-resistant crops (% of total

crop yield)

Average soil erosion for exposed area (t ha-1 yr-1)

Indicator

Micronesia (Federated
States of)

Palau

Qatar

Saint Kitts and Nevis
Saint Lucia

Seychelles
Somalia

Country
value

Djibouti 59.5

Botswana @ 0.30

Comoros 200.0

Outlier

Iceland*

Maldives*
Samoa*
Singapore*
Tonga*

New value

27.3 (South Africa)

0.16 (Namibia)

58.8 (Haiti)

229



Multicollinearity
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E.5. Number of countries in each risk category by cluster and in the global analysis.

This table compares the number of countries belonging to each risk category between each cluster and the

global analysis and can be understood in the following way: For the high-income cluster, there were 9 countries

in each of the risk categories from very high to very low. However in the global analysis, no high income countries

were in the very high risk category, only 6 were in the high risk category, and so on.

Very High Medium Low Very Low
High
High income 9 9 9 9 9
Global 0 6 14 14 11
Upper middle income 9 9 9 9 9
Global 9 14 9 5 8
Low middle income 9 9 10 10 10
Global 15 8 5 12 8
Low income 5 5 5 6 6
Global 9 5 5 2 6
Europe 7 7 8 8 8
Global 3 12 6 8 9
Asia 8 8 9 9 9
Global 9 12 8 10 4
Africa 9 10 10 10 10
Global 20 6 5 9 9
Latin America & Caribbean 5 5 5 6 6
Global 1 3 11 4 8
LDCs 8 8 9 9 9
Global 13 5 5 6 11
Annex | 7 8 8 8 8
Global 0 10 10 9 10
Non-Annex | 25 25 25 25 26
Global 33 23 23 24 23
V20 7 8 8 8 8
Global 12 3 6 11 7
Breadbasket 3 3 3 4 4
Global 0 7 6 2 2
Reliance on agriculture 7 7 7 7 7
Global 12 6 4 6 7
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E.6. Limitations

% missing indicator data by cluster

Literacy | Prevalen | Share of Proporti | Unemplo GINI Saved Improve | Governm | Cultivati | GDP per | Average Access Total
rate, ce of GDP on of yment, index any d water ent on of capita soil to missin
adult underno from populati total (% money in source Effective | drought erosion informati g
total (% | urishme agr., on living of total the past (% of ness: resistant for on -
of nt forestry below labor year (age | populati | Percentil | crops (% exposed mobile
people | (populati and the force) 15+) (%) on with e Rank yield) area phone
ages 15 on %) fishing in | national | (national access) subscrip
and uUss$ poverty | estimate) tion per
above) line 100
people
Global 13.94 4.85 0.00 8.48 0.00 8.48 12.12 0.00 0.00 3.03 1.82 1.82 0.61 4.24
High income 44 .44 0.00 0.00 15.56 0.00 8.89 2.22 0.00 0.00 0.00 2.22 2.22 0.00 5.81
Upper middle 4.44 0.00 0.00 13.33 0.00 13.33 13.33 0.00 0.00 2.22 2.22 0.00 0.00 3.76
income
Low middle 2.08 8.33 0.00 0.00 0.00 2.08 18.75 0.00 0.00 8.33 2.08 4.17 2.08 3.69
income
Low income 0.00 14.81 0.00 3.70 0.00 11.11 14.81 0.00 0.00 0.00 0.00 0.00 0.00 3.42
Europe 36.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.63 2.63 2.63 0.00 3.44
Asia 4.65 6.98 0.00 16.28 0.00 16.28 9.30 0.00 0.00 0.00 0.00 0.00 0.00 4.11
Africa 2.04 8.16 0.00 0.00 0.00 2.04 14.29 0.00 0.00 6.12 2.04 4.08 2.04 3.14
Latin America 3.70 0.00 0.00 22.22 0.00 22.22 18.52 0.00 0.00 0.00 3.70 0.00 0.00 541
and Caribean
LDCs 2.33 11.63 0.00 0.00 0.00 2.33 18.60 0.00 0.00 6.98 2.33 0.00 0.00 3.40
SIDS 10.00 10.00 0.00 30.00 0.00 35.00 70.00 0.00 0.00 10.00 5.00 5.00 0.00 13.46
V20 2.56 15.38 0.00 0.00 0.00 2.56 15.38 0.00 0.00 2.56 5.13 0.00 0.00 3.35
Annex | 48.72 0.00 0.00 2.56 0.00 0.00 0.00 0.00 0.00 0.00 2.56 2.56 0.00 4.34
Non-Annex | 3.17 6.35 0.00 10.32 0.00 11.11 15.87 0.00 0.00 3.97 1.59 1.59 0.79 4.21
Breadbasket 35.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.71
Reliance on 2.86 17.14 0.00 2.86 0.00 2.86 22.86 0.00 0.00 5.71 0.00 0.00 0.00 4.18
agriculture

(employment)
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Countries included in the assessment by cluster

Countries before Countries after % of countries

deletion based on | deletion analysed by

global missing cluster

data thresholds
Global 195 165 84.62
High income 61 45 73.77
Upper middle income 54 45 83.33
Low middle income 50 48 96.00
Low income 29 27 93.10
Europe 44 38 86.36
Asia 48 43 89.58
Africa 54 49 90.74
Latin America and 33 27 81.82
Carribean
LDCs 47 43 91.49
SIDS 38 20 52.63
V20 42 39 92.86
Annex | 42 39 92.86
Non-Annex | 152 126 82.89
Breadbasket 17 17 100.00
Reliance on agriculture 37 35 94.59
(employment)
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Appendix F

F1. Background of experts

Background of experts who participated in the online survey
Gender Identity

Quantity (N)

Respondents (%)

Female 32 47.1
Male 36 52.9
Other 0 0
Sector Quantity (N) Respondents (%)
Academia 38 52.1
Government 25 34.2
International Organization 5 6.8
Private 2 2.7
NGO 2 2.7
Other 1 14
Years of experience working on drought Quantity (N) Respondents (%)
No previous experience working on vulnerability and risk 1 14
1-2 5 6.9
3-5 19 26.4
6-10 18 25.0
10+ 29 40.3
Geographic focus of work Quantity (N) Respondents (%)
Australia 0 0.0
Asia 23 20.9
Africa 12 10.9
Europe 31 28.2
North America 8 7.3
South America 11 10.0
Global 7 6.4
General/ theoretical (e.g. methods oriented) 18 16.4
Research field Quantity (N) Respondents (%)
Agricultural sciences 7 17.5
Anthropology and development 1 25
Climate Change 3 7.5
Climate science/services 3 7.5
Drought hazard assessment and disaster risk analysis 2 5
Environmental policy 1 25
Geography 4 10.0
Health 2 5.0
Hydrology 7 175
Interdisciplinary 2 5.0
Sociology 1 25
Soil and Water Conservation 1 25
Economics 3 7.5
Water resources management 3 7.5

F2: Relevant Indicators for Agricultural Systems

Relevant indicators for agricultural systems vulnerability assessments at global level. Experts
ranked the indicators according to the categories not relevant, low relevance, low-medium
relevance, medium-high relevance and highly relevant. The results were normalized to receive a
value between 0 and 1 for each indicator. The amount of responses in each category was
multiplied with the following values: not relevant*0, low relevance*0.25, low-medium
relevance*0.5, medium-high relevance*0.75 and highly relevant*1. Finally, the sum was divided
by the total number of answers given per indicator to receive the average. Indicators with a value
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close to 1 are highly relevant, whereas indicators with a value close to 0 indicate lower relevance.
However, in this overview, only indicators are included that more than 50% of the experts
considered as medium-high or highly relevant. An indicator or proxy indicator can be positively or
negatively correlated with the vulnerability assessment; this correlation is represented on the
column “direction”. Additionally, the standard deviation shows the variation of agreement and
disagreement among the experts. High values indicate a higher range of opinions, whereas low

values represent a high level of agreement.

Indicator

Direction

Relevance
Weighted
relevance

Social Susceptibility

Standard
deviation

Access to fodder (kg purchased per year) - 0.731 10.00
Agriculture (% of GDP) + 0.859 16.18
Agricultural machinery in use (#) - 0.665 9.13
Dependency on agriculture for livelihood (%) + 0.935 18.62
Electricity production from hydroelectric sources (% of total) + 0.646 8.87
GDP per capita, PPP - 0.690 10.33
Gender inequality (categorical) + 0.569 9.22
GINI index (income inequality) + 0.705 9.71
llliteracy rate (%) + 0.734 11.98
Life expectancy at birth (years) - 0.585 7.98
Market fragility + 0.756 10.77
Population ages 15-64 (% of total population) - 0.599 8.92
Population below the national poverty line (%) + 0.813 13.41
Population undernourished (%) + 0.772 13.15
Population with ill-health (%) + 0.683 10.03
Population without access to clean water (%) + 0.628 9.50
Population without access to (improved) sanitation (%) + 0.585 8.65
Prevalence of conflict/insecurity + 0.762 12.05
Rural population (% of total population) + 0.799 13.78

+

Unemployment rate (% 0.619 8.70
Environmental Susceptibility

Baseline water stress (ratio of withdrawals to renewable supply) 0.856 14.13
Area protected and designated for the conservation of biodiversity - 0.699 9.37
(%)

Degree of land degradation and desertification + 0.898 16.01
Use of fertilizer (ton) - 0.722 10.97
Insecticides and pesticides used (ton/ha) - 0.681 9.64
Livestock health - 0.701 9.87
Soil organic matter (g*kg) - 0.797 12.68
Soil depth (mm - 0.756 10.86

Lack of Coping Capacity

Distance to closest market (km) + 0.645 9.27
Corruption (e.g. Corruption Perception Index) + 0.713 10.34
Farmers use different crop varieties (%) - 0.875 14.15
Farmers with crop, livestock or drought insurance (%) - 0.850 15.67
Farmers/laborers without access to bank loans/(micro-) credits (%) + 0.835 14.09
Farmers/laborers without savings (%) + 0.847 14.35
Government effectiveness - 0.869 14.46
Irrigated land (% total arable) - 0.909 16.20
Total dam capacity (m3) - 0.820 13.18
% of retained renewable water - 0.819 12.10
Existence of adaptation policies/plans (yes/no) + 0.889 16.92
Public participation in local policy + 0.756 11.12
Cultivation of drought -resistant crops (%) 0.911 17.69

Lack of Adaptive Capacit
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National investment in disaster prevention & preparedness - 0.852 15.04
(US$/Year/capita)
Disaster risk taken into account in public investment and planning - 0.852 14.68
decisions (yes/no)
Number of (drought-related) adaptation projects in the past 10 years - 0.801 13.00
Research and development expenditure (% of GDP) - 0.732 10.53

F3: Relevant Indicators for Water Supply

Relevant indicators for water supply vulnerability assessments at global level.

Experts ranked the indicators according to the categories not relevant, low relevance, low-medium
relevance, medium-high relevance and highly relevant. The amount of responses in each
category was multiplied with the following values: not relevant*0, low relevance*0.25, low-medium
relevance*0.5, medium-high relevance*0.75 and highly relevant*1. Finally, the sum was divided
by the total number of answers given per indicator to receive the average. Indicators with a value
close to 1 are highly relevant, whereas indicators with a value close to 0 indicate lower relevance.
However, in this overview, only indicators are included that more than 50% of the experts
considered as medium-high or highly relevant. An indicator or proxy indicator can be positively or
negatively correlated with the vulnerability assessment; this correlation is represented on the
column “direction”. Additionally, the standard deviation shows the variation of agreement and
disagreement among the experts. High values indicate a higher range of opinions, whereas low
values represent a high level of agreement.

Indicator Direction Relevance Standard
Weighted relevance deviation

Population without access to clean water (%) + 0.870 11.67
Agriculture (% of GDP) + 0.669 4.60
Dependency on agriculture for livelihood (%) + 0.717 6.26
Electricity production from hydroelectric sources (% of total) + 0.695 4.79
GDP per capita, PPP - 0.714 5.61
Gender inequality (categorical) + 0.609 4.72
GINI index (income inequality) + 0.744 5.64
Expenditure on health (out-of-pocket) (%) + 0.655 4.10
llliteracy rate (%) + 0.761 7.18
Population ages 15-64 (% of total population) - 0.616 4.53
Population below the national poverty line (%) + 0.818 8.48
Population undernourished (%) + 0.761 7.44
Population with ill-health (%) + 0.726 5.70
Population without access to (improved) sanitation (%) + 0.761 6.88
Prevalence of conflict/insecurity + 0.762 6.96
Refugee population (% of total population) + 0.678 4.94
Risk perception (% of population who has experienced + 0.856 12.10
droughts in the past 10 years)

Rural population (% of total population) + 0.755 6.89
Tourism (% of GDP) + 0.686 5.89
Unemployment rate (%) + 0.637 3.88

Environmental Susceptibilit \
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Area protected and designated for the conservation of - 0.679 5.23
biodiversity (%)
Baseline water stress (ratio of withdrawals to renewable + 0.921 12.80
supply)
Water quality (categorical) - 0.872 11.32
Corruption (e.g. Corruption Perception Index) + 0.738 5.83
Farmers/laborers without savings (%) + 0.674 4.30
Government effectiveness - 0.872 10.81
Irrigated land (% total arable) - 0.680 5.79
Total dam capacity (m3) - 0.855 9.78
% of retained renewable water - 0.838 8.89
Existence of adaptation policies/plans (yes/no) - 0.883 12.28
Public participation in local policy - 0.774 6.42
Lack of Adaptive Capacity |
Disaster risk taken into account in public investment and - 0.847 9.74
planning decisions (yes/no)
National investment in disaster prevention & preparedness - 0.847 10.22
(US$/Year/capita)
Number of (drought-related) adaptation projects in the past 10 - 0.778 8.09
years
Research and development expenditure (% of GDP) - 0.738 5.51

F4: Detailed sector analysis for agricultural systems

F4.1 Social dimension

Most experts identified the following indicators as globally relevant: llliteracy rate (%), gender
inequality (categorical), population undernourished (%), population with ill-health (%), life
expectancy at birth (years), rural population (% of total population) and population ages 15-64 (%
of total population).

The top relevance indicators for female experts (population undernourished (%) and rural
population (% of total population)) are also the top for male experts. The most significant
discrepancy between genders is the life expectancy at birth indicator where only 28% of women
consider it relevant in contrast to 53% of males.

The gender inequality indicator is highly relevant for male experts, people with more than six years

of experience, respondents from the academia and NGO sector, and experts with focus on Asia,
North America, South America, global and general/theoretical.
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Figure 3 Proportion of experts who consider the indicators globally relevant depending on their geographic work focus.
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Figure 4 Proportion of experts who consider the indicators globally relevant depending on their gender.
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Figure 5 Proportion of experts who consider the indicators globally relevant depending on their years of experience working with

drought. *Dot size represent the years of experience.
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Figure 6 Proportion of experts who consider the indicators globally relevant depending on their working sector.

F4.2 Economic dimension
In the economic dimension, there was more consensus according to the indicators that are

considered applicable at the global level. Eleven indicators were identified as globally relevant:
dependency on agriculture for livelihood (%), agriculture (% of GDP), population below the
national poverty line (%), unemployment rate (%), GDP per capita, GINI index (income inequality),
farmers/laborers without savings (%), farmers/laborers without access to bank loans / (micro-)
credits (%), distance to closest market (km), market fragility and farmers with crop, livestock or
drought insurance (%).

Experts working in drought for more than six years identified as the top three relevant indicators
dependency on agriculture for livelihood (%), farmers/laborers without savings (%) and farmers
with crop, livestock or drought insurance (%). Experts from all the geographic areas agreed on
the relevance to consider agriculture (% of GDP), population below the national poverty line (%),
GDP per capita, and market fragility in global drought vulnerability assessment on agricultural
systems.

More than half of the experts working in academia highlight the relevance of the unemployment
rate. Market fragility and distance to closest market were identified as for all the different sectors
as relevant; only the private sector classified these indicators as low to low medium relevance.
Income inequality is a higher vulnerability relevance for experts that work in Asia, South America,
global and general/theoretical focus.
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Figure 7 Proportion of experts who consider the indicators globally relevant depending on their geographic work focus.
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Figure 8 Proportion of experts who consider the indicators globally relevant depending on their gender.
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Figure 9 Proportion of experts who consider the indicators globally relevant depending on their years of experience working with
drought. *Dot size represent the years of experience.
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Figure 10 Proportion of experts who consider the indicators globally relevant depending on their working sector.

F4.3 Infrastructural dimension
All the experts agreed that the most relevant indicators for the infrastructure dimension are “water

quality (categorical)”, total dam capacity (m3) and % of retained renewable water.

The indicator population without access either to clean water or to improved sanitation was
considered more relevant by female experts compared to male experts. Further, these indicators
were selected as relevant for experts with more than ten years of experience. Around 40% of the
experts whose work is focused on Europe consider them relevant on a global level.

Electricity production from hydroelectric sources (% of total), is relevant for experts from private,

NGO’s and governmental sector. However, for experts focusing on America and Asia, there are
other more relevant indicators such as water quality or total dam capacity.
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Figure 11 Proportion of experts who consider the infrastructural indicators globally relevant depending on their
geographic work focus.
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Figure 12 Proportion of experts who consider infrastructural indicators globally relevant depending on their gender.
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Figure 13 Proportion of experts who consider the infrastructural indicators globally relevant depending on their years of
experience working with drought. *Dot size represent the years of experience.
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Figure 14 Proportion of experts who consider the infrastructural indicators globally relevant depending on their working sector.
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F4.4 Crime and Conflict
The prevalence of conflict/insecurity was the only indicator where more than 50% of the total

experts considered it relevant at the global level. The only group in which less agreement was
found was among people working in the government sector. For this sector, 14% considered the
indicator not relevant, low relevant or low-medium relevant for 28% of the experts, the prevalence
of conflict/insecurity is medium-high relevant and is highly relevant to 21% of respondents.
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Figure 15 Proportion of experts who consider the prevalence of conflict/insecurity as a globally relevant indicator, depending on
their geographic work focus.

Gender of Experts
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Figure 51 Proportion of experts who consider the prevalence of conflict/insecurity globally relevant depending on their gender.
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Figure 17 Proportion of experts who consider the prevalence of conflict/insecurity globally relevant depending on their years of
experience working with drought. *Dot size represent the years of experience.
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Figure 18 Proportion of experts who consider the prevalence of conflict/insecurity globally relevant depending on their working
sector.

F4.5 Governance
In the governance dimension, eight indicators were chosen as the most relevant at the global

level (disaster risk taken into account in public investment and planning decisions (yes/no),
national investment in disaster prevention & preparedness (US$/Year/capita), existence of
adaptation policies/plans (yes/no), government effectiveness, number of (drought-related)
adaptation projects in the past 10 years, corruption, public participation in local policy and
research and development expenditure (% of GDP)). The expert’s gender and the number of
years working with drought did not show any difference among the selected indicators. All
indicators were classified as relevant in the different groups and categories.

The number of (drought-related) adaptation projects in the past ten years and corruption
indicators are relevant to all experts except those in the private sector for whom these indicators
are of low relevance. Less than half (40%) of the respondents that work on Asia or
general/theoretical topics considered “research and development expenditure (% of GDP)” as a
relevant indicator.
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Figure 19 Proportion of experts who consider these governmental indicators globally relevant depending on their geographic
work focus.
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Figure 20 Proportion of experts who consider the governmental indicators globally relevant depending on their gender.
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Figure 21 Proportion of experts who consider the governmental indicators globally relevant depending on their years of
experience working with drought. *Dot size represent the years of experience.
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Figure 22 Proportion of experts who consider these governmental indicators globally relevant depending on their working sector.

F4.6 Environmental

Soil depth (mm), degree of land degradation and desertification, area protected and designated
for the conservation of biodiversity (%), livestock health and baseline water stress (ratio of
withdrawals to renewable supply) are currently perceived as a relevant indicators to measure
vulnerability to drought at global level. The degree of land degradation/ desertification and the
baseline water stress are the most relevant according to all the different categories and groups.

There was also plurality of eight out of ten global experts (83%) that rates the livestock health as
relevant, close by 75% Africa focus experts, while almost half (48%) of experts focused on Europe
considered it relevant. The percentage of area protected is considered relevant by people who

have been working on drought topic for more than three years.
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Figure 23 Proportion of experts who consider the environmental indicators globally relevant depending on their geographic work

focus.
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Figure 24 Proportion of experts who consider the environmental indicators globally relevant depending on their gender.
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Figure 25 Proportion of experts who consider the environmental indicators globally relevant depending on their years of
experience working with drought. *Dot size represent the years of experience.
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Figure 26 Proportion of experts who consider the environmental indicators globally relevant depending on their working sector.
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F4.7 Farming practices
Farming practices was the only dimension of vulnerability where all indicators were considered

relevant for agricultural systems at the global level. Looking at the different working sectors, it was
found that most of the experts working in academia and in the government sector express greater
relevance than private, NGO’s and international sectors about the agricultural machinery in use
(#) indicator. This indicator was also weighed as the least relevant in the dimension of agricultural
practices.

Those more likely to score insecticides and pesticides used (ton/ha) as medium-high or highly
global relevant include: female experts, six to ten years of working experiences, global geographic
focus of work, and, experts from non-governmental organizations.

The use of different crop varieties (%) and the cultivation of drought-resistant crops (%) are
considered ecosystem-based approaches to drought risk reduction (Kloos and Renaud 2016).
These indicators were equally relevant for female and male experts. However, the cultivation of
drought-resistant crops (%) was considered by 95% of the experts with more than ten years of
experience as a global relevant indicator. In contrast, 85% of experts considered farmers use
different crop varieties (%) as globally relevant. This pattern is repeated throughout the various
working sectors and geographic focus areas, where the cultivation of drought-resistant crops (%)
was catalogued as relevant by more experts than the cultivation of drought-resistant crops.
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Figure 27 Proportion of experts who consider farming practices indicators as globally relevant depending on their geographic
work focus.
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Figure 28 Proportion of experts who consider farming practices indicators globally relevant depending on their gender.
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Figure 29 Proportion of experts who consider farming practices indicators globally relevant depending on their years of
experience working with drought. *Dot size represent the years of experience.
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Figure 30 Proportion of experts who consider farming practices indicators globally relevant depending on their working sector.
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F5: Detailed sector analysis for Water Supply

F5.1 Social dimension
In the online survey, the experts agreed on the global relevance of seven indicators for the

vulnerability’s social dimension. More than three-quarters of experts strongly agree that risk
perception is an essential indicator of global drought vulnerability assessments. Those who are
more certain than others that risk perception plays a crucial role in drought vulnerability
assessment to water supply are: female experts that have six to ten years of experience working
on drought, with a main geographic focus in Africa or on global assessments and experts that
work on NGOs or private sectors.

The top relevance indicator by gender in the social dimension is risk perception (% of population
who has experienced droughts in the past 10 years) and illiteracy rate (%). Gender inequality was
scored as relevant for 57% of male experts, while just 36% of female experts weighed this
indicator as globally relevant.
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Figure 31 Proportion of experts who consider the indicators globally relevant depending on their geographic work focus.
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Figure 32 Proportion of experts who consider the indicators globally relevant depending on their gender.
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Figure 33 Proportion of experts who consider the indicators globally relevant depending on their years of experience working
with drought. *Dot size represent the years of experience.
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Figure 34 Proportion of experts who consider the indicators globally relevant depending on their working sector.
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F5.2 Economic dimension
The majority of experts agreed on eight indicators with relevance at the global level for the

economic dimension of vulnerability. For 80% of female experts, the GDP per capita is relevant,
in contrast to 51% percent of male experts.

The unemployment rate (%) was one of the indicators with more discrepancy between the
different categories. It was cataloged as relevant by less than half of the male experts,
respondents with no experience working on drought or with 3 to 5 years of experience, for the
private and NGO, and international sectors and experts that focus on Africa, North America, South
America and in general/theoretical areas.

Almost seven in ten (65%) agree on the relevance to consider tourism (% GDP) as an indicator.
Those most likely to agree with this include: female experts, one to ten years of experience, NGO,

international organization and private sectors and Europe focus experts.
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Figure 35 Proportion of experts who consider the indicators globally relevant depending on their geographic work focus.
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Figure 36 Proportion of experts who consider the indicators globally relevant depending on their gender.
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Figure 37 Proportion of experts who consider the indicators globally relevant depending on their years of experience working

with drought. *Dot size represent the years of experience.
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Figure 38 Proportion of experts who consider the indicators globally relevant depending on their working sector.
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F5.3 Infrastructural dimension
More than 50% of the experts agreed on the relevance of population without access to (improved)

sanitation (%), population without access to clean water (%), water quality (categorical), total dam
capacity (m3), % of retained renewable water and electricity production from hydroelectric
sources (% of total) as global drought vulnerability indicators to impacts in domestic water supply.

Sixty-one percent agree that electricity production from hydroelectric sources (% of total) is
globally relevant. Male experts, people that focus on America (North and South) and international
organization are the less likely to consider this indicator highly or medium-high relevant.

There is little disagreement among experts working in different sectors about the relevant
indicators; however, the highest variation is found among the geographical focus.
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Figure 39 Proportion of experts who consider the infrastructural indicators globally relevant depending on their geographic work
focus.
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Figure 75 Proportion of experts who consider infrastructural indicators globally relevant depending on their gender.

255



Years of experience workin%on drought

100% PY
80% 9] O ® @
60% ® ‘
. ®
40%
20%
0% ®
Access to Access to Water quality Dam Capacity Retained Hydroelectricity
sanitation clean water renewable water

®10+ ®6-10 ©®3-5 @®1-2

Figure 41 Proportion of experts who consider the infrastructural indicators globally relevant depending on their years of
experience working with drought. *Dot size represent the years of experience.
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Figure 42 Proportion of experts who consider the infrastructural indicators globally relevant depending on their working sector.

F5.4 Crime and Conflict
The prevalence of conflict/insecurity was the only indicator that the experts selected as relevant

at the global level. All the different categories agreed on this indicator, only six experts working
on drought for more than three years weighed it as not relevant or low relevance. Some female
experts, private sector, NGO or experts from international organizations identified this indicator

as not relevant at all.
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Figure 43 Proportion of experts who consider the prevalence of conflict/insecurity as a globally relevant indicator, depending on
their geographic work focus.
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Figure 79 Proportion of experts who consider the prevalence of conflict/insecurity globally relevant depending on their gender.

Years of experience working on drought*

100%
80% C.)

60%
o

40%

20%

0%

Conflict and insecurity

910+ ®6-10 ©®3-5 @®1-2

Figure 45 Proportion of experts who consider the prevalence of conflict/insecurity globally relevant depending on their years of
experience working with drought. *Dot size represent the years of experience.
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Figure 46 Proportion of experts who consider the prevalence of conflict/insecurity globally relevant depending on their working
sector.

F5.5 Governance

The top three indicators identified for the governance dimension among the different categories
were: existence of adaptation policies/strategies (yes/no), government effectiveness and disaster
risk taken into account in public investment.

Similar to the agricultural systems, the number of (drought-related) adaptation projects in the past
ten years and corruption indicators are relevant to all experts except for some in the private sector
for whom these indicators are of low relevance. Less than half (40%) of the respondents that work
in Asia on general/theoretical considered “research and development expenditure (% of GDP) as
a relevant indicator.
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Figure 47 Proportion of experts who consider these governmental indicators globally relevant depending on their geographic
work focus.
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Figure 48 Proportion of experts who consider the governmental indicators globally relevant depending on their gender.
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Figure 49 Proportion of experts who consider the governmental indicators globally relevant depending on their years of
experience working with drought. *Dot size represent the years of experience.
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Figure 50 Proportion of experts who consider these governmental indicators globally relevant depending on their working sector.
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F5.6 Environmental
Two out of seven indicators were selected as globally relevant: The area protected and

designated for the conservation of biodiversity (%) and the baseline water stress (ratio of
withdrawals to renewable supply). This last indicator was selected as relevant for more than 50%
of the experts in all the different categories.

The percentage of area protected and designated for the conservation of biodiversity was less

relevant for people with less than two years of experience working on drought, experts from the
private sector, and those who focus on global, general and Europe assessments.
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Figure 51 Proportion of experts who consider the environmental indicators globally relevant depending on their geographic work
focus.
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Figure 52 Proportion of experts who consider the environmental indicators globally relevant depending on their gender.
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Figure 53 Proportion of experts who consider the environmental indicators globally relevant depending on their years of
experience working with drought. *Dot size represent the years of experience.
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Figure 54 Proportion of experts who consider the environmental indicators globally relevant depending on their working sector.

F5.7 Farming practices
Farming practices got one relevant indicator at the global level “Irrigated land (% total arable)”. This

indicator was in particular considered by male experts, experts with more than three years of experience
working in drought, Asia focus experts and NGOs. A quarter of respondents with more than ten years of
experience working in drought considered this indicator not relevant at all. Same for 12% of academics,
all private sector respondents, and 7% of experts from the governmental sector.
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Figure 55 Proportion of experts who consider farming practices indicators as globally relevant depending on their geographic
work focus.
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Figure 56 Proportion of experts who consider irrigated land globally relevant depending on their gender.
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Figure 57 Proportion of experts who consider farming practices indicators globally relevant depending on their years of
experience working with drought. *Dot size represent the years of experience
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Figure 58 Proportion of experts who consider farming practices indicators globally relevant depending on their working sector.

263



F6. Contingency Table

Gender identity (Optional)

Working sector

Years of experience working on

Geographic focus of work

drought
Research field Acade Int Priv D A Mo S Crarizzll
: Fem Male - Gov. ) NGO  Other 1-2 3-5 6-10 10+ experie | Asia  Africa Europe Ameri Ameri Global theoretic
(optional) mia Org ate
nce ca ca al
Agricultural sciences 0 7 4 2 0 0 0 1 0 2 1 4 0 4 2 0 0 1 0 0
Anthropology  and
0 1 1 0 0 0 0 0 0 0 0 1 0 1 1 0 0 1 0 1
development
Climate Change 0 3 2 1 0 0 0 0 0 1 2 0 0 2 0 0 0 1 0 2
Climate
. . 2 1 0 3 0 0 0 0 0 1 1 1 0 1 0 3 0 1 0 1
science/services
Drought hazard and
disaster risk 0 2 0 1 0 1 0 0 0 0 1 1 0 2 0 0 0 0 0 2
assessment
Economics (Water,
. 0 3 2 0 0 0 1 0 0 1 1 1 0 3 1 1 0 0 1 3
environmental)
Environmental
. 1 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0
sciences
Geography 1 3 3 1 0 0 0 0 0 0 2 2 0 1 0 2 1 0 1 0
Health 2 0 2 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 1 0
Hydrology 5 2 2 2 2 1 0 0 0 4 2 1 0 1 1 4 1 1 0 2
Interdisciplinary 1 1 2 0 0 0 0 0 0 0 0 2 0 1 1 1 0 1 0 1
Sociology 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 1 1
Soil and  Water
. 0 1 1 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0
Conservation
Water resources
2 1 1 0 1 0 0 1 1 0 1 1 0 0 0 3 0 1 0 1
management
Geographic focus Acade Int. Priv No prev
Fem Male . Gov. NGO  Other 1-2 3-5 6-10 10+
of work mia Org ate exp
Asia 6 17 15 4 1 2 1 0 0 5 5 13 0
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Africa 4 8 6 2 2 0 0 2 1 3 3 5 0
Europe 19 10 12 15 3 0 0 1 4 8 8 11 0
North America 4 3 4 4 0 0 0 0 0 2 2 3 1
South America 6 5 8 3 0 0 0 0 0 3 4 4 0
Global 3 3 7 0 0 0 0 0 2 2 1 2 0
General/ theoretical

(e.0. methods- 7 11 9 5 1 1 1 1 2 5 5 6 0
oriented)

Years of .

experienceworking Fem  Male Ac.:ade Gov. int. NGO  Other Priv

in drought mia Org ate

1-2 1 4 2 2 1 0 0 0

3-5 13 5 8 8 1 1 0 1

6-10 5 12 8 3 1 1 0

10+ 13 14 20 8 0 0 0 1

No previous

experience working 0 1 0 1 0 0 0 0

on vulnerability/risk

Sector Fem Male

Academia 16 20

Government 12 11

International

Organization 2 2

NGO 1 1

Other 0 1

Private 1 1
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F7: Complete list of questions and indicators weighed on the online survey

Respondent background information
Name (optional)
Email (optional)
Gender identity

Sector

Years of experience working on drought
Years of experience working on vulnerability and risk

Drought vulnerability indicators
SOCIAL

=

©XONOAWN

e
= O

PR RPRR R R,
©O~NOOUNWN

Population with at least completed post-secondary education (%)
llliteracy rate (%)

Gender inequality (categorical)

Social capital (categorical)

Alcohol consumption litres per capita (people aged 15 years and older)
Disabled persons (%)

Population undernourished (%)

Population with ill-health (%)

Life expectancy at birth (years)

. Number of physicians per 1,000 inhabitants

. Out-of-pocket expenditure on health (%)

. Households without health insurance (%)

. Rural population (% of total population)

. Refugee population (% of total population)

. Age dependency ratio (% of working-age population)

. Risk perception (% of population who has experienced droughts in the past 10 years)
. Availability of a drought early warning system (yes/no)

. Households/farmers with access to information (radio/TV/internet) (%)

. Please add any additional indicators you feel are missing

ECONOMIC

=

©oNO kWD

e e ol
A WDNPEFEO

Dependency on agriculture for livelihood (%)

High dependence on tourism for income and employment (% of GDP)
Agriculture (% of GDP)

Population below the national poverty line (%)

Unemployment rate (%)

GDP per capita, PPP

GINI index (income inequality)

Farmers/laborers without savings (%)

Farmers/laborers without access to bank loans / (micro-) credits (%)

. Distance to closest market (km)

. Market fragility

. Farmers with crop, livestock or drought insurance (%)

. Energy consumption per capita

. Please add any additional indicators you feel are missing

INFRASTRUCTURE
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©ONogOrNE

Road density (km of road per 100 sqg. km of land area)
Population without access to (improved) sanitation (%)
Population without access to clean water (%)

Poor water quality

Total dam capacity

% of retained renewable water

Electricity production from hydroelectric sources (% of total)
Please add any additional indicators you feel are missing

CRIME & CONFLICT

1. (Livestock) theft (%)
2. Prevalence of conflict/insecurity
3. Please add any additional indicators you feel are missing

GOVERNANCE

=

©oNoO~®WN

Disaster risk taken into account in public investment and planning decisions (yes/no)
National investment in disaster prevention & preparedness (US$/Year/capita)
Existence of national adaptation policies/plans (yes/no)

Government effectiveness

Number of (drought-related) adaptation projects in the past 10 years

Corruption (e.g. Corruption Perception Index)

Strength of legal rights

Public participation in local policy

Food aid (US$ per capita)

10. Research and development expenditure (% of GDP)
11. Please add any additional indicators you feel are missing

ENVIRONMENTAL
1.

O NG~ WN

Soil organic matter (g*kg)

Soil depth (mm)

Degree of land degradation and desertification

Area protected and designated for the conservation of biodiversity (%)
Veterinarians and veterinary para-professionals (per capita)

Livestock health

Water stress

Please add any additional indicators you feel are missing

FARMING PRACTICES

NGO~ ®NRE

Agricultural machinery in use (#)

Irrigated land (% total arable)

Use of fertilizer (ton)

Access to fodder (kg purchased per year)

Tonnes of active ingredients of insecticides and pesticides used
Cultivation of drought-resistant crops (%)

Farmers use different crop varieties (%)

Please add any additional indicators you feel are missing

267



