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Foreword

United Nations Convention to Combat Desertification (UNCCD)

Drought has challenged and afflicted communities throughout history. Albeit not
a new phenomenon, drought is also not going away. Instead, when we observe the
droughts that have affected communities in recent years, we cannot deny their striking
frequency, duration, or intensity, nor their prevalence — affecting every continent on the
globe. Exacerbated by climate change, mismanagement of vital resources - such as
land and water- and negligently planned development, the future looks challenging.
Estimates suggest that, by 2050, three of every four of us worldwide may be impacted
by droughts.

Growing up in the Trarza region of southern Mauritania, | experienced drought and
its debilitating impacts on families, communities and national development firsthand. |
vividly recall the devastation caused by a drought in my birthplace in the 1970s. First, our
water supply dried up. Then our crops failed. And then, our livestock perished. For months,
famine loomed over our village. Instead of subsiding, drought has reqularly returned to
my community since then, causing displacement, disruption and sometimes, death.

By experience, the impacts of drought are not limited to land. Drought has a rippling
effect: devastating crops and the water supply; every dry spell leaves families ever-more
vulnerable to the next episode of drought. And, with each drought, dreams and lives of
millions are shattered, leaving behind vulnerable people in search for a better future.

While droughts appear to be local phenomena, their consequences can have global
repercussions, amplifying forced migrations and conflicts over access to increasingly
scarce resources.

And yet, glimmers of hope remain. While society remembers disasters as tragic, the
communities experiencing them firsthand not only remember them too well, but they
also learn from them and build their resilience.

We must stop believing that this only happens to others. We must stop being only
reactive to drought; instead, we should proactively put in place measures to mitigate
its consequences and reduce its devastating impacts — in society, nature and economy—
which, together, stifle development and curtail advances made towards the Sustainable
Development Goals.

This World Drought Atlas serves as a wake-up call, offering insight into the stark realities
of drought and calling for urgency in our response. It reminds us that drought lacks regard
for borders, leaving no region or country, regardless of their level of development, immune
to its impacts. It reminds us that our actions similarly have far-reaching consequences
— for all of us. As the world becomes more interconnected, so do the risks we share. To
manage these risks, it is critical to understand how our individual and collective decisions
and actions, as well as our inaction, influence the risks we face.

This publication comes at a crucial time. At the sixteenth Conferences of the Parties
(COP16) to the United Nations Convention to Combat Desertification (UNCCD) held in
Riyadh, Saudi Arabia from 2-13 December 2024 leaders from around the world have
the unigue opportunity to change the course of history towards drought resilience.

By challenging governments, business leaders and decision makers at all levels to
radically rethink decision-making processes, and set in motion more effective, whole-
of-society strategies to manage and mitigate drought risk, the Atlas provides decision
makers with a systemic perspective on drought risks and impacts, illustrates how risks
are interconnected across sectors and offers guidance on proactive and prospective
drought management and adaptation. Importantly, it also urges an inclusive approach
by, for example, democratising water governance and forging partnership with the
stewards and caretakers of the world’s vast land and rich biodiversity. It is vital to place
those who actively manage and care for land and water at the centre of all discussions
and actions, calling on their firsthand insight and expertise to shape policies, strategies
and programming. Learning from longstanding traditional/indigenous knowledge, we
can develop successful mitigating strategies and resilience-building measures for the
collective pathway forward.

The Atlas supports the view that, by investing in resilience and the innovation that
accompanies it, we can unlock new opportunities and drive change around the world. Not
only is it an effective and economically efficient way to allocate resources, it is also a critical
lever to set in motion more positive ripple effects across communities and sectors worldwide.

Experiencing drought firsthand shaped my life, motivating me to commit to improving
policy and practice, to help communities around the world better prepare for, and
respond to, drought. Firsthand experience tends to have that effect on people — teaching
us, through hardship, what not to do again. As the Executive Secretary of the UNCCD, |
hope that you may learn from my experience and that of my home community, taking
concrete action and putting in place mitigating measures so that drought may not befall
you and your community tomorrow or anytime in the future.

There is no time to lose. | call on all nations, and in particular the Parties to the
UNCCD, to carefully review the findings of this Atlas and take action to help shape a
more resilient, more secure and more sustainable future that prioritises the needs of
people, society, and the planet.

Ibrahim Thiaw
Executive Secretary of UNCCD and Under-Secretary-General of the UN

European Commission, Joint Research Centre

Drought is a global threat and a global challenge.

Almost all regions of the world are at risk of drought. The impact of droughts can
be long term. They have both direct and indirect impacts, with cascading effects and
shocks, that we still do not completely understand and cannot easily assess. Droughts
evolve on several different spatial and temporal scales, lasting weeks (in the case of
flash droughts) to months and even years. Their effects are not always immediately
visible and this makes economic and financial assessment very complex.

The severity of threat is nonetheless clear. In recent years, extreme droughts
have clearly highlighted the threat these hazards pose to population, economies and
ecosystems. They have served as a wake-up call, revealing the limited effectiveness of
the actions taken until now. The 2018 and 2022 droughts severely affected European
agriculture, the energy sector, river transport as well as key natural systems providing
essential services we rely on. We witnessed unprecedented combinations of warm
temperature anomalies and persistent lack of precipitation, especially in spring and
summer. In 2022, a humanitarian crisis was also triggered by persistent multi-annual
drought in East Africa.

Again this year, in 2024, we are shocked by the vast extent of the drought affecting
South America and the Amazon, a vital region of our planet that is essential for our
climate change mitigation ambition.

Drought is not just a climate extreme. Human factors associated with the use
and management of land and water can exacerbate and amplify droughts and their
impacts. Unsustainable water use, water competition among different sectors, poor land
management and not properly accounting for water resources are some examples of
these human factors.

It must be clear to us all that the water crisis is linked to the climate and the biodiversity
crises. Yet, much is still in our hands. We need to plan water resources adequately and
avoid concurrent peaks in water demand. We need to implement sustainable land use
and management practices and promote cooperation among the different sources of
competition for land and water resources.

We need unprecedented levels of cooperation among countries, economic sectors
and populations to improve drought resilience and more generally water resilience.
The World Drought Atlas is unequivocal in conveying this message and seeks to raise
awareness at all levels. It shows that sustainable solutions do exist if we boost actions
now and if we step up cooperation.

International Drought Resilience Alliance (IDRA)

Quality information and data are at the basis of good governance. However, humanity’s
knowledge on how drought risks are changing in a warming planet —and what that means
for our communities, economies and ecosystems— is often fragmented and abstract.

We, on behalf of the International Drought Resilience Alliance (IDRA) and its more than
70 member countries and organisations, are proud to support the publication you have in
your hands: the most complete global knowledge product on drought to date, created to
support decision-makers in understanding what a new era of droughts means for social
prosperity, economic dynamism and political stability in a globalised world.

Through telling data, illuminating visuals and curated case studies, the Global Drought
Atlas shows the extent to which drought risks are globally networked through issues
like trade and forced migration; highlights the impacts of drought on crucial economic
sectors; and explains what we know works to build resilience to future droughts.

One after the other, the dozens of maps in the Atlas show that no country is immune
to drought and that all can attune their policies and investments to better prepare for it.

Around 85% of the people impacted by drought live in low- and middle-income
countries and agriculture is often hardest hit. But time and again, the Atlas brings to
the fore the systemic and interconnected nature of drought and how its impacts expand
across international supply chains, displacement pathways and energy grids.

Droughts are risks, but they needn’t be disasters. From IDRA, we see the Atlas
as a powerful new resource to build political momentum for proactive drought risk
management ahead of UNCCD COP16 in Riyadh. We already have the knowledge and
tools to build our resilience to harsher droughts. It is now our collective responsibility, and
in our best interest, to take action for a drought-resilient future.

In my role at the European Commission’s Joint Research Centre, | see every day how
research and innovation can facilitate solutions to pressing challenges. These efforts
must also go together with harmonised policy actions and initiatives. In this context,
| am glad to see the recent establishment of the working group on water scarcity and
drought of the European Union as an open and inclusive space to share knowledge, best
practices and cooperate. We can also look forward to the water resilience strategy of the
European Union that will be developed and launched in the coming months.

Cooperation and actions extend well beyond the European Union. Let me highlight
the International Drought Resilience Alliance and the Integrated Drought Management
Programme, as well as the commitments taken during the last UN Water conference.

Data are essential in building knowledge and the management of risks replies upon
monitoring and forecasting systems. Let me therefore highlight the importance of the
Copernicus Programme and the role of services such as the Emergency Management
service. These provide homogeneous, free data and information every day and for every
region of the world.

A lot has been already done and much remains to be accomplished. The World
Drought Atlas signals the scale of the challenge that lies ahead and helps map out the
pathways for enhanced global cooperation required to meet this challenge together.

Bernard Magenhann
Acting Director General of the European Commission, Joint Research Centre

Hugo Moran

State Secretary of Environment

of Spain, on behalf of the [co-
chairs of the] International Drought
Resilience Alliance (IDRA)

Daouda Ngom

Full Professor of Ecology,
Minister for the Environment and
Ecological Transition, Senegal
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Executive summary

Driven by changes in climate, land and water use and
management, human population and consumption patterns,
droughts worldwide are increasing in frequency, intensity,
spatial extent and duration. The last decade has seen extreme,
persistent, and recurrent droughts affecting large regions of
the world and their populations, economies, and ecosystems.
Despite these impacts and the growing risk, droughts have
not received commensurate attention with respect to other
hazards that have direct and immediately visible impacts.
Response and preparedness efforts have not been enough to
address the increasing threat posed by drought.

Droughts directly impact up to 55 million people annually
and are among the costliest and deadliest hazards globally.
They impact critical systems including drinking water supply,
agriculture, energy supply, trade and navigation, while also
threatening ecosystem health and the services they provide. This
Atlas aims at raising awareness of and bring attention to the
diverse, multisectoral, and interconnected impacts and showcase
solutions to anticipate, prepare for, and adapt to drought.

While drought risk is growing worldwide, including in regions
not traditionally associated with droughts, the impacts are not
felt evenly. Low-to-middle income countries are often more
vulnerable to drought and face greater social impacts. In 2022
and 2023 alone, 1.84 billion people, nearly 1 in 4 worldwide,
were affected by drought, with about 85% of them in low-
and middle-income countries. Despite the scale of the threat,
drought risk management is underfinanced, which limits the
deployment of policies and actions.

The nature of drought presents challenges for scientists,
practitioners, policymakers, and communities. Drought is a
systemic phenomenon that cuts across sectors and systems,
creating compound and cascading impacts that are difficult
to estimate and predict. Even what constitutes drought may
vary from one region, biome, and society to the next, as
the experience of a dry period as a drought depends on the
adaptive capacity and resources of the local ecosystem and
human communities. While a temporary water deficit is the
basis of droughts, sector-specific drivers characterise the
exposure and vulnerability of communities and systems.

From a spatial and temporal perspective, droughts are
not clear-cut. The interconnected nature of ecosystems,
transportation corridors, and the global economy means that
drought impacts can propagate far beyond the region and the
time period in which the hazard occurred. The onset of droughts
varies greatly, with some events resulting from slow and
continuous accumulated deficits and others, especially flash
droughts, emerging quickly and often unpredictably. Recovery
is often much slower than the onset and can trigger long-term
carry over and lag effects that are difficult to monitor and may
not become clear for months or even years afterwards.

Increasing the complexity of drought and its impacts is the
mitigation/amplification role of, e.g., regulatory policies and
actions around land and water use and management, physical
gray and green infrastructure. While this complexity increases
the challenge for governments and communities, it also gives
different entry points for action. Drought risk is a key factor of
the water crisis which is intimately connected with the climate
and biodiversity crises and which increases together with
land degradation and aridification. Climate change is a major
factor in the increasing frequency, duration, and intensity of
droughts. It also increases the possibility of compound and
concurrent hazards such as heatwaves, flash floods, and
wildfires, themselves intensified by climate change. Meeting
international climate mitigation goals is therefore critical to
avoid worst-case scenarios.

Achieving  drought  resilience, including  supporting
governments in the development of drought risk management
and adaptation plans, is central to interational efforts.
Drought resilience directly supports a number of Sustainable
Development Goals, particularly those related to access to basic
services and resources (e.qg. no poverty, zero hunger, good health
and well-being, clean water and sanitation, and clean and
affordable energy) and ecosystem health (e.g. climate action,
life below water, and life on land). Indirectly, drought resilience

also supports quality education, gender equality, decent work
and economic growth, reduced inequality, sustainable cities and
communities, peace, justice, and strong institutions.

Responding to the challenge of drought calls for a whole-
of-society approach. This requires shifting from reactive crisis
management to proactive, prospective and systemic risk
management. On an intermnational level, enhanced cooperation,
knowledge-sharing, and resource mobilisation are critical to
support governments in building resilience. To this end, the
Integrated Drought Management Programme was established
in 2013 and the Intemational Drought Resilience Alliance
was launched in 2022. Furthermore, in 2018, the UNCCD
established the Drought Initiative, focused on preparedness
systems, working at the regional level to reduce risk, and
providing a toolbox to boost resilience. At the regional scale,
e.g., the European Union recently established the Working
Group on water scarcity and drought.

Building a  whole-of-society — approach  implies
collaborating both vertically across different levels of
government and stakeholders and horizontally across
sectors. Early warning systems and risk assessments under
future climate conditions are key tools, but cannot fully
account for all possible variables and will always be affected
by intrinsic unknowns. As a result, policymakers should
be familiar with best practices for decision-making under
uncertainty. Pathways approaches can facilitate flexible
and time sensitive implementation of risk management and
adaptation measures, creating synergies between sectors
and avoiding unintended negative consequence.

This Atlas is a visual resource aiming at conveying in an
intuitive and direct way all dimensions of drought. It provides
an overview of drought as a phenomenon, its impacts on critical
systems, concrete case studies worldwide, and examples of
risk management and adaptation. The Atlas is not intended to
be all encompassing but to frame challenges and responses
in such a way that policymakers feel equipped to take steps
and actions towards drought resilience and to seek out further
information where needed.

The systemic nature of drought is highlighted in Chapter
1 using a conceptual framework that elucidates its elements,
including interconnectedness across scales. The connection of
drought to, e.q., water security, aridity, and desertification, as
well as the importance of ongoing climate and social changes,
is also discussed.

Chapter 2 presents drought impacts on different critical
systems: water supply, agriculture, hydropower, inland
navigation, and ecosystems. Each section is organised by
themes that have global importance, and includes a discussion
of relevant metrics. Each system is accompanied by an impact
chain, a conceptual risk model that aims to visualise the
most relevant drivers. The chapter closes with a discussion of
cascading and cross-sectoral impacts, including food security,
human mobility, conflict and cooperation, human health, and
land degradation.

Section 2.1 discusses the implications of drought for public
water supply, highlighting how the impacts vary depending on
the supply system and discusses how drought can negatively
impact not only the gquantity of available water but also
the quality. These impacts are discussed in the context of
sanitation, hygiene and public health. The section further
addresses how political and economic drivers can mitigate
or exacerbate impacts on populations and communities. The
gendered effects of drought and water supply are highlighted,
as is water justice. Finally, it discusses the particular risks of
urban areas facing water shortages.

Section 2.2 addresses drought implications for agriculture,
specifically irrigated and rainfed crops as well as livestock. The
section draws a connection between food systems and their
water footprint, including a discussion of virtual water transfers
and the irrigation efficiency paradox. Particular attention is
paid to the growing phenomenon of flash droughts, which
can cause unexpected crop vield losses and failures. Socio-
economic factors, in particular for smallholders, are discussed
together with future risks.

Section 2.3 addresses potential drought impacts on
hydropower, an energy source that is at once vulnerable to
droughts and critical for meeting carbon reduction goals.
It includes an overview of current global dependence on
hydropower and the impact of specific past droughts.
Vulnerabilities, risks, and impacts are discussed from both
an environmental and economic standpoint. Finally, the
section addresses the impacts of compound events such as
heatwaves or floods.

Inland navigation is discussed in Section 2.4 from both a
global trade and local socio-economic perspective. For large
waterways, the impact of drought is discussed in terms of
shipping with implications on global supply chains and, by
extension, the global economy. Smaller waterways are also
discussed given their importance for local communities,
especially in roadless areas where people rely heavily on this
natural infrastructure for transportation, trade, and access to
education, food, and medicine.

Section 2.5 deals with ecosystems through the lens of
some of the critical pillars that measure ecosystem health
and the benefits they provide to human society. These include
biodiversity, carbon cycling, and vulnerability to tipping points.
Emphasis is placed on the ways drought can negatively impact
these aspects, but also on how supporting healthy ecosystem
function can help achieve drought resilience. Particular
attention is given to soil carbon and to the ways drought can
interact with other natural hazards that threaten ecosystems.

Section 2.6 showcases cross-sectoral and cascading
effects to better understand and assess systemic drought
risk. It explores the shared drivers of risk in relation to land
conditions, behavior and demand, socio-political context,
infrastructure interventions, and water resource management.
This section also draws attention to cascading effects that
may not be the direct result of drought but which, when
combined with other natural or social stressors, can create
widespread impacts.

Chapter 3 focuses on regional case studies and describes
how drought can manifest in different parts of the world
depending on climate, ecosystems, governance, and economic
and social resources. These case studies were primarily
written by researchers local to or based in those regions, who
offered their perspectives on recent and relevant events, their
impacts, and lessons learned from preparedness and response
actions. This chapter complements the perspective offered
in Chapter 2 by offering examples that are geographically
specific but multisectoral and comprehensive. Chapter 3
facilitates knowledge sharing across different areas that face
similar challenges. The chapter aims for global, though not
exhaustive, coverage and includes the special cases of Small
Island Developing States and urban areas.

Chapter 4 introduces important concepts and frameworks
to understand comprehensive drought risk management
and explore different options using a pathways approach.
It is based on examples and best practices highlighting new
ways of conceptualising drought management, rather than
attempting to cover all possible actions and policies. The
chapter discusses frameworks to move away from reactive
management towards forward-looking proactive and
prospective approaches.

Droughts, their risks and impacts are not stationary but
evolve. Although the information provided here captures the
current global state of drought, the overall findings and the
recommendations have general validity. The Atlas represents
a resource to raise awareness, enhance cooperation and
increase action towards drought resilience. It is a tool to
promote the continuous policy development in dialogue with
scientific innovation, and local and traditional knowledge.
Drought as a hazard will be a perpetual reality across the
globe; drought as risk need not be.

KEY MESSAGES:

Droughts emerge from a combination of natural climate variability, anthropogenic
climate change, and human mismanagement of water and land resources.
It is not just the absence of rain, snow or soil moisture, droughts are intimately
related to human actions. Sustainable consumption and production practices to
protect and manage land are a critical component of drought management.

Droughts affect human populations, multiple sectors, and ecosystems in a complex
way and over different spatial and temporal scales. They affect almost every part of
the globe and their impacts can cascade through interconnected systems to reach
geographically distant areas. Addressing drought requires systemic solutions.

Drought is a daunting challenge, as its effects on people’s lives and livelihoods
and the ecosystems on which they depend are devastating. Through innovation,
commitment and solidarity, drought risks can be successfully managed.

Climate models project more frequent and severe droughts in the
future, and evidence of their increasing impacts calls for immediate
actions at all policy levels, international efforts and commitments.

Investment is needed to fill the knowledge gaps and reduce uncertainties
in droughts forecasting and risk assessment. Enhanced early warning
systems are essential to reduce risks and achieve resilience.

The complexity of drought risk demands cross-sectoral policies accounting for regional
diversity, leveraging local knowledge and promoting communities' engagement.

Unprecedented cooperation among sectors and countries is necessary to
achieve drought resilience. Sharing knowledge, data, and best practices is essential.
Key international and regional initiatives have been recently launched to support
nations in the adoption of drought management and adaptation plans.

To successfully manage drought risk, communities, regions and countries
must adopt proactive and prospective approaches to drought risk management
and adaptation. Preventive measures such as water management, early warning

systems and innovative agricultural practices reduce drought impacts and
human vulnerability. Combining effective mitigation practices and adaptation
pathways can create synergies that support drought resilience.
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PART 1:

The complexity
of drought and
drought risks

Droughts are increasingly and more severely affecting the

lives and livelihoods of people and the integrity of ecosystems
worldwide. Droughts emerge from the interaction of natural climate
variability, climate change and human water resource management,
materialising in unexpected ways at all latitudes and sparing almost
no productive sector. This complexity is still a challenge to understand,
monitor and respond to. A systemic perspective can help highlight
how different drivers of hazard, exposure, vulnerability and their
root causes combine to create drought risks. Such an approach

is especially critical for understanding how these drivers disrupt
interconnected systems through direct, cascading and response
effects, felt across diverse temporal and geographical scales.
Systemic measures are needed to find sustainable solutions to
drought risks together with risks connected with other hazards, with
the objective of achieving water resilience and security for all.

The city of Olgiy on the banks of the Hobda river, Bayan-Olgiy Province, Mongolia.

Source: Alexey - stock.adobe.com
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1.1 What are droughts?

Droughts are prolonged periods of unusually low water
availability, leading to an imbalance in water availability,
quality and demand. They are a complex hazard, resulting from
a combination of climate processes such as lower precipitation,
higher evapotranspiration and anomalous snowmelt, as well
as human processes, related to water abstraction and use, land
management and use. These processes are a manifestation of
natural climate variability, anthropogenic climate change and
unsustainable management of natural resources. Droughts
propagate through the water cycle, from meteorological

g == "

Western USA | 2022
ecosystems
agriculture
hydropower

water supply

Central America and ’

Northern South America | 2023 - 2024
agriculture
water supply

Brazil Amazon Basin | 2023 - 2024
inland navigation

Extratropical Andes and La Plata | 2022 - 2023

water deficits to soil moisture, hydrological and groundwater
deficits. The further droughts travel through the water cycle,
the more they are influenced by land and water resources
management®. Unequal distribution or mismanagement of
water before or during droughts causes or worsens water
deficits, leading to water of insufficient quantity and quality.
It is the competition over scarce water resources during
droughts that causes harmful effects on people and nature.
Far from being solely climate phenomena, droughts are in fact
something that we contribute to?

ecosystems
hydropower

water scarcity
agriculture
inland navigation

Europe | 2022 - 2023
inland navigation

Mediterranean Region | 2624

West Africa | 2022 - 2023

" Map 1: Major drought events, 2022 -2024.

Examples of major drought events that occurred
between 2022-24, with examples of impacted
systems. Red areas represent the approximate
spatial extent of drought impacts. The boundaries
of these shaded areas are blurred to indicate that
droughts do not have finite geographic boundaries
and there can be considerable uncertainty in
determining the extent of impacts.

hydropower
agriculture
water supply
ecosystems
health

water supply
agriculture

agriculture
food security

1.2 How do droughts impact economies, ecosystems and society?

Droughts often lead to complex impacts and risks that
extend across ecosystems, communities, sectors and societies.
Regardless of where they strike in the world, droughts affect the
sectors and systems we depend on. Droughts, in combination
with ineffective, unsustainable or unequal water management,
threaten the lives and livelihoods of millions of people®?*.
They worsen food crises, harm human health, strain water
and energy supplies, constrain or disrupt industrial activities
and alter the functioning of ecosystems. Additionally, droughts
can compound with other hazards, such as heatwaves and
wildfires, or can be followed by other extremes, such as floods
or landslides, further affecting people’s health, degrading land
and harming ecosystems. These impacts most often affect
the poorest, most vulnerable and more marginalised people in
society, increasing inequality and hampering progress towards
the United Nations’ Sustainable Development Goals (SDGs).

agriculture
water supply

| agriculture
food security
hvuman displacements

agriculture
food security
hydropower
ecosystems

Afghanistan | 2024 /

East Africa | 2022 - 2023

Droughts affect more people globally than many other
hazards. Data from the Emergency Events Database (EM-DAT)
shows that between 2000 and 2023, droughts accounted for
over one third of the total number of affected people, despite
making up only 3% of all recorded hazard-induced disasters.
This illustrates the extensive reach and severity of droughts.

In just the last three years, extremely impactful droughts
were reported on virtually every continent (see Map 1, below).
As visible on the map, drought impacts not only extended to
multiple countries, but also affected many different sectors
and systems, including agriculture, water supply, hydropower,
ecosystems and inland navigation.

Droughts are amongst the most economically costly
hazards*?, causing billions of dollars in losses annually?. They
affect countries’ economic growth and overall development
in both the Global North**> and the Global South®’. Economic
effects are particularly felt in the agricultural sector®.

Moreover, the economic impacts of droughts are likely an
underestimate, as many indirect costs, for instance related
to human health or ecosystems, are rarely accounted for.
Moreover, due to the interconnected nature of ecosystems
and human sacieties, droughts can trigger cascading effects
across time and space, which are often not even attributed
to the drought event itself and hence difficult to capture®. For
instance, impacts of drought on agricultural systems in one
country can lead to an increase in food insecurity in another
due to global food trade and, if vulnerable groups are impacted,
also contribute to human mobility (see Section 2.6.4). This
systemic nature of drought risks calls for a comprehensive
approach to understand, manage and adapt to them.

| Central Asia | 2022

8

agriculture
water supply

¥
i

East Asia | 2022
agriculture

inland navigation
industry & manufacturing

’ Southeast Asia | 2022

Southern Africa and Zambezi Basin | 2024

‘ agriculture
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1.3 Understanding the systemic nature of drought risks and impacts

This Atlas recognises the complex, interconnected and This framework provides a comprehensive understanding
systemic nature of drought risks and impacts. It builds on a  of drought risks and impacts, divided into three distinct parts:
recent conceptual drought risk framework by Hagenlocher A) Components and drivers of drought risks and impacts
et al. (2023)* (see Fig. 1, below), which expands on the B) The systemic nature of drought risks and impacts
Intergovernmental Panel on Climate Change (IPCC) risk C) A systemic perspective on solutions

" Fig. 1: A conceptual framework of drought risks and
impacts from a systemic perspective.
Components and drivers of drought risks and impacts.
Adapted by LJ for the World Drought Atlas, from Hagenlocher et al,, 2023.

paradigm of hazard, exposure and vulnerability.

A | COMPONENTS AND DRIVERS OF DROUGHT RISKS AND IMPACTS

Drought risks result from the interaction of multiple drivers
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B | THE SYSTEMIC NATURE OF DROUGHT RISKS AND IMPACTS

Drought risks compound and cascade through systems and scales
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REGION 1
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C|SYSTEMIC DROUGHT RISK MANAGEMENT AND ADAPTATION

Solutions to drought risks need to account for the system'’s structure and functioning

SYSTEMIC PERSPECTIVE:

CLIMATE CHANGE INTEGRATED WATER DROUGHT RISK ADAPTATION
MITIGATION RESOURCES MANAGEMENT MANAGEMENT

KEY CHARACTERISTICS OF THE SYSTEMIC NATURE OF DROUGHT RISKS:

Systems’
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Effect on risks and impacts
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1.3 Understanding the systemic nature of drought risks and impacts (cont'd)

A | Components and drivers of drought risks and
impacts (see Fig. 1, Panel A on page 14)

To fully understand how drought risks and impacts manifest,
it is necessary to untangle the complex web of interrelated
drivers of hazards, exposure, vulnerabilities, as well as the root
causes that give rise to them.

Droughts are not just natural hazards

Drought hazards involve multiple interacting climate and
hydrological processes that develop as a manifestation of natural
variability, human-induced climate change and unsustainable
water use. While droughts are often associated only with rainfall,
they can also be related to other processes. For example, they
can be caused by a combination of lack of precipitation and high
temperatures, lack of snow, glacier melt, erratic timing of rain or
runoff. Moreover, they involve non-linear hydrological processes
leading to soil moisture anomalies, reduced reservoir and
streamflow levels and low groundwater storage.

The most well-known sign of a drought hazard is a lack of
precipitation. Monitoring this variable forms the basis of many
indices used to describe the severity of drought hazard and
predict its impacts. However, focusing solely on precipitation
fails to account for the complex interplay between other
environmental factors (e.qg. evaporation rates and soil moisture)
and the significant role human activities play in causing water
shortages. Therefore, understanding drought hazards and their
propagation requires a broader perspective.

Drought hazard is a relative concept, as it refers to conditions
that are “drier than normal’. The timing, duration and intensity
of these conditions are crucial in determining their impacts.
This makes capturing all dimensions of drought hazards with
a single metric difficult. Instead, multiple indicators should be
assessed to provide a comprehensive picture, and a wealth of
them exist that are suited to inform the many different facets of
drought hazard. Among these, precipitation indices can provide
information on anomalies in rainfall pattems; precipitation
and evapotranspiration indices can show the impact of
temperatures; soil moisture anomaly indices can gauge water
availability for crops, and low flow indices can detect the effect
on surface hydrology (stream flows).

To effectively evaluate drought hazards, it is essential to
establish a baseline or threshold, i.e. an average amount of
water that is typically available in a region or system under
study and on which ecological functions and human activities
are dependent. This baseline can vary seasonally. For example,
in monsoon climates more rain is expected in the wet season
than in the dry season and agricultural activities are adjusted
accordingly. Therefore, the drought hazard baseline should
account for these seasonal variations, being set higher during
the wet season than during the dry season. A drought hazard
can be understood as a negative departure from this baseline,
which can further be qualified in terms of duration (how long
does the deficit last?), severity (how far below the normal
value?) and intensity (the ratio between severity and duration).
Moreover, drought hazards can be influenced by previous
impacts, which linger through carry-over or legacy effects, for
example on reservoir storage or soil conditions.

Identifying the onset and the end of a drought is not
an easy task. The end of a drought is not unequivocally
defined, as it depends on whether the focus is more on the
meteorological aspects (e.g. retumn to normal precipitation),
hydrological aspects (recovery of the accumulated deficits
in surface and groundwater storage), or impact aspects
(recovery of ecosystems and societal impacts). Adding to this
complexity, temporal dynamics of drought hazards require new
approaches and tools to monitor, evaluate and understand. In
particular, flash droughts have been recognised as sudden-
onset, extreme events which are characterised by a rapid
intensification of drought conditions (lack of precipitation,
above-average temperatures and soil moisture decline) in a
time frame as short as a few weeks? On the other end of
the spectrum are megadroughts i.e. prolonged, multi-year
droughts that are exceptional in terms of severity, duration, or
spatial extent when compared to other regional droughts.

Exposure to drought risks can be direct or indirect

Given the critical reliance that people, ecosystems and many
livelihoods and productive activities have on water availability,
the aspects of life that are exposed to droughts are practically
countless. Currently, an estimated 2.3 billion people face water
stress®. Climate change and population growth are expected to
significantly increase the number of people exposed to drought
hazards in the coming decades®. This increase is expected
mostly across the African continent®. The exposure of people
to drought hazards often depends on the exposure of the
sectors and systems that their lives and livelihood depend on.
For instance, in agriculture and food systems, exposure can
be determined by the amount and value of croplands and/or
livestock in drought-affected areas. As shown in Fig. 1, Panel
B on page 15, drought exposure can also be indirect. This
means that regions not directly affected by drought hazards
can still experience cascading impacts as a result of sector and
system interdependencies. For example, many communities
rely on agricultural products grown elsewhere. This constitutes
a “virtual water trade', which can expose these communities
to the impacts of drought, while not living in the area that is
directly affected by it. In the past few decades, this trade
has increased substantially and has contributed to a shift in
exposure to environmental and water risks (including droughts)
from production to consumption areas®. Indirect exposure to
drought at the global level can significantly impact the industrial
sector as well. Water-intensive production lines are vulnerable
to local drought conditions, potentially causing disruptions that
affect multiple dependent industries worldwide, for instance
in the advanced technology sector. This indirect exposure can
also manifest itself between upstream and downstream areas,
especially as water uses in the former can heavily affect water
availability in the latter”.

Vulnerability to drought risks involves the entire system

Vulnerability is the part of drought risk that explains how
likely something or someone is to be harmed when a drought
occurs®. It is driven by a complex interplay of socioeconomic,
physical and governance-related factors. Vulnerability considers
both the sensitivity/susceptibility of people, communities,
sectors and systems (including ecosystems) to droughts as
well as their capacity to cope with it and adapt to changing
conditions. Vulnerability to drought can manifest at the individual
level, such as in farmers’ lack of financial means necessary to
avoid or overcome impacts; at the community level, such as if
alternative water sources are available and can be utilised; or
for entire sectors or systems, such as the number of drought-
tolerant species in a biome.

Inequality often increases vulnerability. Inequality can
limit access to resources, information, technology and aid.
Sometimes, it even causes drought impacts, such as when
privileged groups overuse dwindling water resources, affecting
the most vulnerable®. Vulnerable groups suffer the most from
drought hazards and their losses are often not fully accounted
for, obscuring the true extent of impacts®®. In ecosystems,
vulnerability often results from the interaction between natural
characteristics and human pressures*. Additionally, policies
and decisions in managing water resources play a major role
in determining vulnerability to drought, in some cases even
reinforcing existing inequalities®.

Root causes influence every component of drought risks

Underlying root causes influence all components of
drought risks, i.e. hazard, exposure and vulnerability. For
instance, in some regions farmers might be forced to
cultivate marginal lands, with reduced productivity and
higher vulnerability to drought risks, due to long-standing
inequalities in land tenure rights.

Once drought risks manifest as actual impacts, they
can create feedback loops that alter the state of other risk
components, increasing the likelihood of future drought
impacts. For example, ecosystems can suffer long-term
damage, making them more susceptible to future droughts.
Understanding these systemic interactions is crucial for
managing and adapting to drought risks effectively.

Understanding root causes

Risk drivers such as poverty, social inequities, power structures,
demaographic development, land degradation and conflicts aggravate
hazards, exposures and vulnerabilities. These risk drivers do not
just emerge from nowhere, but stem from structural conditions as
well as social, economic, cultural and political conditions, practices,
priorities, choices and values. We can understand these structural
conditions as root causes of risks and vulnerability. For example,
legacies of colonialism have created vast inequality and deep
power imbalances across societies in the world. In order for risk
management to be effective and sustainable, it is imperative to
comprehend and proactively aim to address root causes of risks.

B | The systemic nature of drought risks and
impacts (see Fig. 1, Panel B on page 15)

Direct drought risks and impacts occur in a specific region
or sector. However, these can often lead to cascading effects,
often in connection with compounding hazards*?. For instance,
countries reliant on hydropower for electricity may face
power outages during droughts. If this happens alongside
a heatwave, it can result in increased hospitalisations and
deaths, as people cannot use fans or air conditioning to cool
their homes. Impacts can also extend through various scales
and across different regions, from local to global.

Additionally, measures taken to manage and adapt to
drought hazards and impacts can themselves have their
own risks, impacts and trade-offs, so-called “response risks”.
For example, retaining water upstream might alleviate water
shortages in one community but worsen them downstream.
Another example of the systemic characteristics of drought
risks can be found in the adoption of novel irrigation practices,
where increased efficiency may not always translate into
actual water conservation and actually reduce the water
resources at the watershed level (known as the “irrigation
efficiency paradox’, see Section 2.2.10).

C | Systemic drought risk management and
adaptation (see Fig. 1, Panel C on page 15)

The complexity of interacting drought risk drivers and the
strongly interconnected impacts make drought a challenge
for risk management. This is partly because risk management
needs to operate on longer timescales, which do not easily
align with people’s ability to learn and apply lessons from
the past®®. This can occur, for instance, when infrastructure or
water management plans are designed in a period of relatively
high-water availability, which are then found to be inadequate
when a drier period sets in.

This Atlas presents a systemic perspective on drought
risks and impacts, illustrating how risks are interconnected
across sectors. This approach is essential for comprehensive
management and adaptation that enables tackling these
systemic drought risks and building resilience among
communities, economies, sectors and nations.

Systemic drought risk management and adaptation strive to
move beyond purely reactive approaches, to avoid trade-offs
and maladaptation and to identify leverage points for positive
cascading effects for communities and sectors (see Section 4.5).
This approach is complex, as it must consider interdependencies,
non-linear relationships, feedbacks, dynamics, compounding and
cascading effects, possible tipping points, globally/regionally
networked risks and uncertainty.

This Atlas supports decision makers in systemic drought
risk management. It illustrates drought risks and offers
guidance on proactive and prospective drought management
and adaptation. Not only is this an effective and economically
efficient way to allocate resources, but critically, it reduces
impacts for the sectors and ecosystems that people and
economies rely on.

Water security

Water security is the capacity of a population to safeguard
sustained access to adequate quantities of acceptable quality water
for sustaining livelihoods, human well-being and socio-economic
development for ensuring protection against water-borne pollution
and water disasters and for preserving ecosystems in a climate of
peace and political stability.UN-Water 2013

Droughts can threaten water security as
they induce temporary and extreme
variability in water supply.

Economic and political

power imbalances can threaten water
access for the less privileged.

An imbalance between water demand
and supply can threaten water security.

When the ratio of total water withdrawals
to annual renewable freshwater supply
reaches 20 %?, a region faces
water stress.

. Map 1: Freshwater withdrawals as a share of internal
resources, 2020.
Freshwater withdrawals refer to total water withdrawals
from agriculture, industry and municipal/domestic uses.
Withdrawals can exceed 100% of total renewable
resources where extraction from non-renewable
aquifers or desalination plants is considerable.

Data source: Food and Agriculture Organization of the United Nations /
SDG Indicators Database, United Nations, Department of Economic and
Social Affairs (2023) https://unstats.un.org/sdgs/dataportal/database

When annual water supplies drop below
1700m3 per person?, the population
faces water shortage.

. Map 2: Renewable freshwater resources per person, 2020.
Renewable internal freshwater resources refers to the
quantity of internal freshwater from inflowing river basins and
recharging groundwater aquifers. This is measured in cubic
metres per person per year.

Source: Multiple sources compiled by World Bank (2024) — processed by Our
World in Data.
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Drylands

Aridity influences the average available
quantities of water.

Unsustainable land use can
increase aridity.

I Cold
Hyper Arid

Semiarid

Arid
Dry Subhumid

I Humid

. Map 3: Global distribution of dryland subtypes based

on the aridity index.

The aridity index are computed using the 30 year average
of Precipitation divided by Potential Evaporation, whereby
a value of <0.2 is seen as arid (yellow), <0.5 as semi-arid
(orange), <0.65 as sub-humid (light green). Green areas

are humin, non-drylands.

Source: Cherlet, M., Hutchinson, C., Reynolds, J., Hill, J., Sommer, S., von
Maltitz, G. (Eds.), World Atlas of Desertification, Publication Office of the

European Union, Luxembourg, 2018.
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. Map 4: Clean water scarcity at sub-basin scale, 2010.
While classical water scarcity assessment is only based
on water quantity (Squantity), this clean-water scarcity
map is based on both water quantity (Squantity) and

quality (Squality).

Source: Wang, M., Bodirsky, B.L., Rijneveld, R. et al. A triple increase
in global river basins with water scarcity due to future pollution. Nat
Commun 15, 880 (2024). https://doi.org/10.1038/541467-024-44947-3

Pollution, land degradation, aridity, water stress/shortage and unequal water access
worsen the impacts of droughts. They amplify each other in causing water insecurity.
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1.3 Understanding the systemic nature of drought risks and impacts (cont'd)

Changing risk

How our societies change over time influences the earth system as
well as our resilience. Global trends with respect to sustainability,
globalisation, demography (see Fig. 2, opposite-top) and innovation
will change how people use and manage water and might further
change the climate. This will influence the dynamics of the three
drivers of drought risks.

Changing hazard

Failing to reduce greenhouse gas emissions will further heat the

Changing vulnerability

The increased frequency of droughts might influence societies' coping
capacity, rendering them more aware of the risks, getting better
prepared and less vulnerable. On the other hand, increasing drought
hazards might erode ecosystem's and societies' health and adaptive
capacity, rendering them more vulnerable to droughts

Socio-economic, technologic and political changes will influence drought
vulnerability dynamics. The latter incorporates elements like societal

Changing exposure

These changes will go hand in hand with land use and management
changes (e.g. distribution of water-demanding crops, irrigation area,
new water-intensive industry, clean energy demand, demographic
changes, migration, urbanisation, deforestation), which in turn will
define which assets are exposed to droughts.

Increased population (see Fig. 2, opposite-top) and changes in water
use efficiency (see Fig. 3, opposite-bottom) will also alter water

World population under Shared Socioeconomic Pathways

Evolution and projection of the total world population (number of people).

1.4 Guide for the reader

The World Drought Atlas is structured in four chapters.
After this introduction, Chapter 2 explores and presents a
diverse range of drought impacts and drivers of risks for five
selected sectors and systems that are relevant across the
entire globe. These are Water Supply, Agriculture, Hydropower,
Inland Navigation and Ecosystems (Sections 2.1-2.5).
Following this, shared drivers of risks between these sectors
and systems and cascading impacts are synthesised, including
their interconnections and contribution to other negative
effects such as land degradation (Section 2.6). Chapter 3
presents regional and local case studies to highlight lessons

planet, causing regional changes in mean climate and climate and institutional capacities to access and manage our droughts. demand, potentially influencing the propagation of drought hazards l df td hts. illustrati h ' s h
- ’ o ) ] : .- —— SSP3 - Baseli
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o (o I : ! ) i ' ' ' 12 billion+ affected people and sectors, covering a range of events and
frequently and with higher severity". social and natural capital can increase resilience. . .
) ) thematic focuses from around the world. Finally, Chapter 4
With +2 (+3) degree of global warming (see Maps 5a and b, below), ) )
) ) ) covers approaches and solutions for comprehensive drought
meteorological and hydrological drought hazard will change due to, 10 biltion- : ; . ) -
L ) ) ) ) SSP4 - Baseline risk management and adaptation, including best-practice
eg. the additional heat, increasing evaporative demand, changing —_— inequalty - A Road Divided )
ipitation patt d regi - Maps 5a and b: Annual hottest-day temperature change o success stories and measures and pathways to tackle
precipitation pattems and regimes. and annual mean total column soil moisture change. a%’;fe ;gﬁ:i‘;’a‘g systemic drought risks.
Next to climate change, societal changes causing increases in water With every increment of global warming, regional changes 8 billion+
demand can also affect drought hazard, through more abstractions in mean climate and extremes become more widespread c —3F5-badim
hence reduced surface or groundwater levels. The human influence and pronounced: a) The annual hottest day temperature is 2 Tgiwsn‘g tTweeer-iighewvaevopmeﬂ
o . : projected to increase most in mid-latitude and semi-arid E 6 billion
on the water cycle might intensify. regions and b) Annual mean soil moisture changes largely 3 tion SSP1 - Baseline
follow projected precipitation changes but also show the B Sustainability -
. A . Taking the Green Road
influence of increased evapotranspiration.
Data source: Top: IPCC AR6 SYR Figure SPM2a CMIP6 Tx data; 4 billion]
Bottom: IPCC AR6 SYR Figure SPM2b CMIPE SM data
Annual hottest'day temperature change https://www.ipcc.ch/report/ar6/syr/figures/figure-spm-2
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Data source: Riahi et al. (2017) retrieved from https://
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PART 2:
Impacted
systems at
global level

Water resources are vital for natural and socio-economic systems.
Droughts pose a significant threat to these resources, disrupting their
functioning and causing diverse impacts. For instance, droughts can
severely affect ecosystem biodiversity and carbon storage potential,
leading to long-lasting harm to both nature's intrinsic value and

its contributions to human well-being. In addition, a deficit of rain,
surface and/or groundwater can directly affect humans through
shortages in drinking water or food supply. Droughts can also
indirectly affect livelihoods and socio-economic systems. For example,
droughts can reduce hydropower generation, leading to higher energy
prices or power outages, and can disrupt local and international supply
chains due to low water levels that hinder transportation in inland
waterways. Due to cross-sectoral dependencies and connections,

such impacts do not occur in isolation, and drought-related impacts
on one sector can trigger cascading effects, including exacerbating
inequalities and conflicts and threatening public health.

0ld ships on the shore of a drying Amu Darya river, Xorazm Region, Uzbekistan.
Source: bbsferrari - stock. adobe.com
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2.1 Water supply

2.1.1 Drought can affect the availability of drinking water

»

Total water withdrawal for
- municipal (domestic) purposes (m3yr?)

-3 0-10 million

| 100-300 million
| 300 million-1 billion -
[ 1 billion-3 billion
I 3 billion- 10 billion
I 10 biltion-30 billion

I 30 bittion- 100 billion

No data

+. Map 1: Municipal \'Nater w}thdrawal, 2015.

Total water withdrawal for municipal-(domestic) purposes, measured
in cubic metres (m>) per year. Municipal water is the annual quantity
of water withdrawn primarily for the direct use by the population.
Please note: This includes both withdrawal for drinking water, as well
as for other amenities and luxury purposes.

Data Source: Aquastat — processed by Our World in Data, 2015.

Severe droughts can result in shortages of water supplies, with

widespread social and economic consequences. Good water
supply systems are particularly critical for public health.

Public and private water supply systems are designed to
ensure the continuous provision of domestic water supply (see
Map 1, above) even during extended periods of dry weather,
with the aim of avoiding excessive costs or environmental
damage. During a drought, water suppliers face increasing
pressure due to rising water demand in some sectors*2, as users
may not have access to alternative water sources. Additionally,
reduced water availability during a drought can pose challenges
for meeting demands®. Thus, drought risk for public water supply
system can be defined as the risk of not being able to meet
water demand — either due to a shortage of good quality water,
or elevated demand.

Shortage of domestic water supply induced by droughts
can have a variety of socio-economic impacts. These include
shortages for drinking, washing and related hygiene, industry
use, civic amenities, sewage and related systems®. During
drought, the increasing competition for water® can lead to illegal
water markets®. Drought can negatively impact not only the
quantity of water available, but also lead to the deterioration
of water quality, triggering waterborne and food-bome diseases
and higher prices due to additional costs in water treatment.

Fig. 1: Emergency water distribution.

Among the various natural hazards such as floods, there
is evidence that droughts pose the greatest threat to water
suppliers and water users. Especially accumulated water deficit
from multiyear or consecutive drought events can represent a

Heat waves exacerbate drought risk to water supplies
because they further reduce water availability. This can happen
in several manners. First, heat can limit pumping capacity due to
lack of cooling. In addition, heat causes more evaporation and

Proportion of population relying *
on un-piped water supply (%)

81-90 E ; h
- - - accessible on the premises.
[ Bl . Data source: JMP, 2023

s Drinking water I \Vastewater . Recycled water

Precipitation

+*. Map 2: Proportion of bopulati.dn relying on un-piped water supply.
Piped water can help households obtain safely managed water
supplies, free from contamination, available when needed and

The impact of drought on water availability varies
depending on the type of water supply system.

Centralised piped water systems (see Map 2, above)
are generally more reliable as they often use reservoirs or
deeper groundwater or apply conjunctive water use schemes,
complimenting surface and groundwater. The piped water
system consists of a chain of components, including drinking
water, recycled water and wastewater, that can all be affected
by droughts (see Fig. 2, left). In piped water systems, the
effects of drought depend on four dimensions of the water

serious hazard’. Precipitation deficits usually lead to shortages
in all parts of the water cycle, so replacing one water source with
another to secure water supply might only mitigate and/or delay
impacts. Furthermore, water abstraction to cope with a drought
in one area can worsen hydrological droughts downstream®?,
underscoring the need to manage droughts at a broader
watershed level in a coordinated way.

thus faster dry-out of surface water and soil. Heat can directly
and indirectly cause water quality to deteriorate through algal
blooms, increased concentration of toxic substances due to
reduced water volume or saltwater intrusion in coastal areas
due to reduced streamflow or groundwater. Finally, heat waves
increase: sectoral water use, pressure on water supply systems,
energy consumption (for e.g. air conditioning), and water needs

supply process:

i.  water source (where the water comes from),

ii. water treatment (how the water is processed),

iii. supply and distribution network (how the water is brought
to consumers) and

iv. the end users (who is using the water when and where).

for cooling power stations.

A Mississippi National Guard soldier takes water to a person's car at the
Mississippi State Fairgrounds in Jackson, Mississippi, September 1, 2022.
Nearly 600 Mississippi National Guardsmen were active across seven sites
through Jackson for people to collect bottled water and non-potable water
from water buffalo trucks during the water crisis.

Source: Staff Sgt. Connie Jones, U.S. Army National Guard, CC BY 2.0, via Wikimedia Commons.

The processes and decisions happening at each stage can
alleviate or exacerbate the impacts of droughts. Outdated
pipe networks pose an extra risk to water distribution through
water leakages'?, as dried-out soils can increase stress on the
pipes and cause pipe bursts.

Communities relying more on local wells may experience
impacts earlier because these water resources are less
consistent over time and space as the wells are shallower
or connected to smaller aquifers. Reliance on unpiped water
sources such as wells can be high in certain countries, ranging
from over 50% to up to 90%, especially in Africa and
Southeast Asia.

Fig. 2: Water travelling through society.

Urban water cycle management, differentiating drinking
water, wastewater and recycled water.

Adapted and redrawn by LJ for the World Drought Atlas, based on image
courtesy of Ballina Shire Council (https:/ballina.nsw.gov.au/).
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2.1.2 Impact chain of the effects of drought on water supply systems

During droughts, water supply systems are exposed to a
reduction in the availability and affordability of safe water for
domestic consumption (see Fig. 1, below), which can mean
both a reduction in quantity and quality of water. Supply
systems are largely dependent on hydrological water sources
and are therefore affected when droughts progress further in the
hydrological cycle, reducing surface and groundwater reserves.
These reserves are hugely influenced by water abstractions from
different sectoral uses as demand increases during drought and

heatwaves. Additional challenges connected to other sectoral
water uses come from the inputs of pollutants (e.q. from
industrial, mining or agricultural activities), whose concentration
increases in surface waters during low flow conditions, straining
the capacity of treatment systems. However, drivers of this
risk are also connected to individual and collective behaviour:
for instance, historical consumption habits, particularly by
those in rich countries with better access to water, can result
in high levels of water demand difficult to meet during drought

Natural Anthropogenic
variability ¥ climate change

CLIMATE DRIVERS
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temperatures precipitation
L
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evaporative demand deficit
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GROUNDWATER
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B Hazards)

Depletion of lakes

Depletion of

groundwater resources
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ey 4 flow

A

conditions, especially if these become more frequent due to
climate change. At times, inadequate pricing schemes can be
a contributing factor, as they might not encourage water-saving
behaviour at the individual scale. However, individual behaviour
is also dependent on awareness of drought risks, which can
be influenced by having witnessed previous drought impacts.
In many areas of the world, water is not supplied by a central,
regulated system, but accessed directly by single communities:

resources, for instance by forcing people to travel longer distance
to access freshwater sources. Women are in many cases bearing
the brunt of this activity, due to pre-existing gender inequalities.
Where centralised systems exist, deficiency in the water
infrastructure canincrease the system’s vulnerability, especially if
the system is undergoing a process of concentration of demand:
this can come as a temporary, seasonal trend (as in the case of
touristic fluxes) or in more permanent form (such as in the case

sector, when conditions allow, is the increase in water storage
infrastructure (for instance, building more reservoirs) to meet
water demand during future droughts. However, this response,
while beneficial in the short-term, can also paradoxically create
an increase in overall water demand in the long term, as the
increased dependency on reservoirs may attract new population
settlements or water-intensive activities such as industries (a
phenomenon known as the reservoir effect).

in these cases, drought can compound inequalities in accessing

Inadequate water
price schemes

of urbanisation). A response to drought risks and impacts in this

Lack of awareness of

drought risks
(memory of past impacts)

\

Inequality in access
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> Consumptions habits <€
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freshwater sources
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systems infrastructure

> Increase in water storage
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and energy water uses
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water abstractions
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- Systems’ vulnerabilities
- Society & Economy
- Root causes

- Drought risks & impacts
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-+ Fig. 1: Impact chain of drought risks for water supply systems.
The impact chain conceptual model outlines the main drivers of risk
for water supply systems at the global level and their interconnections,
highlighting the multiple dependencies that need to be addressed to reduce
drought risks. Drivers of risks are categorised using the categories of
the conceptual framework of drought risks and impacts from a systemic
perspective (Hagenlocher et al., 2023, see Part 1).

SEE SECTION 2.6 FOR
CASCADING IMPACTS
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2.1.3 Drought hazards for water supply

Due to the spatiotemporal complexity of drought and
its potential impacts, many hazard indices exist that aim to
characterise different aspects of drought, such as anomalies
in different parts of the hydrological cycle over different
time windows. Here, the Standardized Precipitation-
Evapotranspiration Index (SPEI) is calculated over a
period of 12 months (i.e. one year) to gauge the drought
hazard to water supply. Water supply is highly dependent on
consistently available water resources, either from surface
water or groundwater.

SPEI estimates the replenishment of such water resources.
In Maps 1-9, the driest event over the period 2000-2019 is
shown for different parts of the world. In Southem Africa, dry
conditions are shown for 2016, which was the middle of a
three-year drought during which water supply in Cape Town
was heavily affected and strict water use measures were put in
place. The map of Australia represents the end/high of a 3-year
drought (2017-2019) that threatened water supply in the

south-east (known as the ‘tinderbox’ drought as it was followed
by wildfires), causing Sydney’s desalination plant to be put back
in service after 7 years offline.

In Maps 10-12, the change in average SPEI-12 is shown
for three different warming levels (2°C, 3°C, and 4 °C warming
above pre-industrial levels), indicating how the drought hazard
for water supply may change under a changing climate. The
maps show that SPEI-12 conditions are projected (on average)
to worsen in most of the world. Particularly northemn Africa,
central Asia and Europe, and parts of South America stand out.
The main exceptions are the far north (northermn Canada and
Siberia) and some equatorial regions in Africa and the Indian
subcontinent. This spatial pattermn is similar across warming
levels, but intensity increases with warming level. Whilst
agreement between the five models is generally good across
the globe, it is poor in equatorial Africa and the high latitude
regions where average conditions transition from drier (mid
latitudes) to wetter (high latitudes).

Maps 1-9: Examples of drought events during 2000-2019 (based on SPEI-12)

Map 1: Aug 2012

Map 3: Jan 2017

Map 4: Jul 2018

Standardized Precipitation-Evapotranspiration Index (SPEI-12)

-, e

-30-25-20-15-10-05 05 10 15 20 25 30

While the maps displayed here show the global pattemns
of SPEI-12, other metrics can and should be included when
responding to specific drought events or formulating new
policies to obtain a more complete picture of hazard conditions.
Moreover, moving from the global to smaller scales may
require a different selection of metrics to account for specific
local conditions. Given the highly specific knowledge of local
needs and conditions required to make informed choices, the
involvement of stakeholders is critical in the identification of
metrics and approaches to interpret and use them. In addition,
utilising an ensemble of climate and/or hydrological models
can help to more objectively quantify the uncertainty in how
future hydroclimatic conditions will evolve.

Map 7: Sep 2001

Map 9: Dec 2019

\ )
\
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Standardized Precipitation-Evapotranspiration Index (SPEI-12)

-, e
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Maps 10-12: Average future change of SPEI-12 w.r.t. the period 1985-2014

Map 10: +2°C Warming level

Disagreement between models

Human-driven climate change
impacts available water resources.
Drought conditions may worsen
across most of the world and
affect water supply systems.

Map 11: +3°C Warming level

Maps 1-9 (page 26): Significant drought
events for 2000-2019.

Hazard maps of Standardized Precipitation-
Evapotranspiration Index (SPEI), calculated over a
period of 12 months. Here, the (spatially averaged)
driest month over the period 2000-2019 is shown
for different parts of the world.

See Appendix: Drought hazard computation methodology.

Map 12: +4°C Warming level

Maps 10-12: Change in 30-year average
drought conditions (w.r.t. 1985-2014) under
future warming levels (w.r.t. pre-industrial
levels).

The future maps are based on five (for 2°C and
3°C warming levels) or three (for 4°C warming
level) different GCM simulations used as input
for a hydrological model. Hatching shows where
L APy o i : there is divergence among the GCM models on
the direction of change (wetter or drier).

See Appendix: Drought hazard computation methodology.
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2.1.4 Renewable water and the diversity of water resources

-,

Map 1: Classification of river basins in the
context of the ESBs.

The eight groups of river basins as defined by the
status of their surface water and groundwater
with respect to the safe and just surface water
Earth System Boundary (ESB). Regions that are
outside the ESB for surface water, impact the
whole basin by over-abstracting from rivers and
lakes. Regions that have a declining groundwater
recharge, impact the whole basin by over-
abstracting sub-surface water. Both situations
are not sustainable.

Data source: Stewart-Koster et al., 2024°.

In regions with less renewable

freshwater available, the vulnerability
of water supply systems is higher.

Baseline water stress, water quality and the capacity of
dams to store renewable water largely define the drought
vulnerability of water supply systems*. Besides, this sensitivity
of water supply systems to water deficits is contingent on
diversity and type of water abstraction.

Local surface water and groundwater are the
primary water supply sources, but rain, transfer of
water from other areas or desalinisation can also
be sources, particularly during emergencies.
Conjunctive use of these water sources is .=
important for the sustainability of water
resources®. Rainfed water supply systems face
impacts from temporary rainfall shortages, while
reservoir-dependent systems may suffer from
snow droughts in preceding seasons (see Map 2,
right), resulting in reduced meltwater from hydro-
meteorological droughts upstream and from climate-change-
induced glacier shrinkage?. While increasing dam capacity
can increase reliable water supply, the expansion of reservoir
storage can contribute to an over-reliance on reservairs:
this policy can heighten the system’s vulnerability to water
shortages, as it undermines the incentive to pursue other
adaptation actions against droughts®.

Currently, the world faces already a water crisis®. 1.5
billion people live in river basins exceeding the safe and just
water system boundary, which are threatening the collapse of
freshwater- or groundwater-dependent ecosystems®. In these
basins there is insufficient renewable surface water to meet
minimum needs for people and nature, making them extra
susceptible to drought impacts and requiring transformation
in both water supply and demand (see Map 1, above).

River basins have enough surface
water to meet minimum needs

River basins do not have enough surface
water to meet minimum needs

Groundwater | Groundwater Groundwater | Groundwater
recharge not | recharge recharge not | recharge
declining | declining declining | declining
Outside surface water ESB - - Outside surface water ESB

Inside surface water ESB -

Potential dependence on
mountain water resources

- Inside surface water ESB

- Essential, but vastly insufficient

- Essential, but insufficient

Essential, and sufficient
- Supportive
- Minor

Negligible

- No surplus

Share of mountain area in
total catchment area < 5%

© Map 2: Dependence on mountain water
resources, 2001-2010.
Results are shown as decadal averages for
lowland populations in each category of
dependence on mountain water from no
surplus and negligible to essential.
Data source: Viviroli et al,, 2020%.

Trend in annual groundwater
recharge volume, 2003 - 2016

-~ Annual rainfall decline (mmyr?)
0.0-55

55-55.0

Trend in annual groundwater
recharge (million m?)

30

Staying within the planetary boundary for water

Almost a third of the world's population, 2.6 billion people, rely
on groundwater because the river basins where they live have
already exceeded the surface water Earth System Boundary (see
Map 1, opposite). This means these river systems have highly
altered flow regimes due to anthropogenic influence and/or
have insufficient surface water to meet human needs®. In these
basins, there is an increasing risk of groundwater table decline
(see Map 3, above) and thus wells running dry and groundwater
pumping may, therefore, further diminish streamflow’. Drought
events exacerbate this unsafe situation.

Groundwater extraction systems experience drought effects
during prolonged dry periods when water stocks are inadequately
replenished (see Map 3, above). Millions of wells are at risk of
running dry if groundwater levels decline by only a few metres®
and the water table decline will also affect ecosystems when
environmental flow requirements are not met® (see Fig. 1, right).

Not all groundwater is created equally. Generally, the deeper
one gets, the older the groundwater is and the longer it will take
to be replenished after it is extracted. Some aquifers are so old
(millennia) that they are referred to as fossil groundwater as
they will be depleted for a decades and centuries if used.

Droughts and water quality

Even regions utilising grey water (water reused after treatment) for
water supply may be impacted by drought-related reductions in water
availability, potentially hindering wastewater treatment facilities.

Droughts can further deteriorate water quality due to salinity,
stratification, algal blooms and reduced dissolved oxygen'*%*?
Moreover, increases in pollutants such as pharmaceutical
concentrations during droughts can negatively impact human
health**. Elevated salinity during droughts raises the likelihood of
surpassing standards for water use and human health**. Increased
dissolved phosphorus concentrations under drought conditions are
noticeable in urban areas due to a greater contribution of point
sources of pollution and reduced dilution.

*. Map 3: Trend in annual groundwater recharge volume, 2003 -2016. //

The trend in annual recharge volume between_3003 and 2016

showing where annual recharge is declining (brown areas) or increasing

(blue areas). Grey hatching shows where there has been an associated

decline in annual rainfall. Light grey hatching shows regions where

declines have been below the 10" percentile (<5.5mmyr) wh

darker grey hatching shows, whefe’declipeg in rainfall have been above -

this threshold.
Data source: Stewart-Koster et al., 2024°.
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Fig. 1: Groundwater flow.

A hill-valley system showing
groundwater flow paths from the
recharge area on the hill to the
discharge area where a stream flows
through the valley. Different recharge
periods are indicated, showing the
ageing of groundwater.

Redrawn by LJ for the World Drought Atlas,
based on https://commons.wikimedia.org/wiki/
File:Groundwater_flow.svg

Fig. 2: Renewable freshwater resources per capita.
Renewable internal freshwater resources flows refer
to internal river flows and groundwater from rainfall
in the country.

Data source: Multiple sources compiled by World Bank (2024) -
processed by Our World in Data*®.
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2.1.5 Political and economic drivers of water supply risk

Drought vulnerability is heavily influenced by policy and
political decisions that shape coping and adaptive capacities.
Government effectiveness plays a crucial role in determining
the extent to which droughts impact water supply’. Good
governance allows water users and suppliers to take
proactive measures to enhance availability or reduce demand,
particularly if such plans are established before the onset of
a drought.

Management decisions, such as risk policies and investing
inresearch and development, contribute to a region’s sensitivity
to drought and its capacity to cope with it?. With the rise of risk
awareness and assessment methods, mare risk management
strategies are being developed®. Moreover, the allocation of
water-related development assistance, increasing disaster
preparedness and the implementation of operational policies
and procedures for participatory management are critical for
mitigating drought risk.

Practicing water harvesting and retention is a prominent
way to cope with droughts. Dam capacity and retained
renewable water are often cited factors influencing a region’s

Central and Southern Asia

Europe and Northern America

Europe

Sub-Saharan Africa

Latin America and the Caribbean

World

Oceania

Eastern and South-Eastern Asia

drought vulnerability. To be effective and sustainable, such
retention efforts need to be part of integrated water resources
management plans (see Chapter 4). This process promotes
the coordinated development and management of water,
land and related resources to maximise economic and social
welfare equitably, without compromising the sustainability of
vital ecosystems.

Drought impacts manifest at the community level, so
community participation in water and sanitation management
is crucial (see Fig. 1, below). A well-informed community with
increased awareness can help reduce drought risks. Access
to information (e.g. high participation rates in education and
training (see Map 1, below)) and strong community participation
(countries with procedures for community participation) are
drivers of good water governance’.

Lastly, socio-economic factors linked to the financial
security of families, access to credit, the age of individuals and
their general living situation influence people’s sensitivity to
drought. Addressing these socio-economic factors is essential
for enhancing overall drought resilience.
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. Map 1: Participation rate in formal and non-formal education &

Water justice

Water is unevenly distributed across the globe, there is unequal
access to it and not all voices are heard in the management of it.
Water issues are often a reflection of broader issues of democracy,
citizenship and development®.

Water justice issues can worsen during droughts and can exacerbate
existing social and well-being inequalities. It is crucial to recognise
the diverse nature of societies and how power dynamics affect the
prioritisation of drought emergency responses, thereby creating
uneven impacts®.

"Water injustice" transcends the question of distribution and refers
to ongoing inequalities in how people access and utilise water
resources, shaped by governance and decision-making processes
related to water rights, allocations and uses (procedural and
substantive justice)”?". It also includes relational justice (interspecies,
intergenerational and intragenerational) and cultural recognition
and epistemic justice®*’. Adopting more flexible, adaptive and
decentralised approaches to water infrastructure can help ensure
equitable access to water for all®.

Access to water is pivotal for peace, yet achieving this requires fair
distribution to all and equitable, inclusive water-related decision-
making. To achieve water justice, the human right to water must be
a reality for everyone. This means reforming current water supply
systems by moving away from water privatisation towards treating
rivers as shared resources that belong to and are managed by
communities, supporting collective stewardship*’. The way forward
includes democratising water governance and the recognition that
water problems cannot be resolved through technical solutions
alone (as rivers are not just physical bodies of water but are integral
to the social, cultural and ecological fabric of communities and
thus) require broader understanding and addressing of ecological,
political and social issues simultaneously®.

Fig. 1: Share of countries with procedures for community
participation in water and sanitation management, 2019.
The share of countries in a given region with clearly defined
procedures in law or policy for participation by service users/
communities in planning programmes in water

resources planning and management.

Data source: UN Water, 20232°,

Share of youth and adults aged 15-64 who pgfticipated in
~ formal and non-formal education and training within the 12

months prior to data collection. Non-formal education can take
place both within and outside educational institutions.
Data source: UNESCO Institute for Statistics — processed by Our World in Data

https://ourworldindata.org
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. Map 2: Relative poverty: Share of people below 50% of median income, 2023.

540/0 countries

that developed integrated
water strategies in 2020.
SDG INDICATOR 6.5.1

Relative poverty captures the share of people whose income is low by the
standards typical in their own country by using a baseline that rises and falls over
time based on average or median income. Depending on the country and year, the
data relates to income measured after taxes and benefits or to consumption per
capita. 'Per capita' means that the income of each household is attributed equally
to each member of the household (including children). Non-market sources of
income, including food grown by subsistence farmers for their own consumption,

are taken into account.
Data source: World Bank Poverty and Inequality Platform, 202472,

Fig. 2: Probability of being affected by
water shortage in the U.S.

Estimates of probability of exposure to
water shortage across multiple social and
economic vulnerability dimensions. Bold
vulnerability factors with positive values
indicate this vulnerability factor indeed
increases exposure to water shortage.
Data source: Sanchez et al., 2023*°.

- Local policies and management

Household
water security

and behaviour

Households on
private wells

Fig.
Pathway for drought impacts on water security mediated
through the local political economy of drinking water provision.
A central role for consolidated and collaborative community
water systems is visible.

Source: Mullin, 2020*°. Copyright © 2020, The American Association for the

Impacts from droughts also arise from

water allocation decisions.

Socio-economic vulnerability in the face of drought risk
is a complex and dynamic concept that is hard to quantify.
It can be approximated by muiltiple dimensions and through
various factors that can help identify the underlying pressures
and root causes for drought impacts. For example, the social
vulnerability index (SVI) is used to study the link between water
shortage and social vulnerability in the US*®. This study finds
evidence that multiple dimensions of social vulnerability (see
Fig. 2, left) are disproportionately exposed to water shortages.
In this study, the SVI is composed of 15 indicators grouped
into four themes: socioeconomic status (such as poverty
level (see Map 2, above)), household composition, minority
status and housing and transportation, but other authors have
included other factors such as health*?, access to information
and the intemet*?, human and civic resources*®, institutional
conditions*® and coping capacities**. Different authors quantify
socio-economic drought vulnerability differently because of
the geographical context they cover and their choice of type of
impacts as well as a lack of validation*®.

When estimating socio-economic vulnerability, it is
recommended to use drought impact information to derive
the relevant vulnerability factors and calibrate vulnerability
indices, so that they represent the regional context*®.

3: Pathway for drought impacts on water security.

Advancement of Science.

50 PART 2: Impacted systems at global level | World Drought Atlas

PART 2: Impacted systems at global level | World Drought Atlas 5]




2.1.6 Urban drought risk

Urban areas, being important hotspots of population
(see Map 2, opposite) and infrastructure, are exceptionally
susceptible to the impacts of climate extremes and the broader
spectrum of climate change impacts. Drought occurrences
worsen water security challenges as they constrain the
availability of potable water for domestic consumption (see
Fig. 3, opposite). Less diverse water sources make cities
more sensitive to drought-induced water shortages, while
diversification by using both surface and subsurface water and
options for water import can increase resilience.

Droughts affecting urban areas (see Map 1, below) can
trigger groundwater over-extraction (threatening long term
water supply), economic impacts (service losses), conflicts,
health effects and increased labour’. The urban heat
island effect (urban areas being significantly warmer than
surrounding rural areas during hot days) of densely populated
urban centres can worsen these impacts, as the reduced
supply compounds with an increased urban water demand
during heat waves.

Currently, a significant proportion of the world's cities,
roughly a quarter, are dealing with permanent water stress and
water deficits?, a challenge present especially in regions with
geographical and climatic factors, such as deep aquifers or
general aridity, limiting easy water access. Projections indicate
an increasing trend of droughts and heatwaves across many
global regions and an increase in urban drought risk is expected®.

Supplying domestic water to city inhabitants is

Day zero in megacities

Whilst cities cover only 2%-3% of the Earth's surface,
they are inhabited by over half of the world’s population,
and this is projected to increase to two-thirds by 2050. While
household water security can be a driver for rural-urban
migration®, rapid as well as uncontrolled urbanisation can put
pressure on existing urban water supply systems and threaten
the water security situation of their inhabitants, who are highly
vulnerable to climate shocks®.

Megacities situated in semi-arid and arid landscapes,
amidst expanding urbanisation, are especially vulnerable. The
sustainable development trajectory of cities, as outlined in the
New Urban Agenda, hinges on securing a dependable water
supply, both in terms of quantity and quality, that is resilient to
drought episodes®.

Where public and private water policies fail to address
urban water insecurity in the Global South, community-based
water governance (CWG) can be a solution together with
funding and infrastructure support®.

Fig. 1: Urban drought risk in Sana'a,
Yemen, 2015.

With fuel almost impossible to get hold
of in Sana'a, the water authority could
not operate the network, so UNICEF
worked with the Yemen Petroleum
Company to buy fuel and organise
water trucking to the most vulnerable
parts of Sana'a.

Source: Julien Hamneis, CC BY-SA 2.0, via Wikimedia
Commons.

increasingly challenging because of droughts and
increasing urban population, especially in megacities.

.~ Map 1: Spatial distribution of historical urban hydrological drought risk.
This map shows the spatial distribution of historical urban hydrological drought
risk for 264 urban agglomeration, as calculated by Stolte et al 2023. The authors
combined drought hazard (drought volume focusing on surface water deficits),
drought exposure (urban population) and drought vulnerability (through a
multivariate vulnerability index) with the adaptation cost (replacement expenses
of the freshwater deficits) to measure the severity of the drought risk.
Please note: only cities with reliable, consistent water abstraction and availability
data were included. Therefore, cities like Cape Town were not included.

Data source: Stolte et al.,, 2023°.
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Exacerbated by climate and land-use changes, river basins
with important freshwater reserves have experienced major
water shortages due to droughts over the last few years,
impacting the cities around them that rely on these reserves
for their water supply. In Australia, at the end of the Millennium
Drought, Brisbane had to employ major water-saving
measures while waiting for new water recycling systems to be
implemented, and small towns had to import drinking water”-®.

Other urban centres have recently faced the threat of a
‘day zero’: the day that public water supply would run out
and leave the city without water for basic needs. Between
the onset of the twenty-first century and the present, a
staggering 79 megacities have had to impose extensive
drought-related reductions in public water supply. Examples
include Melbourne (2000-2010), Barcelona (2008), Mexico
City (2010), Los Angeles (2012-2016), Perth (2014), Sao
Paulo (2014-2015), Cape Town (2015-2018) and Chennai
(2018)° and more are highlighted in Chapter 3.

®Brisbane

B ‘éydney

'

Share of people living in
urban areas, 2022 (%)
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Fig. 2: Modelled water consumption across Cape
Town social groups.

Daily household water consumption of each social
group. Daily household consumption is disaggregated
into the water that households use to satisfy basic
water needs and the water used for amenities.

Data source: Savelli et al., 2023**.

. Fig. 3: Cascading effects of water shortages on other

urban inequalities.

Climate extremes like droughts hit those that are
already vulnerable the hardest, so climate action

should not overlook the societal dimension of climate
extremes. Rather, integrated social-environmental
extreme scenarios should be built to understand societal
implications of future droughts.

Source: Rusca et al., 2023, Copyright © 2022, Rusca et al., under
exclusive licence to Springer Nature Limited.
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Inequality as driver of drought risk

"The only way to preserve available water resources is by
altering privileged lifestyles, limiting water use for amenities
and redistributing income and water resources more equally™*

Savelli et al. (2023)

. Map 2: Share of people living in urban areas, 2022.
More than 4 billion people — more than half of the world
- live in urban areas. In nearly all countries, access to safe
water is higher in urban areas compared to rural regions.
Data source: Multiple sources compiled by World Bank (2024) - processed by

Poverty (see Map 2, page 31), corruption, inequality and
conflicts also play a significant role in communities’ sensitivity
to droughts and their harmful effect on water supply. Droughts
can force water providers to invest in additional supplies or
implement expensive, short-term measures, the costs of
which are often paid by households through increased rates
and surcharges*?. This can induce economic water shortage —
water not available to the least affluent.

Daily household water consumption differs greatly between
different income groups. The highest income group may
use up to 2000 litres per household per day, whereas lower
income households use about one-tenth of that, basically all
used for basic water needs. Higher and upper-middle income
households use about half or more of their water consumption
for amenities.

Water crises often arise due to the excessive water
consumption of affluent social groups (see Fig. 2, left). The
overuse and exploitation of water resources by urban elites
is not a given but is rather the outcome of specific political
and economic systems driven by the pursuit of capital
accumulation and constant growth, primarily benefiting a
privileged minority. The resulting water inequalities and their
unsustainable consequences are deeply rooted in historical,
political and power dynamics.

To mitigate risks associated with water scarcity,
conventional measures such as raising tariffs have proven, in
some cases, to be ineffective both in terms of faimess and
environmental sustainability. As such, alternative water market
mechanisms should be explored to address this.

We need to move away from relying solely on increasing
water supply, which has been our traditional approach.
Instead, we should shift towards focusing on reducing
demand, improving efficiency and reusing water resources. It
is crucial to also prioritise protecting and restoring ecasystems
that have suffered from centuries of exploitation. Partly
because of ecosystems intrinsic value and partly because
people dependent on these ecosystems are often the most
marginalised, it becomes a justice issue as well. Rather than
trying to extract more water from rivers, lakes and aquifers
that are already overused, we should find ways to accomplish
our goals using less water**,
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2.1.7 Water supply for sanitation and hygiene
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Access to water and sanitation (see Map 2, below) is a
fundamental human right. Between 2015 and 2022, the
proportion of the global population with access to safely
managed drinking water (see Map 1, above) rose from 69%
to 73%. However, in 2022, 2.2 billion people still lacked safely
managed drinking water, with 703 million lacking basic water
services. Additionally, 3.5 billion people lacked safely managed
sanitation, including 1.5 billion without basic sanitation services,
and 2 billion lacked a basic handwashing facility, with 653
million lacking any handwashing facility at all*.

»
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. Map 1: Share of the population using safely managed drinking water, 2022. ' ,/
Safely managed drinking water service is defined as®an improved water source
located on the premises, available when needed and free from contamination.

Data source: WHO/UNICEF Joint Monitoring Programme for Water Supply, Sanitation and Hygiene (JMP)
(2024) - with major processing by Our World in Data, https://ourworldindata.org

Droughts pose significant threats to water availability
for sanitation and hygiene. Reduced access, compounded
by unequal water distribution and conflicts, can impede safe
water management. Limited water access for sanitation
and hygiene heightens vulnerability, particularly for children,
jeopardising their growth and health. Diseases like cholera,
dysentery and typhoid are directly linked to inadequate
sanitation and non-treated domestic wastewater flows (see
Map 3, opposite).

off-site.

Millions of people die annually of diseases associated with
unsafe drinking water, sanitation and hygiene.

Among the most vulnerable are young children, with WASH-
related diseases remaining leading causes of death in children
under 5, contributing to malnutrition and stunted growth.
Droughts contribute to this, as less freshwater availability can
push people to use less optimal water sources, thus increasing
the risk of water-related diseases.

. Map 2: Share of the population using safely managed sanitation facilities, 2022.
Safely managed sanitation is improved facilities which are not shared with other
households and where excreta are safely disposed in situ or transported and treated

Data source: WHO/UNICEF Joint Monitoring Programme for Water Supply, Sanitation and Hygiene (JMP).(2024)

- with major processing by Our World in Data, https://ourworldindata.org

»

Proportion of safely treated domestic
wastewater flows, 2020 (%)

Without water, sanitation and hygiene (WASH), people’s
well-being, dignity and opportunities are severely
compromised, particularly for women and girls.

*-. Map 3: Proportion of safely treated domestic wastewater flows, 2020.
While wastewater treatment (see Fig. 3 in Section 2.1.1) is essential for
mitigating the impacts of low-quality water and good wastewater treatment
(access to good quality water) reduced drought vulnerability, droughts can
strain treatment techniques, exacerbating water quality concerns.

Data source: World Health Organization 2024 data.who.int,
https://data.who.int/indicators/i/6EFF579/A37BDD6

Drought risk and gender inequality

During droughts, gender inequality intensifies?, exemplified by the
widening wage gap between men and women. Globally, women
spend up to 200 million hours a day to collect water, which can
lead to major losses of time otherwise used for education, work or
leisure and can sometimes be a physical and mental burden®.

THE WATER CRISIS AFFECTS
WOMEN MORE THAN MEN

Lack of access to water places a
For example, women with children can encounter obstacles in heavy burden on women and girls:
their job activities due to household duties (e.g. childcare, cooking/
cleaning, etc.) that are more time-consuming during droughts. Longer
distances to water sources and extended waiting times at water
pumps mean that a large share of the day is allocated to fetching
water, exacerbating domestic burdens while also exposing women to
more unsafe conditions. Additionally, pastoral communities may need
to travel farther to procure fodder for their cattle, implying greater
domestic workload for those remaining at home.

By 2050, climate change could increase the amount of time women
in households without running water spend collecting water by up
to 30% on global average (regionally even double) and up to 19%
if global warming is limited to below 2°C°.

Increased demands of
CAREWORK

--. Fig. 1: Gender inequality driving drought risk.
Participation of all genders in decisions about
water management and drought mitigation is
crucial to obtain effective and equitable policies.
Source: UN Photo/Prashanth Vishwanathan.

Negative impact on
EDUCATION

4

Negative impact on
HEALTH AND HYGIENE

Tasks such as water and fuelwood collection become more arduous
during droughts, often associated with heatwaves and impacting
health and mobility. Girls’ school attendance diminishes as they
are compelled to assist with domestic chores. Households face
heightened psychosocial stress and health risks stemming from
food and income insecurity.

" Fig. 2: Gender inequality caused by drought.
Women collect water in drought-stricken Marsabit
in northern Kenya.

Source: © WFP/Alessandro Abbonizio.

Increased risk of

Lastly, while many women around the world have the primary
VIOLENCE

responsibility for managing water supply, they often lack a choice in
water management decisions.

><

Lack of Negative impact on

WOMEN'’S VOICES FOOD SECURITY
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2.2 Agriculture

2.2.1 Food systems and their water footprint

-
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Agricultural landscapes are diverse and can largely vary
depending on the use and/or geographical location. Two general )

land use types are associated with agriculture, croplands and No data
grasslands/pastures. In traditional agriculture, grasslands and

-. Map 2: Non-animal food production water footprint at
country level, 2015. )
U.S., China and India, followed by Brazil are the World's
largest contributors to non-animal food water footprint.
Please note: These quantities include water footprint of

pastures are used for animal food production, while most plant-

based foods are produced in croplands.
Data source: Zanaga et al., 2022'2,

Agriculture is essential for human survival, health and well-being. Despite
this key role, the sector is contributing to drive many of Earth's critical

systems beyond their safe operating space. A transformation is needed
to make this vital activity compatible with sustainable development.

Agricultural production systems and droughts

Agricultural systems are the backbone of food security
globally. Food security is reached when ‘all people, at all
times, have physical and economic access to sufficient
safe and nutritious food that meets their dietary needs and
food preferences for an active and healthy life*. Despite an
important and sustained reduction of undernourishment in
the past few decades, recent years have shown a stagnation
in the declining trend and even, in some cases, a reversal.
Hunger still prevails in many regions of the world®. Reaching
the sustainable development goal 2 (Zero Hunger) by 2030
still requires deep economic, social and environmental
transformations?. See also Section 2.6.3 Food security and
drought, page 96.

No other natural hazard poses a larger risk to crops and
livestock than droughts®. Droughts know no geographical
boundaries and they can impact large scale industrial
agriculture as well as smallholding farmers and pastoralists
alike*. Droughts affect high-added-value crops such as grapes,
coffee or nuts as well as low-value fodder crops, creating a
broad range of direct and indirect economic impacts.

Recent evidence suggests that human activities have
already pushed six out of the nine planetary boundaries — the
critical processes for Earth's stability and resilience — beyond
their safe operating space®. Non-sustainable agriculture
is closely linked with the transgression of five planetary
boundaries, namely climate change, biosphere integrity,
land system change, biogeochemical flows and freshwater
change®. A sustained push of the planetary boundaries beyond
their safe operating space puts the Earth system at high risk of
being unable to guarantee human development.

Sustainable land management practices prevent land
conversion, soil degradation, improve soil properties and
increase crop productivity, among other benefits®. Additionally,
conventional and genetic breeding can improve water use
efficiency, drought tolerance and agricultural productivity”.
These are powerful tools to, on one hand, reduce the impact
of droughts on food production by making agricultural systems
more resilient and, on the other hand, reduce human carbon
and water footprints, limiting biodiversity loss, eutrophication,
climate change and water scarcity (see Chapter 4)°.
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Fig. 1: How thirsty is our food?
Data source: Water Footprint Network.
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Water footprint of animal vs. plant based foods

Animal husbandry represents 40% of the global
agricultural output, supporting food security for over a billion
people and directly sustaining the livelihoods of hundreds of
millions across the world®. Animal protein represents about
one-third of the global intake in humans®. Animal husbandry
is an important social, religious and cultural aspect to millions
of people and its products extend well beyond food production.

Despite its fundamental role in food security, the
environmental and water footprint of livestock is enormous®
(see Maps 2 and 3, above and below). Currently, about 75 9%

Animal food water footprint
at country level (m3)
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crops used to feed animals.
Data source: Tamea et al.,, 2020,

of agricultural land is dedicated to livestock and livestock-
feed production® (see Map 1, opposite). Furthermore, animal
food products' demand is projected to double by 2050s with
respect to 20007, Its importance as a fundamental means
of subsistence to smallholding farmers is threatened by a
continuous shift towards large scale agro-industrial farmers
controlling production*®.

The water and carbon footprints linked to the production
of a gram of protein of animal-based food are typically much
larger than those linked to the production of a gram of protein

[ 3

o

v

L

o o

in plant-based foods'! (see Fig. 1, opposite). Large scale
deforestation and habitat loss, loss of biodiversity, alteration
of global biogeochemical cycles, competition with crops for
water and land are all symptoms of an unsustainable food
production model that prioritises animal food products driven
by an ever-growing demand**. A model traditionally associated
to the Global North, but later adopted by the Global South as it
progresses towards a more prosperous future.

.. Map 3: Animal food production water footprint at

country level, 2016.

China, followed by the U.S., Brazil and India are the largest
contributors to animal food water footprint at a global level.

Data source: Tamea et al., 2020,
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2.2.2 Impact chain of the effects of drought on agriculture

During droughts, agricultural systems (see Fig. 1, below),
both rainfed and irrigated, are directly exposed to the risk of a
significant reduction in yield, as well as a decreased quality of
harvest (e.q. size, appearance, nutrient content and processing
quality). The factors contributing to this drought-related risk are
multiple, depending on the characteristics of the agricultural
system: precipitation deficit and reduced soil maisture directly
affect water availability for rainfed systems, whereas irrigated
systems depend on hydrological water sources (surface and

groundwater), which can experience shortages due to reduced
meteorological inputs but also because of increased and/
or excessive water abstractions. Many drivers contribute to
the latter: the multiple sectoral water uses competing for
the same water sources limit the availability of water at the
catchment and system level. In the food production sector, the
water needs of large-scale livestock production are particularly
relevant. Drought and heatwaves can further contribute to high
abstraction needs in the agricultural sector, as more water
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than usual is needed to prevent crops from wilting, resulting
in an increase in water demand. Inefficient irrigation methods
can further increase the sectoral water demand. However, it
is worth highlighting how an increase in efficiency does not
always result in reduced demand at the catchment level, as
more farmers might be encouraged to switch from rainfed to
irrigated systems or to switch to more water-intensive crops
(irrigation efficiency paradox). In many cases, these excessive
water needs are triggered by a limited adoption of climate
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smart agriculture, a large family of practices that can also
reduce the degradation of land and soil. Degraded soils limit
the possibility for plants to withstand drought conditions and
can be particularly consequential when farmers are forced to
cultivate marginal lands, a result of socioeconomic factors
such as unequal access to land, poverty and inequality,
population pressure and market incentives to intensify
agricultural production. Lastly, droughts can affect agricultural
systems in the long term through carry-over or legacy effects,
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AAAA

Prioritisation of other
sectoral water uses
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which affect soil conditions for multiple years after the first
drought-related shocks.

Unequal access to land
(land rights)

Use of inefficient & Limited adoption of climate
irrigation methods smart agriculture

RESPONSE RISK

" Global/regional

Cultivation of g
marginal lands

Soil and land degradation Population pressure
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-+ Fig. 1: Impact chain of drought risks for rainfed and irrigated

agricultural systems.

The impact chain conceptual model outlines the main drivers of drought
risks for rainfed and irrigated agricultural systems at the global level and
their interconnections, highlighting the multiple dependencies that need to
be addressed to reduce drought risks. Drivers of risks are categorised using
the categories of the conceptual framework of drought risks and impacts
from a systemic perspective (Hagenlocher et al., 2023, see Part 1).

SEE SECTION 2.6 FOR
CASCADING IMPACTS

58 PART 2: Impacted systems at global level | World Drought Atlas

PART 2: Impacted systems at global level | World Drought Atlas 59




Standardized Soil Moisture Index (SSMI-3)
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2.2.3 Drought hazards for agriculture

Due to the spatiotemporal complexity of drought and its
many potential impacts, many hazard indices exist that aim to
characterise different aspects of drought, such as anomalies
in different parts of the hydrological cycle over different time
windows. Here, the Standardized Soil Moisture Index
(SSMI) is calculated over the 3-month primary growing season
to gauge the drought hazard to agriculture.

Agriculture, especially in rain-fed systems, is highly
dependent on soil moisture availability. Using a combination
of hydrological and climate modelling, SSMI was calculated for

the present-day and three different warming levels (2°C, 3°C
and 4°C warming above pre-industrial levels) that result from
different greenhouse gas emissions scenarios. The warming
level maps are based on five (for 2 °C and 3 °C warming levels)
or three (for 4°C warming level) different GCM simulations.
While the maps displayed here show the global patterns
of one sector-specific index, other metrics can and should
be included when responding to specific drought events or
formulating new policies to obtain a more complete picture
of hazard conditions. Moreover, moving from the global to

smaller scales may require a different selection of metrics to
account for specific local conditions. Given the highly specific
knowledge of local needs and conditions required to make
informed choices, the involvement of stakeholders is critical in
the identification of metrics and approaches to interpret and
use them. In addition, utilising an ensemble of climate and/or
hydrological models can help to more objectively quantify the
uncertainty in how future hydroclimatic conditions will evolve.

Human-driven climate change is modifying precipitation patterns and regimes globally,

leading to changes in drought frequency, duration and severity. These changes
will have deep implications for agricultural systems in the decades to come.

Maps 1-9: Examples of drought events during 2000-2019 (based on SSMI)

Map 1: JJA 2012
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. Maps 1-9: Significant drought events, 2000-2019.
Hazard maps of Standardized Soil Moisture Index (5SMI) calculated for significant events in the

period from 2000 to 2019 over three-month accumulation periods. These periods represent

o —

the primary growing seasons in each hemisphere: June, July and August (JJA) in the North and
December, January and February (DJF) in the South. These events are a global selection of

recent droughts that in most cases had significant impacts on agriculture. Some of them are

further discussed in Chapter 3.

See Appendix: Drought hazard computation methodology.

Maps 10-15: Average future changes w.r.t. the period 1985-2014

Map 10: JJA 2° Warming level

The water content in the root zone of the soil (i.e. soil
moisture) is fundamental for plant growth and is a basic
component of the hydrological cycle. Plants extract water
from the soil to support biological function, a process
that is especially important during the growing cycle. Crop
physiological responses to droughts vary depending on the
time of occurrence during the different stages of the growing
cycle’. Soil moisture drying is primarily driven by a lack of
precipitation, but the evaporative demand of air is also an
important driver of soil moisture variability. For instance, hot
and dry air has a high evaporative demand and can, through
evaporation and plant transpiration, dry the soils. Climate

Map 13: DJF 2° Warming level

change is modifying and will continue to modify soil moisture
content (see Maps 1 -9, opposite and Maps 10-15, above).
Soil drying tends to be larger as mean global temperatures
rise, particularly in regions where precipitation decreases or
remains the same. As an example, the average soil moisture
drops significantly during boreal summer (June—August) in
crop dominated regions across the Northern hemisphere,
creating possible risk for many critical food producing regions.
Further, the stronger global warming becomes, the greater the
soil moisture drying effect. Adequate adaptive agricultural
practices will be key to mitigating the impacts of droughts on
crop production in the future?

Disagreement between models

-. Maps 10-15: 30-year average drought conditions

under future warming levels.

Hazard maps of Standardized Soil Moisture Index
(SSMI), estimated for three future warming levels. Each
future scenario map shows an average of five runs of
a hydrologic model, each run using data inputs from a
different global climate model. In this case, the future
30-year mean of SSMI was calculated over three-month
periods representing the primary growing seasons in
each hemisphere (June, July and August in the North
and December, January and February in the South), but
can be adjusted based on the region, drought event,
or/and crop of interest. Hatching shows where there is
divergence among the five models on the direction of
change (wetter or drier).

See Appendix: Drought hazard computation methodology.
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2.2.4 Spatiotemporal characteristics of crop production

Wheat Maize

Per capita wheat production, 1961 to 2022 Wheat yield, 1961 to 2022

Per capita maize production, 1961 to 2022

Maize yield, 1961 to 2022
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Agricultural outputs have risen significantly since the middle
of the 20" century, supporting food security but increasing
negative side effects like overuse of fertilisers and pesticides.

Soybean Rice

Per capita soybean production, 1961 to 2022

Soybean yield, 1961 to 2022

Per capita rice production, 1961 to 2022
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. Maps 1-4: Cereal production, 2022.
Spatial distribution of the dominant crops in modern agriculture and the
temporal evolution of the per capita production and yield since 1961.
Please note: Yield is measured as the quantity produced per unit area of
land used to grow it.
Data source: FAQ, 2023
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. Fig. 1: Changes in cereal production, yield, land use and population.
Temporal evolution of global cereal production showing that both total
production and yield have increased at a faster rate than the global

population since 1961.
Data source: FAO, 2023,

The current dominant crops in the world are maize
(corn), wheat, rice and soybean'. While wheat and maize
are widely grown on all inhabited continents, rice and
soybean are predominately grown in Asia and the Americas,
respectively (see Maps 1-5, opposite and above). Thanks
to a combination of technological advancements, wider use
of chemical products and improved agricultural practices,
total global vield of these cereal crops has steadily grown
since the 1960s. These trends have made possible to feed a
growing global population, despite little increase in cultivated
area’. Furthermore, the most vulnerable regions in terms of
food security (e.g. least-developed or net food-importing
developing nations) have seen a clear increase in the total
amount of cereal production, helping to reduce hunger and
undernourishment® (see Figs. 1 and 2, above).

. Fig. 2: Cereal production, 1961 -2022.
Total cereal production in the most vulnerable countries has significantly
increased in the past six decades increasing food security.

Data source: FAQ, 2023*°.

At the same time, the rapid intensification of food
production has triggered a number of negative side effects.
Policies promoting monoculture cropping and widespread
unsustainable use of pesticides and fertilisers have increased
environmental pollution and led to reduced soil quality and
crop biodiversity>7. This can increase crop vulnerability
to disturbances like pests, disease and extreme weather
events®®°. As soil nutrients have been depleted, farmers’
dependence on these artificial inputs has risen®°, making
smallholders in particular vulnerable to price and availability
fluctuations, which can be impacted by global disturbances
like pandemics and conflicts***. Finally, exposure to pesticides
and fertilisers has been linked to serious health consequences
for both humans and other species, impacting public health,
biodiversity and ecosystem resilience®®**.

Projections indicate that the global population will reach
between 9 and 12 billion people by 2100*. A vast majority of
this population growth will take place in the developing world,
which includes many regions with important yield gaps and in
general more vulnerable to droughts*. Reducing this vulnerability
while working to close yield gaps in a way that promotes holistic
social and environmental health is fundamental to guarantee a
food-secure future for the whole planet.
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2.2.5 Flash droughts: an increasing threat to agriculture

Flash droughts, a rapid onset or intensification
of drought, are an emerging threat driven by

climate change. Understanding these fast-evolving

events is essential to improve preparedness.
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experiencing flash drought “a

— Historical
" Historical range
—— Low emissions
Low emissions range
- Intermediate emissions
Intermediate emissions range
—— High emissions

High emissions range

Africa Asia
90 90
80 80
2 70 - 2 704
K] 8
2 60 2 60
g g
[ 504 i 'S 50
o (=]
& 40 & 404
3 I
S 304 S 30
e I~
I 20 3 20
10 10
0 T T T T T 1 0 T T
o © o o o o o o
S ) ) S & $ ) )
N 9 5 3 » o N N
Year
Australia
90
80|
B 704 E
K] 5
g e0 g
e 2
"] v
G 50 [
o o
& 404 &
£ £
g 304 o
¥ ¥
@ ]
a 20 o
10|
o T T T T 1
o ® o o o
5 S > & S
N 9 i ° o

Fig 1: Cropland experiencing flash drought in the
past and under different warming scenarios.

The multi-model mean of the yearly percentage

of cropland experiencing flash drought over entire
continents for the historical (black), SSP126 (blue),
SSP245 (orange) and SSP585 (red) scenarios. A 30-
year centred moving average is applied to each time
series. The shaded regions indicate the variability
(+1o) among the 30-year centred moving averages
between all six models for the corresponding
historical and future scenarios.

Adapted from Christian et al., 2023°.
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A flash drought is the rapid onset or intensification of
drought, typically in a matter of weeks. It is usually caused
by below-average precipitation accompanied by high
temperatures (e.g. heat waves), high winds and/or changes
in radiation. The high temperatures lead to a reduction of
soil moisture through increased evapotranspiration (see
Fig. 2, right). Changes in soil moisture that accompany a

Precipitation deficit flash drought Heat wave flash drought

49

% |

flash drought can cause extensive damage to agriculture, ansoiration d A aneoiration
. . . . e . evapotranspiration decreases evapotranspiration increases
parpcularly FO. rainfed CrOPS’ for \A./hI-d’II effecnve mitigation @ (ET anom <0, due to little P) (ET anom >0, due to higher T and sufficient P)
actions are limited (e.g. an increase in irrigation)*. Furthermore, v -
there is a limited capability of flash drought prediction in
operational forecasting systems?. In the past four decades, the
frequency of flash drought occurrence has increased on almost A - -
all continents®. The dominant physical drivers of flash droughts 5 temperature v temperature
. f f . t t n d f t t J v |ncr_eases |ncr.eases
across all regions are shifting from precipitation deficits to T ety

above-average temperatures or to concurrent above-average
temperatures and precipitation deficits®.

Future projections suggest that flash drought frequency will
continue to increase, unless strong climate mitigation occurs
(see Map 1, above). Regions of the tropical Americas, Europe,
Northwestern North America, East Asia and Southem Africa
show the highest increases in future flash drought frequency”.
Despite large uncertainty, under the high greenhouse gas
emission scenario?, all continents except Australia show a larger
fraction of current croplands experiencing flash droughts in the
future than under middle or low emission scenarios* (see Fig.
1, opposite).

-~ Fig 2: Comparison of precitation deficit and heat wave flash droughts.
Schematic representation of two generic types of flash droughts.
Based on the schematic processes proposed by Zhang et al.,, 2017°
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2.2.6 Virtual water from agriculture

Agricultural virtual water footprint
and transfers, 2016 (m?3)

0-10 billion

10-25 billion

25-50 billion
[ 50-75 billion
I 75-125 billion
I 125-250billion

Il 250 bition-500 billion

I > 500 bilion

No data

Fig. 1: Water footprints of selected crop and
animal products.
Left, WF in a litre of water per kg of product;
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Right, WF in a litre of water per kcal of nutritional

energy contained in the product.
Data source: Mekonned and Gerbens-Leenes, 20207
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Water footprints of selected crop and animal products:

. Map 1: Agricultural water footprint and virtual

water transfers, 2016.

Food production water footprint at country level,
measured in m>® per year. Arrows: virtual water transfers
of the agricultural sector (excluding livestock).

Data source: Tamea et al., 2020°.
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Virtual water: a hidden web of freshwater transfers

Virtual water is the total amount of water required
to produce a commodity (e.g. food). Every gram of food
traded carries virtual water from where it is produced to
where it is consumed. Global trade, including food trade,
has steadily expanded in a gradually more interconnected
world. Agriculture is the largest contributor globally to virtual
water (569%). Every year, trillions of cubic metres of virtual
water are transported through global trade' (see Map 1,
above). Virtual water can alleviate water shortages in water
stressed regions but can also exacerbate water shortage
through virtual water exports. The global appetite of foods
with a very high water demand like beef or nuts (see Fig.
1, opposite and Fig. 2, right), can lead to unsustainable
water use in a region and worsen water stress. International
trade has both fostered and facilitated this appetite, making
these products available and affordable almost anywhere
in the world. It is of great concemn that many countries
with medium- to extremely high-water stress also use an
important fraction of their available water for agriculture
(see Maps 1 and 2, above), highlighting a vulnerability to
drought and aridification.

Agricultural water withdrawal (% of totql), 2019.

T 0 10 20 30 40 50 60 70 80 90 100 No data
% of total

+. Map 2: Agricultural water withdrawal (% of total), 2019.
Agricultural water withdrawals as a percentage of total water
withdrawals (which is the sum of water used for agriculture,
industry and domestic purposes). Agricultural water is defined
as the annual quantity of self-supplied water withdrawn for
irrigation, livestock and aquaculture purposes.

Data source: FAO, 2024

Food and agricultural outputs have a water footprint
that varies greatly from product to product. Behind local

use the agricultural global trade hides an enormous
redistribution of freshwater in a complex global web.

Others:
Milk, whole fresh goat
Milk, whole fresh sheep
Meat turkey
Other bird eggs,in shell
Meat duck
Meat ass
Goose and guinea fowl meat
Meat geese
Milk, whole fresh camel
Meat goat Meat mule
Meat buffalo Meat bird nes
Meat horse Offals, nes
Meat sheep Meat cattle

Milk, whole fresh buffalo

Hen eggs, in shell

Meat chicken

Meat pig Cow milk,

whole, fresh

.. Fig. 2: Total global water footprint per animal product.
Pie chart displaying the relative contribution to the global water
footprint from each animal product. Milk and cattle, pig and
chicken meat dominate the global water footprint.
Data source: Tamea et al.,, 2020°.
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2.2.7 Drought impacts on crop yields

Map 1: Wheat Spring

Crop susceptibility to droughts

Drought impacts on agricultural output are complex.
Among other factors, crop type and variety, location, degree of
irrigation, plant phenology and drought severity and evolution
determine the response to a water deficit exposure!. One way
to understand the susceptibility of crops to drought exposure is
the quantification of the long-term statistical relation between
adrought indicator (e.g. soil moisture anomalies) and low yields
of a given crop type’. The spatial pattemn of susceptibility to
drought is crop dependent. Of the main four crop types, wheat
seems the most sensitive to drought, followed by soybean and
maize. Rice, a largely irfigated crop, appears to be less affected
by changes in drought severity in the past decade (see Maps
1-5, above). Conclusions based on the crop susceptibility to
droughts in the last decades may not always hold in the future.
Large changes in the hydrological cycle due to climate change
can modify crop susceptibility in the future.
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+-. Maps 1-5: Country susceptibility to drought-low yield association.
Average occurrence, for each country, of Standardized Precipitation-

Evapotransipation Index (SPEI) duration-timing combinations with SPEI< -1
across all the years with Standardized Yield Index (SYI) < -1. The values

obtained from all cropping systems are classified into susceptibility classes
considering five quantiles while zero and "no data" land areas are presented

separately (grey).

Please note: Countries in the data that are not part of the GISCO country

regions: French Guiana (France), Kosovo (Serbia) and Taiwan (China).

Data source: Santini et al., 2022".

Risk of crop yield loss from droughts

Recent research indicates that wheat production is likely to
decrease in comparison to its long-term average during severe
droughts, particularly in the United States and Canada. Maize
experiences the highest risk of yield reduction in India, while rice
is most prone to drought impacts in Vietnam and Thailand. The
United States, Russia and India face the highest risk of soybean
yield loss during droughts. Furthermore, the risk of yield reduction
increases more rapidly when transitioning from moderate
to severe drought conditions, rather than from extreme to
exceptional drought levels, suggesting that crop vields exhibit
a non-linear response to increased drought severity? (see Figs.
1-4, left and right). Despite the complexity, appropriate soil
and agronomical management practices are powerful tools to
reduce the risk of impacts posed by droughts on crops.

Map 5: Rice

Droughts reduce agricultural output and, in general, the more severe
the drought, the larger the output loss. However, the relationship

is complex and depends on several factors, including crop type,
location, irrigation availability and drought characteristics.

Fig. 3: Rice yield loss risk (%)
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Fig. 4: Soybean yield loss risk (%)

Figs. 1-4 Yield loss risk.

The probability (%) of yield loss (i.e. yield
dropping below historical average) when
experiencing a moderate, extreme, severe
and exceptional drought for (Fig. 1) wheat,
(Fig. 2) maize, (Fig. 3) rice and (Fig. 4)
soybeans. Only the top 10 producing
countries for each crop are displayed.

Data source: Leng et al,, 2019%
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2.2.8 Agricultural dependency and drought resilience
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Smallholders’ relevance

Recent estimates indicate that smallholders (farms under
2ha characterised by family-focused motives using mainly
family labour for production and using part of the produce for
family consumption, see Map 1, above) produce about a third
of the world's food supply while using less than a quarter of
agricultural land*. Smallholders are key to ensuring sustainable
agriculture and for combating undermnutrition worldwide as they
account for higher productivity, greater crop diversity and lower
post-harvest losses when compared to large-scale, intensive
agriculture (see Fig. 1, below)?. While smallholders promote
a more biodiverse environment, intensive agriculture usually
represents a major driving force behind habitat degradation
and losses®. Increasing the viability of smallholder farming
could help reduce poverty, increase food security and improve
biodiversity, thus contributing broadly to the achievement of
the Sustainable Development Goals (SDGs).

Agricultural land
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Crop production
(used for food, animal feed and fuel)

Smallholders’ vulnerability

Evidence from around the globe indicates that smallholders
are generally highly vulnerable to shocks (e.g. droughts, pests
and crop failures) due to their relatively high dependence on
agriculture for their livelihoods. Figs. 2 and 3 depict the top
countries in terms of agricultural labour force ca. 2022 and the
evolution of agricultural labour and land from 1961 to 2021,
respectively*®. Factors that have been found to shape the
vulnerability of smallholders to climate-related shocks such as
droughts are inadequate education, lack of access to resources,
poor institutional capacity and services and gender inequality®.
Smallholders in poorly connected rural communities are
particularly vulnerable due to their physical isolation, limited
access to resources and lack of coping capacity’. Technical,
financial and institutional support can improve smallholders’
resilience to climate change and ensure stable agricultural
production and food security®.

Food supply

Half of crop
production is on
farms of <10ha

share of agriculture in employment.
Data source: International Labour Organization. "ILO modelled estimates

* database” ILOSTAT. Accessed February 07, 2024. https://ilostat.ilo.org/data/
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Macro-economic indicators for drought resilience

Macro-economic metrics such as the Gross Domestic
Product (GDP), the agriculture Gross Value Added (GVA) and
the total labour force employed in agriculture are crucial for
understanding a country’s economic productivity within the
agricultural sector and its vulnerability to droughts (see Fig.
4, below)?'°. GDP represents the total value of goods and
services produced within a country, reflecting the overall
economic health. On the other hand, GVA specifically focuses
on the value generated by a specific sector (e.q. agriculture),
providing insights into the contribution of that sector to the
overall economy.

Countries with higher GDP per capita usually show higher
resilience to crop production losses associated with droughts,
Moreover, in high-income countries, the agriculture GVA
per agricultural worker is high as only a small percentage
of the workforce is engaged in agriculture due to advanced
technology and mechanisation. In low-income countries,
however, the combination of low GVA per agricultural worker,
relatively high number of people employed in agriculture and
high agricultural share of GDP indicates limited economic
diversification and poor livelihood conditions, making these
economies and their agricultural workers relatively more
exposed and vulnerable to droughts.
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Assessing the economic impacts of drought on the
agricultural sector requires a comprehensive understanding
of how drought-induced productivity and capital losses
can cascade through the entire economy. By examining the
relationship between GDP, GVA and drought vulnerability,
policymakers can better grasp the economic repercussions
of droughts on the agricultural sector and implement
targeted mitigation strategies. Furthermore, evaluating the
socioeconomic risks of droughts, including their effects on
agricultural production and GDP, is crucial for developing
effective drought management policies.

Fig. 4: Agriculture GVA per agriculture worker Vs. GDP per
capita, ca. 2022.

High-income countries tend to have fewer agricultural workers
and higher agricultural value added per worker. The agricultural
value added per worker is calculated by dividing the amount of
economic value generated from agriculture by the number of
people that work in agriculture.

Data source: World Development Indicators, The World Bank.
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2.2.9 Current and future drought risks in agriculture

Drought risk for rainfed agricultural systems
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-~ Map 1: Drought risk for rainfed agricultural systems.
Drought risk for rainfed agricultural systems, estimated by
combining hazard, exposure and vulnerability. Higher drought

~ risk is indicated by the deepest red colour (the 90™ percentile
to the global drought risk data) while lower drought risk is
represented by the deepest blue colour (10* percentile).
Data source: Meza et al., 20202

Assessing the multi-dimensional nature of drought risks is

essential for enhancing the resilience of agricultural systems.

Drought risk in agriculture

Comprehensive drought risk assessments are essential
tools to provide insights into the spatiotemporal variability and
drivers of drought risk in agriculture (see Map 1, above). By
integrating hazard, exposure and vulnerability, comprehensive
drought risk assessments offer valuable information for
enhancing the resilience of agricultural systems and the
preparedness of vulnerable regions in sustainably addressing
drought risks. While a drought can reduce both water availability
and water quality, drought risks are intimately linked with how
the hazard interacts with both the exposure and vulnerability
in a certain location and time. Exposure refers to the presence
of people, livelihoods and/or assets in an agricultural system
that can be adversely affected by a drought. Vulnerability is
a complex component of drought risk that depends on both
biophysical and socioeconomic drivers (e.g. social susceptibility
and lack of coping capacity), reflecting the predisposition of an
agricultural system and its elements to be adversely affected
during a drought event.

The overall increase in agricultural land over the last decades
has been identified as a significant driver of drought risk due
to the increased exposure of agricultural systems to droughts
in many regions across the globe’. Similarly, a recent study
has found that vulnerability is a main factor of high drought
risk for countries in sub-Saharan Africa, some countries in
western, central and southern Asia and the Middle East, mainly
due to their generally higher socioecological susceptibility
and lack of coping-capacity to droughts?. The combination of
hazard, exposure and vulnerability highlights high drought risk
in agriculture across large parts of central and westemn Asia,
eastern and southern Africa and the north-eastem part of Brazil,
while low drought risk areas under current climate conditions
include parts of western and northermn Europe, southem China
and large parts of Southeast Asia.

Future drought risks in agriculture

Future drought risks in agriculture are of critical concern
due to their potential impacts on the entire food system as
well as on the correct functioning of agroecosystems and
the services they provide. Climate projections indicate that
droughts will become more severe and will occur more often
in almost all continents (see Figs. 1, right and 2, opposite)?,
threatening agricultural production in key crop-growing areas
and pressuring food security and safety. Recent studies
show that the global land area exposed to frequent and
severe droughts is expected to expand in large parts of the
Mediterranean, southwestern South America and western
North America®. A significant consequence of mare intense
and frequent droughts, often compounded with heatwaves,
is the reduction in soil moisture, which can adversely affect
crop growth.

Future risks are clearly dependent on global mitigation
actions limiting global warming. At 1.5°C of global warming,
the likelihood of reduced soil moisture is projected to at
least double in large areas of northern South America, the
Mediterranean, western China and in North America and
Eurasia. This likelihood increases by up to three times at 2°C
and more than triple under 4°C global warming®. Drought
and heatwaves may also significantly reduce areas that are
currently climatically suitable for crop production without a
full compensation from new areas gaining suitability. Such
changes may imply a more profound need for adaptation
across the entire food supply chain. By looking at durum wheat,
for instance, up to 19% of currently suitable lands for growing
this cereal can become unsuitable by mid-century, while this
figure can go up to 48% at the end of the century, particularly
in the Mediterranean and northern America regions (see Maps
2a and b, opposite)©.

Standardized Precipitation Index (SPI-6)
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-. Fig. 1: Relative change in the Standardized

Precipitation Index (SPI-6) for a warming level of 2°C
- SSP5-8.5 relative to the period 1850-1900, for the
Mediterranean (MED) region.

Negative changes in SPI indicate drier conditions and
higher likelihood of droughts.

Source: IPCC WGI Interactive Atlas. In Climate Change 2021: The Physical
Science Basis. Contribution of Working Group | to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change’. © IPCC, all
rights reserved.

Changes in likelihood of extreme agricultural (soil moisture) drought years:

+4°C +2°C

Probability distribution of annual soil moisture anomalies:

South American Monsoon (SAM) Mediterranean (MED)

*-. Fig. 2: Projected changes in the likelihood of an
extreme single-year agricultural (soil moisture)
drought event, with extreme drought defined as
the driest 10% of years from 1995 to 2014, using
total soil moisture projections pooled from the
CMIP6 ensemble following Cook et al., 2020°.

All ensemble members are treated as equally likely
potential outcomes and likelihoods are calculated
using the whole ensemble. Top: Percentage change
in the likelihood of extreme drought at GWLs of 4°C
(left), 2°C (middle) and 1.5°C (right), with ‘extreme i
drought’ defined locally as the 10t percentile in
individual grid boxes. Bottom: probability distribution
functions of regional mean soil moisture anomalies
for the climatic regions Mediterranean (MED), South
American Monsoon (SAM) and West Southern Africa
(WSAF)?, at 1.5°C, 2°C and 4 °C GWLs. The solid
vertical line shows the baseline, that is, the 50t
percentile in 1995-2014. The dashed vertical line
shows the 10™ percentile for 1995-2014, defining
‘extreme drought’ at the regional scale. Projections
used the SSP5-8.5 scenario to maximise the number
of ensemble members at higher GWLs, but global
patterns of change are very similar for all scenarios®
and for any given GWL, similar results can be expected
with other scenarios®®.

Source: IPCC, 2022: Climate Change 2022: Impacts, Adaptation, and
Vulnerability. Contribution of Working Group Il to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change®. © IPCC, all -
rights reserved.

Estimated impacts of climate change
on rainfed winter-sown durum wheat,
SSP370 and SSP585, 2061-2090.

- -3 - becoming unsuitable

-1 e
0 - no change

1
.

- 3 - becoming suitable

Maps 2a and b: Estimated impacts of climate
change on rainfed winter-sown durum globally.
Information is presented for two different scenarios
(SSP370 and SSP585) and under the future period
2060-2090, based on the results forced using

five bias-adjusted GCMs. Blue (red) colours indicate
increasing (decreasing) suitability in the future. The
different classes are based on the model results
agreement on the change of suitability; light blue (red)
is used when at least three models agree, while dark
blue (red) when all five GCMs agree.

Data source: Ceglar et al,, 2021°.

+1.5°C

West Southern Africa (WSAF)

SSP370 for the future periods (2061 -2090)

SSP585 for the future periods (2061 -2090)
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2.2.10 The irrigation efficiency paradox
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Evidence of water conservation datacatalog.worldbank.org/search/dataset/0037712/World-Development-

technology on water consumption

Global irrigation distribution and trends
Irrigation enables farmers to increase agricultural production

While some regions have extensive and well-established

Indicators
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©  Equal/Ambiguous water conservation technology on water consumption. role in modem agriculture®. Worldwide, irrigated land is  United States, other regions, such as the Sub-Saharan Africa,
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o NA conservation is rarely achieved when irrigation efficiency is increased » h ) . e ’ - Agriculture B Domestic M industry
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Irrigation efficiency paradox _- . . o o . :
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Agriculture accounts for roughly 70% of freshwater low-efficiency irrigation systems (or 'losses’) at a farm scale  water conservation technologies and policies was key to the 1960s and 1980s (see Fig. 3, above)!’. Globally, irrigation ~ water Use to prevent over-extraction and environmental and — 80
withdrawals worldwide (see Figs. 4 and 5, opposite)' and  (e.g. surface runoff) is frequently recovered and reused at a  reducing water consumption (see Map 1, above). The paradox has expanded sharply since the mid-20" century, growing  land degradation’’. Investments in irrigation infrastructure, g
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of irrigation systems through water conservation technologies  limit this potential re-use of water (see Fig. 1, below)* In cultivation of water-intensive crops, expansion of irrigated 350 million ha (in 2021%). W&Jrryingly half of the twenty-first ~ food and water demand of the world's population and to 3
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paradox is explained by the fact that non-consumed water in ~ water conservation is actually achieved, a combination of  technologies) actions is required®. 2500 (in 1995) km® per year's, with recent estimates for 2020 Fig. 5: Share of total freshwater withdrawals per sector [ca. 2020].
5 6 The share of water withdrawals for agriculture is generally higher in 0
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Behavioural policy tools combined with irrigation technology

Northern Africa 6401 2113 4274 6045
solutions are required for achieving water conservation. Sub-Saharan Africa 7148 399 6748 1 5484
AFRICA TOTAL 13549 2512 11022 15 11529
Central America 1865 651 1214 = 1052 .
and Caribbean e
Surface irrigation Sprinkler irrigation Northern America 36411 21356 15055 = 29061
40to 705’“ Crop transpiration 4 65 to 85% Crop transpiration Southern America 13056 2236 10820 - 11223
1010 25% Evaporation o 10 to 30% Evaporation AMERICAS TOTAL 51332 24243 27089 - 41336
15 to 50% surface runoff and , ¢ 5 t0 15% surface runoff and
subsurface recharge subsurface recharge Central Asia 13658 1085 12573 - 11260
Middle East 24083 10747 13130 206 17625
Southern and 175984 68929 107055 - 157805
Eastern Asia
ASIA TOTAL 213725 80761 132758 206 186690
Eastern Europe 5199 495 4704 = 1718
Western and 19138 7004 12133 1 10842
Central Europe Change in storage surplus/deficit
EUROPE TOTAL 24337 7499 16837 1 12560 , (km3/yr)
Australia and 4688 1136 3478 74 3067 ) 98 -
New Zealand W
Drip irrigation Other Pacific Islands 5 1 4 - 4 1 3
85 1o 95% Crop transpiration OCEANIA TOTAL 4693 1137 3482 74 3071
5 to 15% Evaporation WORLD TOTAL 307636 116152 191188 296 255186

0 to 10% surface runoff and
subsurface recharge

*-. Fig. 2: Approximate area equipped for irrigation (1000 ha) and area 69
actually irrigated (1 000ha).
Asia holds by far the largest amount of agricultural areas equipped for
irrigation. The share of irrigated land over total agricultural areas ranges
widely across the globe, from 4% in Africa to 42% in South Asia.

Data source: FAQ, 2019%

. Map 2. Global hotspots of unsustainable water consumption for irrigation. o "
As a result of differential growth in storage-fed irrigation and reservoir storage, storage -
deficits can widen (red colours) or shrink (blue colours). In some basins, demands for stored -
water could outgrow increases in reservoir storage, but reservoir storage would still be .
sufficient to meet potentials for storage-fed irrigation (e.g. Mississippi). In other basins,
increases in reservoir storage could outgrow demands, yet reservoir storage could still not
be sufficient to meet all potentials for storage-fed irrigation (e.g. Ganges-Brahmaputra).

Data source: Schmitt et al., 20224

+. Fig. 1: The paradox of irrigation efficiency.
The paradox of irrigation efficiency and the water inflows and outflows can be
seen in a watershed example. Ranges of crop transpiration, evaporation, runoff
and recharge are expert based judgements* and in field cases may depend on
crop and soil types, weather and other factors.
Source: Grafton et al., 2018“. Copyright © 2018, The American Association for the Advancement of Science.

Basins with future storage deficit

No storage-fed irrigation
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2.3 Hydropower

2.3.1 The world's biggest renewable electricity source
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*Data from 2022 was used where 2023 data was not available.

Droughts affect the world‘s biggest

renewable source of electricity.

Hydropower provides the largest amount of renewable
energy globally and supplied around 14 9% of the world's total
electricity generation in 2023*. Global hydropower capacity
has grown by 70% in the past 20 years, though as a share
of the total energy portfolio it has remained stable due to
the simultaneous growth of other sources. Hydropower plays
an important role especially in emerging and developing
economies, where it supports the energy needs of around 800
million people?. For instance, it accounted for 45% of Latin
America’s electricity production in 20227,

In a hydropower facility, the flow of water, either from a
river or from the outflow of a dam (see Fig. 2, opposite) is used
to generate electricity. During drought-induced low-flows,
the capacity of power plants to generate electricity
and meet demand is reduced. Electricity production
dependent on large reservoirs is less vulnerable to droughts
due to the large water storage capacity and consequently
stored energy capability, however, it can still be affected by
drought*. The impacts of a decrease in hydropower generation
for people and industries depend on whether other energy
sources can be used to meet the demand. If an electrical
grid accommodates other energy sources, such as other
renewables, or thermoelectric power, power cuts or rationing
might be avoided. However, there are also economic and
environmental consequences to the offset of hydroelectricity
with thermoelectric sources (see pages 62-63) and they
might not all be available due to compounding hazards and
impacts (see pages 67 and 70). The map above exemplifies
some of the recent impacts on hydropower that drought
events around the globe have caused.

In 2023, the drought in the
Amazon region led to the two-
week shutdown of Brazil's 4"
largest hydropower operator,
located on the Rio Madeira.

hydropower, 2023*.
was not available.

Our Werld in Data’.

The future of hydropower

While the development of hydropower capacity is slowing
in some parts of the world, by 2030 it is expected to increase
considerably in others, including the Asia-Pacific region, Africa
and the Middle East’. However, the occurrence of droughts
with increased frequency, intensity and longer duration could
jeopardise existing hydropower expansion plans, especially
if changes in climate are not taken into consideration in the

Extremely low water levels in
Lake Kariba in 2019-2020
resulted in frequent power cuts
of up to 18 hours per day for at
least 3 months in Zimbabwe.

--. Map 1: Share of electricity production from

Measured as a percentage of total electricity.
*Data from 2022 was used where 2023 data

The European drought of 2022 affected
hydropower generation in Italy, exacerbating the

worsened by Russia’s invasion of Ukraine.

-

) In 2024, the worst drought

e in 20 years in Zambia is
leading to power cuts of
up to 21 hours, affecting
households, businesses,
and even hospitals.

Data source: Ember (2024); Energy Institute - Statistical A%
o Review of World Energy (2023) — with major processing by

design of the plants®. Indeed, actual electricity generation may
differ considerably from what was initially expected according
to planned plant capacity*”, as seen in 2023: the global
average hydropower capacity factor (that is, the ratio of actual
energy output to the theoretical maximum output) fell below
40%, the lowest value in at least thirty years®.

Basel-Rhine

Fig. 1: What would the 2003 and 2018
European drought events’ impacts on
hydropower look like under a warming future?
The melt water from snow and ice can be an
important water addition to upstream rivers
parts in areas of mountain water towers and it
can alleviate low flows during drought events.
However, with glaciers projected to further
decline in a warming climate, there can be
consequences for low flows, even in downstream
parts of a river. A study by Van Tiel et al.

(2023) investigated what the consequences of
the same weather conditions of past drought
events in Europe (e.g. 2003 and 2018) would
look like at future moments in time, taking

into consideration future glacial retreat. The
results show that low flows along the Rhine
would worsen in future conditions (purple
represents near future and orange far future
conditions, obtained by climate projections
under the RCP8.5 scenario), both upstream and
downstream, negatively affecting the availability
of water for hydropower production.

Adapted and redrawn by LJ for the World Drought Atlas, based 0
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record high wholesale price situation that was also

Fig. 2: Hydroelectric power plants.

There are three main types of hydropower generation: run-
of-river, reservoir (see right) and pumped storage. These
differ in their capacity to supply base load or peak load
electricity. Base load electricity supplies electrical power more
continuously, in accordance with the baseline amount of
energy that is required by users, while peak load electricity
supplies for a shorter period of time when demand is high.
While run-of-river plants primarily supply the base load and
reservoirs have a certain degree of flexibility between both
types, pumped storage can supply peak load electricity. This
is possible thanks to pumped storage systems’ configuration
with two reservoirs, one at a higher elevation than the other.
During periods of high electricity supply, water is pumped

to the higher elevation reservoir, where it is stored until
release to the lower elevation reservoir during times of higher
electricity demand.

Adapted and redrawn by LJ for the World Drought Atlas, based on Office of
Energy Efficiency & Renewable Energy®.

The 2022 drought in China’s biggest hydropower
producing province, Sichuan, led to disruptions to
local industries, while exports to other Chinese
regions had to continue to fulfil cross-provincial
power transmission contracts.

Fig. 3: Net hydropower capacity additions by 80

plant type by region, 2021 -2030.

Hydropower capacity overall is expected to

increase faster in the first half of the forecast
-~ period. While capacity growth in China has
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. slowed down compared to previous years, 40 -
mainly due to environmental concerns and =
the availability of suitable sites, the country 20
continues to lead capacity growth. Hydropower
development is also slowing down in Latin
America and Europe, but increasing in Africa,
the Asia Pacific region and the Middle East. 2021-25 2026-30 2021-25 2026-30 2021-25 2026-30
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- Fig. 4: Net hydropower capacity additions by type,
2021-2030. .
North A
Hydropower capacity additions expected for the future can orth America
refer to new power plant projects, or to the replacement,
update or addition of turbines to existing plants. It is expected Y 20 40 60 80 100

that global cumulative capacity will increase around 17 % from
2020 to 2030. While this is a net increase, the additions in the
2021-2030 period are 23% lower than in 2010-2020.

Data source: International Energy Agency, 20212,

M Modernisation investment M Investment needs for modernisation of plants > 55 years

Breakdown (%)

--. Fig. 4: Age profile of installed hydropower capacity, 2020.

In addition to the severity of the low-flow, other attributes can contribute to the
manifestation of impacts. For instance, a lack of investment in modernisation and
digitalisation of hydropower plants for adequate drought management. Due to ageing of
plants, modernisation will be critical in the near future to preserve capacity and safety,
unless it is deemed that decommissioning of the plant would be a more sensible option.
Currently, almost 409% of the global hydropower infrastructure is at least 40 years old.
From 45 years onwards, refurbishment investments are needed, but plants that are not

on Van Tiel et al,, 2023". 1980

T T T
2020 2060 2100
Year

300 | 120 maintained regularly might require refurbishments even earlier.
a Data source: International Energy Agency, 20212
S 250 100
C
S 200 80
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L s
£ .
£ 100+ 40 Fig. 5: Actual vs required investment in modernisation globally (left) and by
B 5ol 20 region (right), 2021 - 2030.
2 Ageing and investment needs for modernisation account for the replacement of
= 0- 0-! major electromechanical equipment, such as turbines and generators. Currently
6”0 &8’ &'\‘& é(\“ 6;:‘ & ,ba,\'b & @Q@ planned and announced modernisation projects, totaling an estimated 127 billion
v S < ‘?;z@ & Y@@ o~ v‘& > US$, cover only about 43 9% of the investments needed. Instead, approximately 300
qs,ﬂ?’ V§ v \\;\b N 05’9 billion US$ would have to be spent to replace old turbines. This cost would rise if
& ™ < accounting for other parts too, such as gates and penstocks.
Total <& By region Data source: International Energy Agency, 20212,
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2.3.2 Impact chain of the effects of drought on hydropower

The hydropower sector can suffer the risk of reduced or
insufficient electricity generation (see Fig. 1, below) during
droughts. Hydroelectricity is a complex system, dependent
on social, environmental and technological factors, all
of which can be strained during drought-induced water
shortages. Hydropower can be based on instream flow
(run-of-river), pumped storage, or reservoirs. In the latter
case, sedimentation (connected with soil erosion and
floods, among other drivers) can progressively limit the

storage capacity, thereby making production even more
vulnerable to intervening drought conditions. Moreover, due
to aging, hydropower plants can suffer from inefficient or
outdated infrastructural conditions, from the mechanical
components (which could be unsuited for reduced water
inputs) to limited digitalisation (which can improve
management during drought conditions). Another driver of
vulnerability for this sector comes from the demand side,
notably when there is a high electricity demand, which
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temperatures precipitation
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DEFICIT - and reservoirs
SURFACE WATER A l

HYDROLOGICAL
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GROUNDWATER
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B Hazards)

Depletion of lakes

Depletion of

groundwater resources

h
—

brings the system close to its capacity even before drought
conditions are triggered. This demand can be driven by a
concentration of industrial facilities, which in tun can be
caused or enhanced by the presence of hydroelectricity
plants, in a case of increased dependency (the so-called
reservoir effect). Paradoxically, at times it is the very risk
of drought impacts that can lead to an increase in water
storage infrastructure, including reservoirs, which can be
equipped for hydropower development, where possible.

Sedimentation
(from soil erosion and floods)

Limited storage
capacity

Reduced/insufficient
electricity generation

However, this can feed back into the reservoir dependency
in the long term. As for other systems and sectors, droughts
(combined with high temperatures) can produce a spike in
demand: in this case, a peak of energy demand for cooling
and heating can compound with increased water demand
and stimulate excessive water abstractions, for this and
other sectoral water uses.

Inefficient or outdated

infrastructures
(including digitialisation)

> Increased water demand
during drought and heatwaves

|

- Exposure

- Systems’ vulnerabilities
- Society & Economy
- Root causes

- Drought risks & impacts
- Concurrent hazards
- Response risks

Peak of energy demand
(cooling/heating)

Agricultural, industrial,

domestic, resource extraction
and energy water uses

Increased/excessive <=
water abstractions <

-+ Fig. 1: Impact chain of drought risks

The impact chain conceptual model outlines the main drivers of drought
risks for hydropower at the global level and their interconnections,

High electricity demand
(close to capacity)

4

v

Increase in water storage
> infrastructure

RESPONSE RISK

hydropower.

Concentration of demand
(industrial facilities)

Increased dependency on
reservoirs (reservoir effect)

highlighting the multiple dependencies that need to be addressed to reduce

drought risks. Drivers of risks are categorised using the categories of
the conceptual framework of drought risks and impacts from a systemic

perspective (Hagenlocher et al., 2023,

see Part 1).

Presence of affordable
hydropower possibilities

SEE SECTION 2.6 FOR
CASCADING IMPACTS
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Standardized Discharge Index (SQI-6)
Maps 10-12: Average future change of SQI-6 w.r.t. the period 1985-2014 4N | | [
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2.3.3 Drought hazards for hydropower production

Due to the spatiotemporal complexity of drought and
its potential impacts, many hazard indices exist that aim to
characterise different aspects of drought, such as anomalies
in different parts of the hydrological cycle over different time
windows. Here, the Standardized Discharge Index (SQl) is
calculated over a period of 6 months to evaluate the drought
hazard to hydropower production. Hydropower production
is dependent on river flow, often stored in reservoirs. SQI-6
estimates if river flow was high or low in the preceding half year
and can thus be seen as a proxy for reservair levels. In Maps
1-9 the driest event over the period 2000—2019 are shown for
different parts of the world. In the south of Africa, the period from
2015-2016 experienced very low river flow, heavily impacting
hydropower generation in the Zambezi River (e.g. at the Kariba
Dam). This resulted in blackouts in Zambia, which is heavily
dependent on hydropower (>75% of the country’s electricity
production). In South America, the most significant drought was
the 2015-2016 Amazonian drought, which, among others,
impacted hydropower generation in Brazil.

In Maps 10-12, the change in average SQI-6 is shown
for three different warming levels (2°C, 3°C and 4°C warming
above pre-industrial levels), indicating how the drought hazard
for hydropower may change under a changing climate. Future
projections of SQI-6 differ considerably across the globe, with
some regions seeing an increase in average streamflow and
others seeing reductions. Increases are seen at high latitudes
(Canada, Russia, Scandinavia), but also in the western U.S. and
the Himalayan region. Considerable decreases are observed
in the Amazonian basin and Central America as well as west
Africa and the Mediterranean region. This spatial pattem is
similar between warming levels, with intensity increasing as
warming levels increase. Agreement on the sign of change
between the models becomes better at high warming levels,
but is rather poor at the 2°C warming level, meaning that the
models do not agree if streamflow will increase or decrease on
average. This seems especially true for non-coastal regions in,
for example, North and South America and Eurasia. Agreement
in most of Africa is also poor.

Maps 1-9: Examples of drought events during 2000-2019 (based on SQI-6)

While the maps displayed here show the global pattemns
of SQI-6, other metrics can and should be included when
responding to specific drought events or formulating new
policies to obtain a more complete picture of hazard conditions.
Moreover, moving from the global to smaller scales may
require a different selection of metrics to account for specific
local conditions. Given the highly specific knowledge of local
needs and conditions required to make informed choices, the
involvement of stakeholders is critical in the identification of
metrics and approaches to interpret and use them. In addition,
utilising an ensemble of climate and/or hydrological models
can help to more objectively quantify the uncertainty in how
future hydroclimatic conditions will evolve.

Map 10: +2°C Warming level

Disagreement between models

Human-driven climate change

Map 11: +3°C Warming level impacts streamflow and thus
water levels in reservoirs used for
hydropower. Projections are uncertai
but impacts may be considerable.

Map 1: Apr 2013 Map 4: Aug 2011 Map 7: Sep 2006

Map 3: Sep 2016

Standardized Discharge Index (SQI-6)
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Map 9: Dec 2019
\ )

| } »‘ )

Map 12: +4°C Warming level

Maps 1-9 (page 60): Significant drought
events for 2000-2019.

Hazard maps of Standardized Discharge Index
(SQl), calculated over a period of 6 months. Here,
the (spatially averaged) driest month over the
period 2000-2019 is shown for different parts
of the world.

Please note: Grid-cell size has been exaggerated
to improve legibility.

See Appendix: Drought hazard computation methodology.

Maps 10-12: Change in 30-year average
drought conditions (w.r.t. 1985-2014) under
future warming levels (w.r.t. pre-industrial
levels).

The future maps are based on five (for 2°C and
3°C warming levels) or three (for 4°C warming
level) different GCM simulations used as input
for a hydrological model. Hatching shows where
there is divergence among the GCM models on
the direction of change (wetter or drier).

Please note: Grid-cell size has been exaggerated
to improve legibility.

See Appendix: Drought hazard computation methodology.
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2.3.4 Economic and Environmental impacts

Economic impacts

The impacts of droughts on hydropower generation
are often offset by an increased use of fossil fuel-powered
thermoelectric plants to meet electricity demand, which can
influence electricity prices'. These sources, such as coal or
gas, are not only more polluting, but also more expensive
than hydropower. This can lead to increased production costs
and consequently higher electricity prices (see Fig. 1, right).
In some cases, impacts go beyond increased prices to include
load shedding (i.e. rationing measures) and power outages
due to insufficient electricity generation to meet demand.
These consequences affect not only households but can
also be detrimental to micro, small and medium enterprises
(MSMEs), whose productivity and operations get disrupted,
affecting people’s livelihoods and having repercussions on
economic growth and development prospects of developing
countries®. A lack of diversification of the electricity generation
mix, insufficient and unaffordable back-up options, financial
barriers to invest in adaptation and few international electricity
transmission lines are further contributors to the negative
impacts of reduced hydropower generation®>.

. Fig. 2: Blackouts.
Hydroelectric power rationing and outages can
negatively affect businesses, as many tools, machinery
and IT technologies rely on electricity supply and can
be damaged by unstable supply. Moreover, they can
cause damage to inventory due to lack of heating
or refrigeration. Alternative generators can be more
expensive to run, decreasing business profitability®.
Source: Jen, CC BY-SA 3.0, via Wikimedia Commons.
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*.. Fig. 1: Drought impact on wholesale electricity price, Brazil.
The graph shows the monthly averaged spot market price (PLD) for electricity in Brazil's regions from
2010-2021. The country’s spot market price takes into consideration hydroelectric reservoir levels,
expected electricity consumption, availability of transmission and distribution, among other variables, and is
an attempt to find the optimum balance between the present benefit of using water and the future benefit
of storing it - measured in terms of the expected savings of fuel from thermoelectric power plants.
The graph shows that the PLD follows a seasonal trend, with prices increasing in each region’s respective
dry season and decreasing in the rainy season, when hydroelectric reservoirs are full. The prices also
reflect water crises (e.g. 2014/2015), reaching peak levels that do not always return to the pre-crisis
level. During water scarcity periods, a special increased tariff applies.
Data source: Confederacdo Nacional da Industria, 2021°.
M Nuclear M Coal Gas [ Other non-renewables .
[ Hydro  [Wind [ Solar PV [ Other renewables Fig. 3: Electricity supply mix by region, 2020.

The economic impacts of droughts on the
hydropower sector can be especially severe

in regions and countries that rely more on
hydropower as a share of their energy mix - and
for electricity exports. Of the 35 countries relying
on hydropower for at least half of their electricity
supply, 28 are considered emerging and
developing economies, with a total population of
800 million people. Countries that rely heavily

on electricity exports to support their economies
can be more heavily impacted by drought. In
2022, for example, Paraguay's growth forecasts
were hit by a 129% decrease in hydropower
exports compared to the previous year due to a
severe drought. Thus, diversification with other
renewable energy sources can increase economic
resilience in face of drought.

Drought impacts on hydropower can affect end-users, such as households,

businesses and industries, with increased prices, rationing and outages.

Buildings
8%

Transport

2%
Water
14%

Energy
23%

. Fig. 4: Energy sector faces the second highest economic losses due to drought in

the EU and UK.

The estimated sectoral economic losses due to drought in the EU and UK (under
present socioeconomic conditions, averaged over different warming levels) show that
the energy sector is expected to suffer the second largest share of direct economic
damage, after only agriculture. While impacts to the energy sector represent 23 % of
the total damage on a regional level (EU + UK), this can differ when looking into single
regions. In Scandinavia and in the Baltic Countries, the share of economic losses due
to drought for the energy sector is considerably higher (489%), as hydropower is an
important energy source for the area. However, these damages represent only direct
drought losses and do not account for indirect effects (see Fig. 5, right).

Data source: Naumann et al,, 20214
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. Fig. 5: Direct and indirect economic damages of the 2012-2016 drought in California.
In addition to the direct economic impacts due to reductions in hydropower and increased
electricity demand, there are also indirect effects of offsetting decreased hydropower
production with fossil fuel powered electricity sources on health and excess mortality due
to increased air pollution from GHG emissions. The increased emissions and the effects on
health can be monetised by using a social cost of carbon (SCC) and a value of statistical
life*. This was calculated for the 2012 -2016 drought event in California using a SCC value
of $117 per ton and $ 193 per ton, and a value of statistical life of $10.95 million per
mortality. This shows that taking indirect impacts into consideration increases the economic
costs associated with droughts, which are 1.2 to 2.5 times higher than direct costs reported
in previous studies.

* The value of statistical life is a measure that reflects individuals’ willingness to pay for fatal
risk reduction, that is, the economic value to society to prevent a premature death by one.
Data source: Qiu et al., 2020”.

Environmental impacts

Emissions from offset with fossil fuels

The use of fossil fuel-powered thermoelectric plants
(such as coal, diesel or gas) to offset decreased hydropower
production during droughts also impacts CO, emissions,
increasing the emissions footprint™®. For example, a decrease
of 5.6% in the Chinese hydropower generation in 2023 due to
severe droughts contributed to a 6.2% increase in coal-fired
generation in the country. The International Energy Agency
(IEA) estimates that decreased hydropower production due
to droughts drove around 170Mt of CO, emissions globally in
20237 (see Fig. 6, right).

Some hydropower reservoirs can emit relatively high
levels of GHGs, requiring a case-by-case examination

While hydropower is generally considered to be a clean
energy source, in some cases hydropower reservoirs can reach
— and even exceed - the emission rates of thermal plants*®**.
In most hydropower projects around the globe, emissions
per unit electricity generated tend to be within the range of
other renewable sources, such as wind and solar plants.
However, studies have shown that in some cases, as in the
lowland Amazon, facilities can be more greenhouse-gas (GHG)
intensive than fossil-fuel based plants**.

This is due, amongst other factors, to GHG emissions from
decaying organic matter within the reservoirt®!t. As water
temperature influences this process, lower water levels caused
by droughts contribute to future reservoir GHG emissions. Thus,
the climate change mitigation versus emissions potential of
each reservoir and, consequently, the optimal location for new
reservoirs, must be examined case-by-case. Additionally, the
technological capture of methane emissions from reservoirs
can be considered as an energy source*’.,

Fig. 7: GHG emissions from hydropower reservoirs.
Different mechanisms lead to the occurrence of biogenic
emissions in reservoirs. They vary in importance
depending on the reservoir's characteristics (e.g. depth,
vegetation cover) and location (e.g. climate).

Adapted and redrawn by LJ for the World Drought Atlas, based on

Levasseur et al., 2021*2.

Average per-reservoir-area

¢ L
~* rates of emissions (gCO,eq.m2yr?) 'X\ ,;, f
.  \ “\ —
' | -
0 I/ i/ {
[ 139-1000 ! /
) t
10002000
2000-4000

I +000-130562

Highly polluting fossil fuels are used to offset hydropower generation gap in case of
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Fig. 6: Change in global CO, emissions by driver, 2022 -2023.

In 2023, severe and prolonged droughts in hydropower producing regions

(e.g. India, China, Southeast Asia and North America) - exacerbated by

the phenomenon of El Nifio - led to a record decline in global hydropower
generation. This shortfall provoked the emission of around 170 million

Mt CO, from the use of fossil fuels-powered plants to offset the decreased
hydroelectricity. That is, if the availability of global hydropower generation had
remained consistent with 2022 levels, an additional 200 terawatt-hours (TWh)
would have been generated, avoiding emissions from non-renewable sources’.
Data source: |[EA, 2024°.
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Data source: Harrison et al.,, 20213,
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The occurrence of extreme weather and climate events

such as heatwaves or floods-following-droughts can add

pressure to the hydropower sector during droughts. Such
events can impact the electricity generation side or increase
the demand for energy, thus hampering the capacity of the

sector to meet the demand.

Fig. 1: Large dams by purpose (left) and shares of
hydropower and non-powered dams by region and
globally (right).

Reservoirs can serve multiple purposes, sectors and priorities
creating trade-offs in their operations and water allocations.
For instance, the use of a reservoir for flood control would
favour keeping low water levels to accommodate the inflow
of more water'. However, this reduces the availability of
water during drought, contributing to sector competition for
the available water and increasing the risk of impacts on
energy production. Preparedness for drought, on the other
hand, would favour high water storage, which in turn can
make reservoirs more susceptible to overtopping or dam
failure in the event of extreme rainfall’. The left side of the
figure shows that 10% of large dams serve the single-
purpose of generating hydropower, while 17 % of large
dams serve multiple purposes. The right side of the figure
shows the percentage of hydropower generating reservoirs
that serve multiple purposes, which lies at almost 40% on
a global level.

Data source: International Energy Agency, 20212
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. Map 1: Droughts compound with other hazards, affecting
hydropower generation.
The map shows for various locations around the globe what other
~effects of climate change on hydropower generation are expected to

co-occur with droughts, based on observed trends and near-future
projections. This is based on a review of the literature done by Wasti

et al. (2022), whereby here only the locations expected to be affected
by droughts were selected. Effects that are addressed by more than
half of the studies included in the review are considered to be of “high
confidence” and have a darker hued icon. Those addressed in less than
half of the studies, conversely, are considered to be of “low confidence”
and thus marked with a lighter hued icon.

Data source: Based on Wasti et al,, 2022°.
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- Fig. 2: Change in global CO, emissions by driver,

2021-2022 (MtCO,).

In 2022, extreme weather contributed approximately

60 Mt of CO, emissions due to energy demand for cooling
and heating for buildings. Around two-thirds of this
amount resulted from cooling needs.

Data source: |EA, 2023

Negative impacts of droughts on hydropower can be exacerbated
by compounding events that can also have compounding effects.
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Fig. 3: Warmer summer days increase energy demand.
When heatwaves occur simultaneously with droughts, not
only is energy generation affected by the drought, but the
energy demand for cooling (i.e. electric-powered fans and air
conditioning) increases®*. This further stresses the electricity
systems’ ability to meet demand. In 2022, for instance,
extreme temperatures led to an increase in the number of
cooling degree days* in different parts of the world compared
to the 2000-2021 period, contributing to an increase in
energy demand. Moreover, due to the interconnectedness of
the electricity supply system in some cases, a drought and
heatwave may not need to occur in exactly the same location
for the impacts to compound. For example, if a heatwave
occurs in a region to which a hydropower system supplies
electricity, the demand for that system’s electricity will still
be higher. At the same time, when temperatures are too
high, some thermoelectric power plants might need to be
temporarily shut down due to a lack of cooling water, or to
restrictions on the release of warmed up cooling water back
into water bodies due to environmental concerns, decreasing
the availability of alternative electricity sources®.

*Cooling degree days is a measure that illustrates the
average number of degrees and days above a temperature
threshold at which there might be an energy demand to cool
buildings. In this study, the 21°C threshold was used.

Data source: IEA, 2018°.

.. Map 2: Estimated storage loss by 2030 and 2050.

In addition to favouring low water storage, floods can increase
erosion upstream and thus cause more sediments to flow into
downstream reservoirs®. This exacerbates the already existing
problem of reservoir storage capacity loss due to sediment filling®,
contributing to decreased water availability during droughts.

Data source: Perera et al.,, 20237.
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- Fig. 4: Power generation capacity required for cooling

by country/region in the Baseline Scenario.

Due to global warming and extreme heat events,
combined with population and economic growth, it is
estimated that by 2050 the global energy capacity

need to meet space cooling demand will rise to 3350
Gigawatts, from 850 GW in 2016. This increase in
demand, with peaks during extremely hot days, puts
pressure on the energy system, which may be impaired if
the heatwaves co-occur with droughts.

Data source: IEA, 2018°.
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2.4 Inland navigation

2.4.1 Droughts can obstruct transport on inland waterways

Drought-induced low flows affect

navigability on inland waterways.
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Inland navigation (i.e. on rivers, canals, streams and lakes)
can be both a large-scale, commercially-significant mode
of transport (e.g. barges transporting bulk goods, Fig. 1,
below) and, at a local scale, an important means of access,
transportation and distribution for riparian communities, that
is, communities that live along watercourses (Fig. 2, opposite).
It is estimated that there are over 600000km of navigable
waterways throughout the world®. )

At both scales, navigable waterways can be severely
disrupted by drought-induced low flows, but the impacts of
droughts differ. In large waterways, low flows can disrupt the
supply of materials to industries, which can face increased
transportation costs due to so-called low-water surcharge
fees? charged by navigation companies. These industries
might also face disruptions to their supply chain due to delays
or even a complete stoppage in the delivery of goods®. In some
countries, this can have direct impacts on their annual GDP.
Replacing inland water navigation with rail or road transport,
however, has environmental and economic implications, as
there are higher emissions associated with other transport
modes, as well as losses in efficiency compared to inland
water transport’s economies of scale®. This is due to the fact
that barges are able to transport much more cargo per unit of
distance than other transport modes (see Fig. 3, opposite).

As for small-scale inland navigation, low-flows caused
by drought events can hamper access through watercourses
for riparian communities or cut them off. Consequently, this
can affect people’s access to basic goods such as health
facilities, education centres and livelihood activities as well as
to drinking water and food supplies®.

-. Fig 1: Large navigable inland waterways.
Under normal water flow conditions, barges are
used to transport large quantities of goods over
inland waterways.

Source: Ikar.us, CC BY 2.0 DE, via Wikimedia Commons.
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- Map 1: Identification and global distribution of Golden
Inland Waterways (GIWs).

- Wang et al. (2020) classified large rivers worldwide into
categories and levels (small, S; middle, M; and large, L) based \
on their bearing capacity index (BCl) and socio-economic i
index (SEI). The BCI refers to the navigational capacity of a |
given waterway in terms of freight volume that can pass, : |
while the SEI approximately represents transport need
based on socio-economic development. The map shows 34
waterways that fall under the middle and large categories for ) 1\
the calculated indexes.
Data source: Wang et al. 2020°. ¢ )
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* Map 2: Total length of navigable rivers, canals and other
inland waters.
The map shows the total length of navigable rivers, canals
and other inland waterways per country. Not all the navigable
waterways have the capacity to carry large vessels and are
commercially significant.
Data source: CIA World Factbook, 20217,
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Town™ Inland water transport can be very

W

Perth

efficient compared to road or rail freight
transport thanks to its scale advantages.
However, droughts disrupt this advantage

by limiting the capacity that can be
transported over low water levels.
Adapted and redrawn by LJ for the World Drought

i Atlas, based on https://unpointcing.ca/dossier-special/
marine-marchande-empreinte-carbone/ and inspired by

- National Waterways Foundation, 2017°.

INLAND WATER FREIGHT vs. RAIL OR ROAD TRANSPORT

. Fig 2: Riparian communities are especially
vulnerable to isolation due to severe droughts.
Low flows can hinder access to basic goods and
services, such as food, healthcare and education®,
as the 2023 and 2024 droughts in the Amazon
region have shown?®.

Source: Fernando Leceta Gobitz, distributed via imaggeo.egu.eu,
CC BY-SA 3.0, via Creative Commons.
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2.4.2 Impact chain of the effects of drought on inland navigation

The inland navigation sector is exposed to multiple risks
during droughts, the impacts of which depend on local
characteristics of the rivers and their use. For waterways
serving industrial activities through the delivery of raw
materials, drought can lead to a disruption of energy and
industrial production (see Fig. 1, below), which most often
results in increased production costs. These activities generally
require large channels, on which barges with high carrying
capacity can navigate. Because of these large loads, channels’

morphological characteristics are extremely relevant factors
in creating vulnerability of the sector, as drought-induced low
flows occurring in rivers’ bottlenecks is enough to disrupt or
halt navigability. In some major arteries of inland navigation
for industrial uses, the total amount of transported goods and
vessel size have increased considerably in recent decades;
during low flows, this translates into more ships having to be
deployed with reduced loads to ensure the regular level of
delivered goods. However, this results in delays, as more vessel
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traffic is generated against a reduced level of navigability. In
many areas around the world, inland navigation is also critical
for delivering essential goods, such as food and medicines, to
otherwise isolated communities. This dependency on inland
navigation, that ensures access to markets, is a major driver
of vulnerability to the impacts of drought. In some cases, risks
in this sector induce important infrastructural adjustments, for
example in the form of canal dredging, locks and construction
of reservoirs to ensure enough water to allow navigability.

Dependency on inland
navigation to access markets

Lack of access to
essential goods: foods,
medicines, etc.

Disruption of energy and

These adjustments can directly affect other competing water
uses, for instance disrupting environmental flows necessary for
ecosystems, and, overall, can induce higher water abstractions
for other sectoral uses and, in tum, affect surface and
groundwater resources.

Dependency on inland
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- Society & Economy
- Root causes

- Drought risks & impacts
- Concurrent hazards
- Response risks

(canal dredging, locks, reservairs)

Increased competition over
water resources

RESPONSE RISK (for other sectors)

|

Agricultural, industrial,
domestic, resource extraction
and energy water uses

Increased/excessive <
water abstractions <€

-+ Fig. 1: Impact chain of drought risks for inland navigation.
The impact chain conceptual model outlines the main drivers of drought
risks for inland navigation at the global level and their interconnections,
highlighting the multiple dependencies that need to be addressed to reduce
drought risks. Drivers of risks are categorised using the categories of
the conceptual framework of drought risks and impacts from a systemic
perspective (Hagenlocher et al., 2023, see Part 1).

< navigation for transportation < Global/regional market

SEE SECTION 2.6 FOR
CASCADING IMPACTS
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2.4.3 Drought hazards for inland navigation

Due to the spatiotemporal complexity of drought and
its potential impacts, many hazard indices exist that aim to
characterise different aspects of drought, such as anomalies
in different parts of the hydrological cycle over different time
windows. Here, the Low Flow Index (LFI) is used to assess the
drought hazard for inland navigation. This index is calculated
by determining the maximum number of consecutive months
in which streamflow is below the (monthly) 5" percentile.
In Maps 1-9 the driest event over the period 2000-2019
is shown for different parts of the world. The 2015 drought
in Europe significantly impacted navigation in Germany and
European Russia, with cargo needing to be reduced up to 50 %.
In Northern America, the 2012 drought caused record-breaking
low-water levels on the Mississippi River which threatened to
shut down shipping. The 2016 drought in the Amazon basin
also affected navigation, isolating local populations and
limiting their access to essential goods. In 2010, low water
levels in the Mekong River also cut off people from their
livelihoods and forced trade movement over land instead.

In Maps 10-12, the change in the number of months
below the 5" percentile is given, indicating changes in the flow
conditions that may occur under future scenarios of warming
levels of 2°C, 3°C, and 4 °C above the pre-industrial level. These
maps are based on five (for 2°C and 3°C warming levels) or
three (for 4°C warming level) different GCM simulations.
Future conditions of low flow are projected to worsen in most
places around the globe on average. Reduction in the number
of months below the 5% threshold is mainly seen in parts
of the Indian subcontinent and Himalayan region, along with
parts of eastern Asia, while increases are projected for the rest
of the world. These increases, averaged between the different
models, can be very large in some places, particularly under
a 4°C warming level. However, the agreement between the
models is very poor, indicating uncertainty in the projections.

While the maps displayed here show the global patterns
of low flow, other metrics can and should be included when
responding to specific drought events or formulating new
policies to obtain a more complete picture of hazard conditions.

Maps 1-9: Examples of drought events during 2000-2019 (based on LFI)

Map 1: Dec 2012

Map 3: Oct 2017

Map 4: Oct 2015

Moreover, moving from the global to smaller scales may
require a different selection of metrics to account for specific
local conditions. Given the highly specific knowledge of local
needs and conditions required to make informed choices, the
involvement of stakeholders is critical in the identification of
metrics and approaches to interpret and use them. In addition,
utilising an ensemble of climate and/or hydrological models
can help to more objectively quantify the uncertainty in how
future hydroclimatic conditions will evolve.

Map 7: Apr 2014

Amount of consecutive months under low flow threshold (LFI)

0O 10 20 30 40 50 60 70 80 90 100110120

Maps 10-12: Future changes of Low Flow w.r.t. the period 1985-2014

Map 11: +3°C Warming level

Map 12: +4°C Warming level

Change in months under low flow threshold

-

-180-150-120 -90 -60 -30 30 60 90 120 150 180

Map 10: +2°C Warming level

Disagreement between models

Human-driven climate change
impacts streamflow and

thus capacity for navigation.
Projections are very uncertain but
changes may be very large.

Maps 1-9 (page 70): Significant drought
events for 2000 - 2019.

Hazard maps of the Low Flow Index (LFI),
representing the number of consecutive months
having streamflow below the (monthy) 5%
percentile. Here, the (spatially averaged) driest
month over the period 2000-2019 is shown for
different parts of the world.

Please note: Grid-cell size has been exaggerated
to improve legibility.

See Appendix: Drought hazard computation methodology.

Maps 10-12: Change in 30-year average
drought conditions (w.r.t. 1985-2014) under
future warming levels (w.r.t. pre-industrial
o level).
The maps are based on five (for 2 °C and 3
°C warming levels) or three (for 4 °C warming
level) different GCM simulations used as input
for a hydrological model. Colours represent the
P changes in terms of months below the current
vé ., 5t percentile threshold. Hatching shows where
~ ’ ' there is disagreement among the GCM models
: on the direction of change (wetter or drier).
\&Z L Dl e st : Please note: Grid-cell size has been exaggerated
to improve legibility.
See Appendix: Drought hazard computation methodology.
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2.4.4 Navigation risk due to low flows

During drought-induced low flows the water depth along
waterways or in certain bottleneck points might be too shallow
for vessels to pass when carrying their usual load. Thus, inland
water transport companies might need to employ smaller
vessels with lower draughts (see Fig. 3, right) - if available
in their fleet - or decrease the load of larger vessels to avoid
grounding. Due to the vessels’ restricted carrying capacities,
more trips are needed to deliver the same quantity of goods®.
This can lead to an increased traffic intensity on waterways
and higher berth occupancy (see Fig. 4, right), triggering longer
queues at locks and bottleneck points®. In addition, vessels
might face difficulties in passing through locks, as water
may not be sufficiently available to fill and empty the lock
chambers that move vessels between different water levels
(see Fig. 1, below). As a result of these processes, the delivery
of goods via waterways during drought events can suffer
delays, transportation surcharges, or a full halt if bottlenecks
cannot be bypassed?.

Shallow waters, bottlenecks and locks
cause delays and disruptions to inland

water transport during droughts.

* Fig. 1: Locks.
Locks serve the purpose of allowing vessels to
move between different water levels, as sections
of a waterway might have different elevations.
The lock is used to raise or lower vessels by
adjusting the water level inside a lock chamber.
Locks rely on sufficient water levels to function
properly, so their functioning can be affected by
low flows during droughts.
Drawn by LJ for the World Drought Atlas inspired by the
schematic process available at Encyclopaedia Britannica inc.

Lock chamber

Lower canal

Downstream gate

lloo% capacity load

250

Upper canal

Fig. 3: Profile of a cargo ship in a
navigation channel.

The amount of cargo that a vessel can
carry on inland waters depends on the
vessel structure and on the minimum depth
of the water in the shallowest part of the
transport trajectory. The depth reached by
a vessel’s draught increases with cargo
weight. During drought-induced low flows
the space between the draught and the
riverbed decreases. Thus, in order to keep a
safety margin for navigation, the so-called
keel clearance, vessels need to reduce the
amount of cargo that they carry.

Redrawn by LJ for the World Drought Atlas,

based on Central Commission for the Navigation of the
Rhine (CCNR), 2022°.

Fig. 4: Queue formation in quays.

The berths in wharfs or quays are used for the
loading and unloading of vessels. During low
flows, as ships need to make more travels,

or more ships are employed to compensate
for the reduced cargo carrying capacity, the
occupancy rate of berths increases. This

can lead to the formation of queues, which
increases the waiting time for ships in ports,
contributing to the delays in transported
goods®. Low flows might reach a point where
it is not feasible for ships to sail due to the risk
of grounding or lack of economic profitability.
In that case, the number of ship travels might
decrease again’.

Redrawn by LJ for the World Drought Atlas,

based on Komarov Andrey - stock.adobe.com

Upstream gate

.- Fig. 2: Reduced load capacities require
employment of more vessels.
Vessels can only operate at full capacity load
under sufficient water levels. The lower water
levels get during droughts, the less cargo a vessel
can carry, to avoid grounding. As a consequence,
more vessels need to be employed to transport
the same tonnage of goods.
Redrawn by LJ for the World Drought Atlas, based on CCNR
Reflection paper “Act now!” on low water and effects on Rhine
navigation, Edition 3.0 of 27 October 2023, based on slides from
CONTARGO*.

135

75

55

Water level at Kaub
measuring station, Germany (cm)

25% capacity load
L L]

No. of ships

Costs* (€)

ils.ﬁ % capacity load

Empty
Gauge level draught/draft

Low Water Surcharge

Free Agreement below 40cm | | below 35cm

Navigation not possible | | Risk limit

below 80cm
No obligation to transport

below 150cm
Low Water Surcharge (LWS) starts

280 240 200 160 120 80 40 0
Water level at Kaub measuring station, Germany (cm)

* Costs of shipping required to transport the same amount of goods at different water levels

. Fig. 5: Low water surcharges.
Inland water transport companies apply transportation
surcharges when water levels fall below a certain
threshold, to compensate for increased costs from having
to employ more vessels due to reduced loading capacities
(see also Fig. 2, left). The low water threshold used varies
per location, with the Kaub gauge in the German part of
the Rhine exemplified in the figure. There is no official
level at which traffic on the Rhine is stopped - rather,
this is a decision that needs to be made by boatmasters.
Below certain gauge levels, companies have no obligation
to transport and may opt to not take responsibility for the
risk of grounding.
Adapted and redrawn by LJ for the World Drought Atlas, based on CCNR
Reflection paper “Act now!” on low water and effects on Rhine navigation,
Edition 3.0 of 27 October 2023, based on slides from RHENUS Logistics®.

Effect of low flow on riparian communities

In the Amazon Basin most people live close to rivers, which are the
fundamental basis of transportation in a region where roads and
highways exist only in a small portion of the territory.

Local populations have developed interesting adaptation strategies
to the alternating flood and dry season that occur in the region, from
floating vegetable gardens and floating houses, during flooding,
to fast-growing crops in the dry season, before the following flood
period starts. However, the increased magnitude of recent floods and
droughts has posed major challenges.

In 2023, hundreds of thousands of people were isolated by
the largest drought that has ever occurred in Amazonia. Rural
populations, which are highly dependent on the nearest urban areas
to access basic services such as education, health systems and food
markets, could not access these services for a few months. Access

0 1000km \
|

\

River navigability and isolated communities in the Brazilian Amazon

. Non-indigenous localities prone to

isolation during droughts

e Other non-indigenous localities

to safe drinking water was largely affected by the lack of adequate
water supply facilities within the communities and the impossibility
to access nearby areas that could provide drinking water. As a
consequence, polluted rivers were the main source of drinking water
for many people during the drought event, leading to serious health
impacts such as diarrhea surges. These health impacts were further
aggravated by the compounding of the drought with other hazards
and environmental issues, such as heatwaves and the smoke arising
from deforestation practices.

During extreme droughts, navigation distances largely increase, imposing
several extra difficulties and costs to the population: in 2023 many
communities saw the distance to the nearest urban areas (which in the
Amazon region is calculated in terms of units of time) increase from
a few hours to more than 10 hours - or even to days, in some cases.

Non-indigenous

» Indigenous villages prone to
isolation during droughts

e Other Indigenous villages

O Amazon Basin

These increased costs, combined with decreased income possibilities due
to their isolation, reduced communities’ ability to withstand the drought
impacts. The high social vulnerability of these populations and the lack of
decentralised infrastructure, for instance related to health, makes them
largely dependent on the few health facilities that exist in the region,
which were inaccessible due to low water levels during the disaster. As
a result, humanitarian aid, such as food, water and medicines, had to be
provided by helicopter to many communities.

Some required solutions include improving local water supply, for instance
through increased rainwater harvesting storages and decentralising the
health system during such crises, towards more distributed first-aid
centres and the training of community health agents.

Lead Author: Ayan Fleischmann, Mamiraud Institute for Sustainable
Development, Tefé, Amazonas, Brazil.

Fig. 6: The severe droughts in the Amazon region in 2023
and 2024 led to historically low flows, impacting the local
populations and fauna.

Left, image of the dry Tefé Lake during the 2023 drought, in
front of the city of Tefé,

Source: Débora Hymans, Mamiraud Institute for Sustainable Development, Brazil.

Right, image of the dry Coari Lake during the 2023 drought,
in front of the city of Coari.
Source: Ayan Fleischmann.

\

1000km \

\ Indigenous

*-. Fig. 7: Communities in the Brazilian Amazon that are prone

to isolation.

The maps depict human settlements - divided into Indigenous
villages and non-Indigenous localities - that are prone to
isolation during severe droughts in the Brazilian portion of the
Amazon basin. Grey marks represent the remaining localities.
Drawn by LJ for the World Drought Atlas. Data source: Santos de Lima et al., 2024*.
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Rhine: The 2018 drought in Europe impaired navigation on

the Rhine (see Fig. 1, top right), Europe’s busiest waterway

corridor, on which raw materials and finished goods from

multiple industries along its riverbanks are transported.

24.5 Disrupted Supply chains Water levels dropped to historic lows, severely limiting the
depth at which vessels could navigate. This forced many

vessels toreduce their cargo loads to prevent grounding,
leading to decreased efficiency and higher shipping costs
(see Fig. 1, opposite). Some larger vessels were unable
to navigate at all, disrupting supply chains and causing
delays in the‘delivery of goods. This had-a significant

— effecton some of the countries that rely on the waterway.
Farexample, Germany faced a 1.5% drop in its industrial
resulted in a 0.4 % decrease of its GDP2.

e

production, which

v

Bearing capacity index /
(BCI) /
O /
0.2
0.4
06
0.8
1.0

o¥

U.S.: In 2012, the drought in the U.S.
.affected water levels in the Mississippi River,
with barge depths reduced from the normal

- 14 to 7 feet deep (from circa 4m to 2m).

- The decrease in water levels disrupted the
flow of goods through inland navigation. The
drought also affected the transportation
routes-and fishing grounds of Native
Ameriean peoples residing along the river. In
total, the drought created costly challenges
for communities and the broader economy,
with losses estimated up to $ 20 billion.

Map 1: Global distribution of bearing capacity index (BCI).
The map shows the global distribution of bearing capacity
index (BCl) for large river waterways. The BCl refers to

- the navigational capacity of a given waterway in terms of
freight volume that can pass a given cross-section.
Data source: Wang et al. 2020

Impaired inland navigation can have cascading
effects through supply chains and trade.

Approx.
11-13 days
(at 18 knots) | -

Map 2: Maritime routes that cross the
Panama Canal.

The Panama canal serves a total of 180
maritime routes that link 1,920 ports across
170 countries.

Drawn by LJ for the World Drought Atlas with information ) PANAMA, S MARITI M E H U B:

180 trade routes

retrieved from https://pancanal.com

Y
[N

Panama: The 2023 El Nifio-induced drought in Central America
had unprecedented impacts on navigation through the Panama
Canal, which carries 5% of all global maritime trade. Globa_l trade
was impacted, as cargo ships were forced to wait for weeks to
use the canal due to the decreased amount of water available to
fill the canal locks. Moreover, restrictions were imposed on ship
depths, equally impacting international supply chains. Shippers
auctioned slots to jump the queue or opted for detours. The
drought affected the national income of Panama as toll revenues
dropped by $ 100 million per month3, threatening employment in
canal-related industries?.

/I

Approx.
18-20 days
(at 18 knots) |-

Panama

1920 ports 170 countries

Fig. 1: Increased rate for transport of liquid
cargo on the Rhine during low flow periods.
The graph illustrates the liquid cargo freight
rate index (yearly averages) for gasoil
transport in the ARA-Rhine area, showing the
price increase during the low flow periods in
2011, 2015 and 2018.

Data source: Central Commission for the Navigation of the
Rhine (CCNR) and Global Insights®.

China: In the summer of 2022, the Yangtze River,
China’s longest and most important river, which con-
nects the mid and southwest of the country with the
Shanghai seaport®, reached record-low water levels,
with some sections and tributaries drying up entirely®.
Some monitoring stations measured a six-metre fall
in water levels, reaching the lowest levels recorded
since 18657. The low flows-affected inland naviga-
tion, leading to some shipping routes in the middle
and lower sections closing down®:

Z

Panama Canal

The Panama Canal lock systems use around seven billion
litres of water per day to raise and lower vessels®. Lake Gatun
(Lago Gatun), the source of this water, fell to historically low
levels in 2023 due to rainfall deficits during the rainy season
in the lake catchment area caused by strong El Nifio conditions,
which compounded with increased water demands for public
water supply. As a result, the number and size of ships that
were allowed to pass through the canal had been restricted
by the Panama Canal Authority. This affected global shipping,
forcing some ships to take longer ocean routes, causing delays
in goods deliveries and increasing demand for truck and rail
services — resulting in higher costs and GHG emissions®. With
about 5% of seaborne trade passing through the canal - but a
much higher percentage of the traffic between certain regions
— the event has highlighted the interconnectedness of global
trade, as the effects of low flows at a so-called bottleneck
point can cascade to areas far away from where the hazard
is taking place.

Fig. 3: What would the 2003 and 2018 European drought events look like
in the future?

The melt water from snow and ice can be an important contribution to
upstream rivers parts in areas of mountain water towers, and it can alleviate
low flows during droughts events. However, with glaciers projected to further
decline in a warming climate, there can be consequences for low flows, even in
downstream parts of a river. A study by Van Tiel et al. (2023) investigated what
the consequences of the same weather conditions of past drought events in
Europe (e.g. 2003 and 2018) would look like at future moments in time, taking
into consideration future glacial retreat. The results show that low flows along
the Rhine would worsen in future conditions (purple represents near future and
orange far future conditions, obtained by climate projections under the RCP8.5
scenario), both upstream and downstream, increasing the duration of impaired
navigation days.

Adapted and redrawn by LJ for the World Drought Atlas, based on Van Tiel et al,, 2023**.
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*-. Fig. 2: Quarterly inland waterway freight transport in the EU,
2014- 2022.
In the graph it is possible to see sharp declines in inland waterway
transport activities in the European Union in the drought years
of 2018 and 2022. Particularly, the drop in the fourth quarter of
2018 was the highest decline registered during the period from
2014 to 2022. In the third quarter of 2022, inland water transport
performance in the EU was at its lowest since quarterly data are
available (i.e. the first quarter of 2006).
Data source: Eurostat, 2024°.
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2.5 Ecosystems @

In the Sahel, loss of vegetation due to o .
2.5.1 Healthy ecosystems are critical for maintaining the resilience drought has led to increased s erasion e femapens e

and desertification”*2,

of habitats, landscapes and human systems to drought

®)

e < Drought, along with heatwaves and loss of
’ ST T sea-ice, has increased the size and severity
=1 ‘ of catastrophic megafires in the eastern

Biomes Siberian boreal forests??.

Boreal Forests/Taiga
Deserts & Xeric Shrublands

Flooded Grasslands & Savannas e =" T

Mangroves

Mediterranean Forests, Woodlands & Scrub

Montane Grasslands & Shrublands

Temperate Broadleaf & Mixed Forests
- Temperate Conifer Forests

Temperate Grasslands, Savannas & Shrublands

¢ Migratory bird populations may be par-
1o ticularly vulnerable to drought in their
breeding or wintering grounds?3.

- Tropical & Subtropical Coniferous Forests Drought in the Amazon

has triggered tree
die-offs and loss of
carbon storage as well
as drying of wetlands
and river deltas like the
Pantanal*#1516,

Tropical & Subtropical Dry Broadleaf Forests ~
- Tropical & Subtropical Grasslands, Savannas & Shrublands
- Tropical & Subtropical Moist Broadleaf Forests

Tundra Droughts have contributed to fish die-offs in

Western North America, straining keystone and
culturally important species like salmon®°.

As glaciers melt, the timing of
downstream flows is shifting,
potentially increasing the vulnerability

of ecosystems, including human
communities, to drought?2.

Intense, prolonged or frequent droughts @

can negatively impact ecosystem

function, sometimes irreversibly. " Large-scale mega-droughts (e.q. Western U.S.,
Chile, & Australia) are becoming more frequent and
prolonged, exacerbating hazards like catastrophic

~ wildfires and increasing the likelihood of triggering
' ecosystem transformation (see 2.5.7)1112:13,

Ecosystem drought occurs when below-normal water
supplies stress ecosystem processes and function, but the

exact conditions that trigger stress vary greatly across biomes ) { ' e Sroudh i e th Y /
» . ! rought can harm insect species like the /
.and ecpsystems (see Map 1, above?‘ Whethgr a dry period Map 1: Global map of trends, tipping points and impacts of . & bogong moth in Australia through lack of
is considered a drought depends on its intensity, timing and drought. I food and dry soil conditions* .
duration; the prior adaptations of the ecosystem; and the Biomes are geographical regions with distinct physical and e ' ﬁ
mediation of human influence?. Droughts can impact all climate characteristics that have led to the development of a 22
B - 3 specific biological community. Drought impacts (red) almost all &
aspects of ecosystem function, including biodiversity levels biomes worldwide. Drought occurrence and characteristics are @
(pages 82-83) and carbon cycling (pages 84-85). Impacts changing, largely due to climate change (purple). Finally, drought _ _ { s
can be more severe when drought co-occurs with other can lead to tipping points (blue), abrupt and possibly irreversible In 2009, drought in Tanzania drove - T

‘,‘\‘

changes between one ecosystem state and another”.

elephants to forage on crops, increasing. - Fig. 1: Examples of drought impacts on ecosystems. 5>
Data source: Dinerstein et al,, 20172,

conflict with humans**2. . Ecosystem processes and functions and, by extension, the services
and values humans derive from ecosystems, can be impacted in
many ways by drought.

Adapted and redrawn by LJ for the World Drought Atlas, based on Crausbay et al., 2020°.

hazards (pages 90-91).

Unlike some other natural hazards, the impact of drought
may lag behind the initial onset of the drought event and carry
over after it has ended. The recovery time of an ecosystem

is defined as the time it takes to retumn to its pre-drought “+ Map 2: Drought recovery time.
. Sas ) P d Drought impacts last beyond the end of a dry period. Recovery Value of Ecosystems and Ecosystems as a Value . _ _
functional state®**. Coupling drought occurrence data with time is the time required after a drought has ended for gross Ecosvstem services is a booular termn in Western stience Carbon sequestration Ecoclimate teleconnections
ecosystem recovery time can highlight the vulnerability or primary production, a measure of plant activity through Y [ pop! Loss of carbon to the atmosphere Higher likelihood of drought in regions with
ili h hesi drought level and policy for the direct and indirect ways that ecosystems when wildfires and mass tree forest conversion and associated changes
resilience of the system to current and future trends (see Map photosynthesis, to return to pre-drought levels. ; . i mortality events release carbon in the land-surface energy balance
Data source: Schwalm et al, 20172 support human well-being which can be threatened by periods . — (it (o ysteelly s

2, right).

Human influences can exacerbate or mitigate the
impact of drought®. For example, water releases from a
reservoir that optimise hydropower production can support
energy production during drought but change streamflow
timing downstream, potentially creating even greater water e
shortages for aquatic and riparian ecosystems compared to
unaltered flow. Conversely, floodplain protection can mitigate
drought by holding water longer on the landscape, recharging
groundwater and offering habitat refugia.

Since baseline adaptations to dry periods vary greatly
across biomes and local soil conditions, it is critical to consider
the impacts of ongoing trends that are changing ecosystems’
exposure to drought, often faster than adaptation is possible.
In extreme cases, ecosystems may reach a tipping point

of drought (see Fig. 1, right). They are generally categorised as
provisioning (products like food and water), regulating (services
from ecosystem function, like flood regulation), cultural (non-
material spiritual, emotional, mental and intellectual value) and
supporting (processes that enable healthy ecosystem function)
services?. A more recent term in use by the Intergovernmental
Platform on Biodiversity and Ecosystem Services?® is nature’s
contribution to people, which includes ecosystem services
but is intended to be more encompassing of other knowledge
and valuation systems.

However, both these terms frame ecaosystem value in
relation to humans. Alternatively, the intrinsic value of
. ecosystems refers to their inherent value, independent of

Ny the benefits they provide to humans?”. In addition, many

Forest conversion
Reduced water retention
with mortality events in
vegetation of all types

Air quality
Paor air quality
increased wildfire ¢

COz

Drought recovery time

where impacts are so severe that the system cannot retum (months) A , T@ 7. o Al o wortldwewsl, parUcuLarly Indigenous fi”d ndon-\A{cestTm valui
to its previously stable state (see Map 1, above)’. Globally, I 2 I ﬂ) (N e { Y “ Sylj emsh,p ace empnasis don reagrou y an Tu uatrespec
climate change is the primary cause of these aggravated | BERZ (S £y o - where humans are understood as integral to ecosystem

" { ' 4 g processes and have a duty of stewardship and care toward

trends and impacts, but regionally, other influences such as the landscapes they depend on”.

land use conversion (e.g. converting forest to agricultural land), <6
land degradation and water abstraction are also important®.
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2.5.2 Impact chain of the effects of drought on ecosystems

Ecosystems exist in a delicate balance of abiotic (including
climatic) and biotic factors and as such they are vulnerable
to drought risks and impacts, as these can significantly and
at times irreversibly alter this balance. Terrestrial and aguatic
ecosystems can both suffer from droughts. Among the multiple
risks that are common to these types of ecosystems are loss
of biodiversity, alteration of the carbon cycle and ecosystem
transformation (which also results in a reduction of provision of
ecosystem services for humans) (see Fig. 1, below). Naturally,

every ecosystem is uniquely characterised by its own set of
drivers of risks, dependent on its location, biotic communities,
physical features and innumerable other factors. However,
some overarching drivers of risks can be identified. From the
hazard side, ecosystems can suffer from droughts occurring
at every level of the hydrological cycle, as ecosystems can
be directly dependent on precipitation, soil moisture, surface
water and groundwater alike. Human activities such as land
cover changes and land use conversion have the potential to

Natural Anthropogenic
variability ¥ climate change
High Reduced
temperatures precipitation
CLIMATE DRIVERS

{

L

Increased Precipitation
evaporative demand deficit

N,

HYDROLOGICAL
DEFICIT -
SURFACE WATER 1

HYDROLOGICAL
DEFICIT -
GROUNDWATER

- Climate

B Hazards)

- Exposure

- Systems’ vulnerabilities
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- Root causes

- Drought risks & impacts

- Concurrent hazards

Depletion of lakes
and reservoirs
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groundwater resources

significantly increase ecosystems’ vulnerability and exposure
to drought. For instance, they can lead to fragmentation of
the ecosystem: that creates isolated, smaller patches of
habitats, individually with a higher ratio of edges compared
to the interior area, which increases exposure in case of
drought events. Fragmented ecosystems are more vulnerable
to drought impacts as species have limited options to escape
impacts by moving or migrating to adjacent environments.
Land cover changes can also lead to soil and land degradation

Societal dependence
on ecosystems

Overoptimisation of
ecosystems resources
for human use

in terrestrial ecosystems, which severely diminish the capacity
of the ecosystem to recover from droughts (e.g. by depleting
soils” ability to retain water). In the case of ecosystems, carry-
over or legacy effects are particularly relevant, as in some
cases it might take multiple years of accumulated drought
impacts before the ecosystem shows a severe response (e.q.
collapse). Ecosystems are also impacted by the other sectoral
water uses, which might undermine their functions by inputting
increased concentration of pollutants, but also by requiring

Carry-over/legacy effects from
previous drought impacts
(e.g. plant stress, tree mortality,
depleted wetlands)

h
—

Loss of biodiversity
(lower resilience to drought)

Alteration of
carbon cycle

Ecosystem transformation
(reduced provision of

ecosystem services)

Increased/excessive <
water abstractions
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||

regulation of water flows, which might disrupt the availability
of sufficient water of the right quality and at the right time
for the sustenance of ecosystems. While in many countries
environmental flow regulations ensure that ecosystems receive
the necessary amount of water despite other competing uses,
these regulations are sometimes waived during droughts to
benefit other sectoral uses, such as water supply or industrial
uses. This change in prioritisation can considerably endanger
ecosystems and lead to an increase in water abstractions,

Soil and topography
characteristics and conditions

Soil and land degradation

Increase of conditions
leading to other hazards
(wildfires, pest outbreaks,
heatwaves, flash floods, etc.)

v

Increased concentration <
of pollutants

ultimately compounding the water shortages experienced by
the system.

Land cover changes and
land use conversion

Waiver of environmental
flow regulations

RESPONSE RISK

Prioritisation of other <

!

!

Fragmentation of terrestrial Surface water 5 '
: = : D = domestic, resource extraction
and aquatic ecosystems flow regulation and energy water uses

Agricultural, industrial,

sectoral water uses

-+ Fig. 1: Impact chain of drought risks for ecosystems.

The impact chain conceptual model outlines the main drivers of drought
risks for ecosystems at the global level and their interconnections,
highlighting the multiple dependencies that need to be addressed to reduce
drought risks. Drivers of risks are categorised using the categories of

the conceptual framework of drought risks and impacts from a systemic
perspective (Hagenlocher et al., 2023, see Part 1).

- Response risks

SEE SECTION 2.6 FOR
CASCADING IMPACTS
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2.5.3 Drought hazards for ecosystems

Due to the spatiotemporal complexity of drought and
its potential impacts, many hazard indices exist that aim to
characterise different aspects of drought, such as anomalies
in different parts of the hydrological cycle over different
time windows. Here, the Standardized Precipitation-
Evapotranspiration Index (SPEI) is calculated over the
6-month primary growing season of each hemisphere
to evaluate the drought hazard to ecosystems. Using a
combination of hydrological and climate modelling, SPEI was
calculated for the present-day and three different warming
levels (2°C, 3°C and 4°C warming above pre-industrial levels)
that result from different greenhouse gas emissions scenarios.
The maps of the future conditions are based on five (for 2°C
and 3°C warming level) or three (for 4 °C warming level)
different GCM simulations.

The events shown in Maps 1-4 represent examples over
the period 2015-2020 for different parts of the world when
significant impacts on ecosystems were recorded. In each

example, calculations of SPEI-6 were performed from April-
September in the Northern Hemisphere and October-March
in the Southermn Hemisphere for the final year of drought. In
2015 East Brazil experienced one of the most severe drought
in decades, which caused widespread reductions of vegetation
productivity and carbon sequestration and negatively
impacted freshwater ecosystems. In summer 2018, an
extreme compound drought and heatwave event occurred in
Europe that resulted in significant decreases in net ecosystem
productivity (NEP) of terrestrial ecosystems. An exceptional
drought impacted much of southern Africa during the 2015
and 2016 growing seasons, particularly in Kruger National
Park, where significant die-offs of megaherbivore species
(e.g. buffaloes, elephants and hippos) occurred. The map of
Australia represents the end of the 3-year ‘tinderbox’ drought
that triggered 2019-2020 Black Summer Bushfires, resulting
in extensive devastation of ecosystems (~11Mha) and killed
an estimated 3 billion native vertebrates.

Maps 1-4: Examples of drought events during 2000-2019 (based on SPEI-6)

Map 1: Brazilian Drought, 2015*

While the maps displayed here show the global pattemns
of one sector-specific index, other metrics can and should
be included when responding to specific drought events or
formulating new policies to obtain a more complete picture
of hazard conditions. Moreover, moving from the global to
smaller scales may require a different selection of metrics to
account for specific local conditions. Given the highly specific
knowledge of local needs and conditions required to make
informed choices, the involvement of stakeholders is critical in
the identification of metrics and approaches to interpret and
use them. In addition, utilising an ensemble of climate and/or
hydrological models can help to more objectively quantify the
uncertainty in how future hydroclimatic conditions will evolve.

Standardized Precipitation-Evapotranspiration Index (SPEI-6)
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Map 3: Central European Drought, 2018°
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Map 4: Australia's Tinderbox Drought and Black Summer Bushfires, 2019-2020*
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Maps 5-7: Average future change w.r.t. the period 1985-2014

Map 5: 2°C Warming level

Disagreement between models

Map 6: 3°C Warming level

Maps 1-4 (page 80): Significant drought
events, 2000-2019.

Hazard maps of Standardized Precipitation-
Evapotranspiration Index (SPEI), calculated for
significant events 2010-2019 over a six-month
period (April— October). This period represents
the growing season in many regions of the
northern hemisphere where the majority of land
mass and human population resides.

See Appendix: Drought hazard computation methodology.

Map 7: 4°C Warming level

Maps 5-7: 30-year average drought
conditions under future warming levels.
Hazard maps of Standardized Precipitation-
Evapotranspiration Index (SPEI), estimated

o for three future warming levels. Each future
scenario map shows an average of five runs
of a hydrologic model, each run using data
inputs from a different global climate model.
In this case, the future 30-year mean of
SPEI was calculated over a six-month period
(April—October), but can be adjusted based
on the region, drought event, or/and biome

e of interest. Hatching shows where there is

¢ ~L APl et disagreement among the five models on the

direction of change (wetter or drier).

See Appendix: Drought hazard computation methodology.
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2.5.4 Biodiversity

B E' Climate change
Plant-Soil Feedbacks drivers

type W :
arming | conditions
' Fungi
7
i Pathogens e+ -
Saprotrophic/organic ++ -
matter decomposers B
. Saprotrophic species gain . Nitrogen (N) fixers are )
nutrients by feeding on detritus. critical for making nitrogen AM fungi B e e
They are critical to decomposition available for plant growth. EM fungi + I
and nutrient cycling. Source: F. de Carvalho, FM.S. Moreira,
Source: S. Axford from Orgiazzi et al., Ninjatacoshell from Orgiazzi et al., Bacteria
2016%. 2016*.
Pathogens et -
B B Symbiotic N fixers d] 0 -
. Nonsymbiotic N fixers 0 -=
’ — + +++
Map 1: Global map of Biodiversity Intactness Index. rl?qr.chuOgtI)'letstolerant
The Biodiversity Intactness Index (BIl) describes the Icr
extent to which pre-modern levels of biodiversity remain Other specific coevolved . I
in a region*®. This map highlights areas for protection microbes B
.(blue) and restoration (red). However, Bll is not a perfect
metric, as the prevalence of many types of life (e.g. Other
insects, fungi and subsurface species) is less understood
and often poorly documented. In addition, Bl does not . Arbuscular mycorrhizas . Symbiotic relationship Primary detritivorous + --
speak to the current vulnerability of species, which Biodiversity Intactness Index (BII) (AM) are a type of fungi between soil bacterium (dark invertebrates
remains high in many parts of the world. / that develo f ircl
p unique circles) and plant roots. " -
Data source: Newbold et al, 2016%. - <60% structures within root cells. Source: L. Howard/Dartmouth Electron Secondbatry detritivorous o
I s0%-70% -, Here, stained roots show Microscope Facility from Orgiazzi et invertebrates
S =7 colonisation by AM fungi. al, 2016*. Root herbivores . __
Drought can negatively impact - 70% - 75% Source: S.L. Starmer, M. Brundrett
from O i etal, 2016%.
o ) T . - [ 75%-80% om raazzi et el 2016 . Fig. 3: Impacts of climate change on
biodiversity, but biodiversity can mitigate 80% - 859% plant-soil feedbacks.

Impacts of climate change on plant-soil
feedbacks Increasing drought and heat
may change how plants interact with
soil species, which has implications for

drought impacts on ecosystems.

85% - 90%

90% - 95%

95% - 97.5% carbon and nutrient cycling. How climate
Drought can impact biodiversity in terrestrial ecosystems B o7 s%- 100% drivers will likely impact these feedbacks
. ! 506 — (+, growth; -, decrease; 0, no impact) and
both above and belowgrqund as well as aquatic qnd o0 the magnitude of the effect (number
coastal ecosystems (see Fig. 4, right), with some species | of symbols) are indicated in this table.

and ecosystems more sensitive to drought than others'#2.
Impacts can be both direct (for example, reductions in

Examples of some of the soil species are

) q ) ) ‘ ) given on the left.
Bird populations Indlgenous StewardShlp of bIOdIVEI‘SIty - Ectomycorrhiza (EM) fungi < Ground pearls use their Data source: Pugnaire et al, 2019,

water flows can trigger fish die-offs, see Fig. 1, right*>¢) or Decreased fruiting ==l P distinct ch t d mouthparts to feed

- ; h . ecline cause distinct changes to exposed mouthparts to fee

indirect (for example, a Changg in the nutrlgnt composition Humans are a critical component of biodiversity and human actions roots that can be observed on and attach to plant roots.

of leaf litter from drought-stricken vegetation can change . can both help and harm biodiversity levels. Indigenous peoples are without a microscope. They Source: M. Bertone from Orgiazzi et

the predominance of bacterial versus fungal decomposers, N T n- )~ particularly important to protecting biodiversity globally. Though ’?r:eee:f;ig fggg'atfgngth al, 2016*.

see Fig. 3, right). Often the impacts on one species cascade N (2 Indigenous groups comprise 6% of the world's population, they ! v pants. ) . )

o - - , 4 o Source: M. Wood from Orgiazzi et ~.. Fig. 4: Drought impacts to aquatic ecosystems.
through the system’; wide-spread tree die-offs in forests / > steward areas accounting for 80% of the world's biodiversity®. al, 2016%. Drought impacts to aquatic ecosystems go beyond low flow
result in loss of habitat for other species and in some areas E \ N Holism and reciprocity are emphasised in many Indigenous value levels, and include habitat connectivity and aspects of water
increase the risk of catastrophic wildfire, which can further Fig. 1: Drought impacts to tropical forest i\!" : systems, which can offer alternatives to dualistic worldviews that quality such as temperature, salinity and oxygen levels.

. . . . . \/ d i 26
harm bIOdIVEI’SIty (Flg. 2' Section 2.5.8, page 91) Bigzézttelm:acts are growing, even in non- lr:::adsiz air;sslooirfsas see humans as separate from other parts of the natural world. By Redrawn by LJ for the World Drought Atlas, based on Myers, 2018%.
However, the presence of strong biodiversity levels can arid ecosystems. Tropical forests including RN el sEki emphasising reciprocity, respect and relationality between humans
increase the coping capacity of an ecosystem and thereby in the Caribbean'®, the Amazon'* and West T L Reduced water quality and other species and ecosystem processes, holistic value systems Decreased rainfall
- . N icals i i y from increased runoff itati i D ht decreases connectivity of pool habitats to larger wate
mitigate the impacts of drought?. For example, in biodiverse Africa'® have all experienced droughts in the peselbrant may be less prone to exploitation and unsustainable use of resources. rought decr ivity of p itats to larger water
el ' recent decades. Since these ecosystems have e Among these worldviews, loss or changes in biodiversity directl e L M eV, [BimEy Elew e e e
forests, the presence of drought-resilient trees can reduce evolved for high water availability, they may 9 b 9 ¥ ¥ aquatic species that prefer to incubate or overwinter in pools
; : . ; y i t human cultural practices and values. Affirming Indigenous lakes, includi i from being abl i back
overall tree loss, even if the impacts are greater for drought- be particularly susceptible to drought®. impact ' al ' ] or lakes, including salmon, from being able to migrate back to
vulnerable species (see Fig. 2, below). In both areas with Redrawn by LJ for the World Drought Atlas, based on sovereignty, strengthening legal recognition of Indigenous territory connected water bodies at the right time of year.

Crausbay et al,, 2018%, and increasing protections for environmental defenders are critical

high biodiversity intactness and those with depleted levels to protecting biodiversity regionally and globally!°:12,

(see Map 1, above), highlighting the need for drought
mitigation measures to protect biodiversity as well as
biodiversity protection and enhancement in order to
mitigate drought. P

Resource partitioning Facilitation Selection effect
Death of dolphins during Amazon drought

R Ry T During the Amazonian drought at the beginning of 2023,
the severity of which was largely driven by climate change,

- more than 150 endangered river dolphins (Inia geoffrensis

and Sotalia fluviatilis) were found dead in tributaries of the

Amazon River*’-?°. While the definitive cause of the deaths

Noctural water _ _ is still under investigation, most explanations offered by
5"2'20;1:?;:':;;'"9 local experts suggest they are related to drought and heat*’.

- Due to high air temperatures and low water levels, water
temperatures reached up to 9 degrees Celsius warmer than

usual. Moreover, the high incidence of solar radiation caused

an algae bloom that is potentially toxic to fish, although there
MRERE # is no evidence yet of its toxicity to dolphins*®*°. In addition to Decreased deep water
redistribution these threats, low water levels make the dolphins and other habitat creates more
freshwater species more accessible and visible to humans, competition for food and

space among fish
exposing them to activities such as illegal fishing*2°.

Increased water temperature

Fig. 2: How biodiversity mitigates drought impacts. Increased salinity

Biodiversity can be negatively impacted by drought but
can also promote drought resilience. This can occur
through resource partitioning, where different species
pull on different resource pools or on the same resource
at different times; facilitation, where one species

has a positive effect on the functioning of another
species through, for example, resource redistribution; or
selection effects, where a diverse population makes it
more likely that some individuals from more resilient
species will survive a disturbance. Overall, higher species
richness can help protect ecosystems from reaching
irreversible tipping points.

Adapted and redrawn by LJ for the World Drought Atlas, based on
Grossiord, 2020°. © 2018 Grosslord. New Phytologist © 2018 New
Phytologist Trust.
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2.5.5 Carbon cycling

Map 1/Fig. 1: Global distribution of carbon storage by biome.

Estimates show that carbon storage per hectare varies considerably

by biome. In most cases, however, the priority should be preserving
long-standing (old growth) ecosystems, as newly converted
ecosystems often have degraded function, lower biodiversity and
reduced benefits for humans.

Data source:

Base map, Dinerstein et al., 2017*%; Mangroves, Sanderman et al., 2018

Seagrasses, Fourqurean et al,, 2012*%; Salt/tidal marshes, Campbell et al.,, 2022*°,

All ecosystems move carbon, as they do with other
nutrients such as nitrogen and phosphorus, through the
atmosphere, vegetation, soil, water bodies and bedrock in a
process called carbon cycling®. While the periodic release and
uptake of carbon is part of healthy ecosystem function, rapid
changes in the quantity or timing of the carbon cycle, such as
through the burning of fossil fuels or widespread deforestation,
can trigger tipping points and amplifying feedback loops that
irreversibly alter the global carbon cycle. Longer and more
intense droughts, which are linked to climate change, can
drive vegetation stress, decreasing carbon uptake through
photosynthesis®® (see Map 2, opposite) and, in extreme
cases, leading to conversion of land cover to systems with less
carbon storage potential (see Fig. 2, right and Section 2.5.7,
pages 88-89). This feedback can then intensify the impact
of climate change by contributing to higher levels of carbon in
the atmosphere.

Both terrestrial and marine systems store carbon, but it
is not uniformly distributed (see Map 1/Fig. 1, above-right).
Old growth forest and grassland ecosystems store more
carbon than recently converted landscapes or monoculture
plantations (see Section 2.5.6, pages 86-87%7). In addition,
certain soil structures are more adept at binding to carbon
dioxide'®. Marine or 'blue carbon’ ecosystems, meanwhile,
can store more carbon per unit area than tropical forests and
absorb it at a faster rate'.
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Timescales of carbon cycling

-~ Carbon cycling takes “place over different time scales.
The fast carbon cycle involves exchanges between the
atmosphere, soil, water bodies and living organisms through
processes like combustion, photosynthesis, respiration, digestion
and decomposition*?.

Inthe slow carbon cycle, the remains of organic organisms
are compacted into sedimentary rock, trapping carbon for
millions of years before it is released through processes like
leaching, chemical weathering and volcanic eruptions*.

Human buming of fossil fuels, which were formed over
millions of years, is moving carbon from the slow to the fast
carbon cycle, with profound implications for ecosystems®.

Fig. 2: Impact of drought on tree mortality and carbon cycling.

Stomates control gas exchange, including CO, and water vapour,
on plant leaves and stems. Under non-drought conditions

(1), trees have access to sufficient soil moisture and healthy
mycorrhiza (symbiotic connections between fungal networks and
plant roots that facilitate the exchange of carbohydrates, water
and nutrients). With sufficient resources for photosynthesis,
carbon uptake is generally greater than carbon releases. Severe
water stress during drought (2) can trigger a) cavitation, when
leaf demand for water exceeds supply and air is aspirated

into xylem, blocking the flow of water and nutrients; b) carbon
starvation, when plants run out of carbohydrates and can no
longer sustain basic metabolism; and c) mycorrhizal community
breakdown, which can limit trees’ access to water and nutrients.
Eventually, these stressors lead to mortality and selective
regrowth (3). Drought-induced mortality can strongly affect the
carbon budget of an ecosystem, but long-term impacts depend
on how the ecosystem responds to drought through regrowth,
competition and changes in species composition.

Redrawn by LJ for the World Drought Atlas, based on Van der Molen et al., 2011°.
Copyright © 2011 Elsevier B.V. All rights reserved.
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. Map 2: Global impact of extreme drought events on the
carbon cycle.
Drought does not always decrease gross primary production
(GPP), a measure of plant activity through photosynthesis.
Depending on the duration and intensity of drought, some
ecosystems may be resilient to water stress. In such cases,
increased temperatures can lead to increased GPP.
Data source: Base map, Spawn & Gibbs, 2020%; Data, Flach et al,, 20212

Drought can alter the pace and magnitude of the

carbon cycle, potentially triggering amplifying
feedbacks that exacerbate these changes.
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2.5.6 Soil carbon

Loss of soil carbon storage
(0 to 200cm, from 1800 to 2010, MgCha?)

2130
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Drought can exacerbate the loss
of carbon from the soil, one of the

major terrestrial carbon sinks.

Eighty percent of the Earth’s terrestrial carbon is stored in
the soil. Of this, approximately two-thirds is made up of organic
matter (soil organic carbon, SOC) while the rest is mineral
carbon (soil inorganic carbon, SIC*). Old-growth grasslands are
particularly important in this regard, storing approximately a
third of terrestrial carbon (see Map 1, right?). Drought impacts
on soil carbon vary by ecosystem but can influence all stages
of soil carbon cycling™*. First, drought changes carbon inputs
to soil, as both the quality and amount of plant litter changes
during drought** (see Fig. 4, opposite). Second, drought
changes how carbon is processed in the soil by invertebrates,
microbes and fungi, either by directly impacting the density
and diversity of these decomposers*? or indirectly through
the altered soil inputs (see Fig. 1, right). Finally, drought can
impact soil structure (e.g. through desiccation; see Fig. 2,
opposite) and stability (e.g. long droughts can reduce plant
cover and, in tum, increase erosion), both of which can affect
soil carbon cycling and distribution**. Erosion in particular is
a very efficient process in removing carbon from the soil, as
eroded particles are not able to protect carbon in the central
part of stable aggregates, which are thus exposed to the air
and easily transformed into CO, by decomposers. Finally,
cascading feedbacks between drought and climate change
are also increasing the instability of soil carbon (see Fig. 3,
opposite). Not all these mechanisms and feedbacks are fully
understood at present, and the net impact of drought on soil
carbon storage and releases is still uncertain, especially over
longer periods of time or through successive droughts®.

Fig. 1: Effects of drought plant-soil feedbacks (PSFs).

. Map 1: Global map of soil carbon storage change.

While soil carbon storage has increased since the Industrial Revolution

in some parts of the world, there has been an overall decrease in soil

carbon globally due to land use changes and soil quality degradation.

Loss of carbon storage can have negative long-term consequences on
< local (in terms of soil quality) and global (in terms of carbon release

into the atmosphere) scales. This map shows changes in soil carbon

storage between 1800 and 2010.

Data source: Sanderman et al.,, 2017°.
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Drought leads to plant litter (e.g. dead leaves) that has fewer nutrients

and is more difficult to break down. This means there are fewer nutrients

available in the soil, even after the litter has decomposed. It can also Y
change subsurface communities, favouring groups like fungi that are
better at decomposing this low-quality litter. Arrows indicate carbon flow.
Adapted and redrawn by LJ for the World Drought Atlas, based on Pugnaire et al., 2019%.
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climate change.

- Fig. 2: Drought-induced soil desiccation cracks.
Drought can lead to desiccation cracks in soil, increasing aeration and
accelerating decomposition by microbes. As a result, organic matter is
broken down more rapidly, leading to carbon loss from the soil.
Adapted and redrawn by LJ for the World Drought Atlas, based on Vahedifard et al., 2024*.
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Fig. 3: Feedbacks between drought and

Climate change impacts can lead to cascading
feedbacks, where more intense droughts
beget greater soil carbon releases, which, in
turn, intensify climate change.

Adapted and redrawn by LJ for the World Drought Atlas,
based on Vahedifard et al,, 2024*.
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. Fig. 4: Key factors and mechanisms controlling SOC sequestration
in grasslands.
Key factors and mechanisms controlling SOC sequestration
in grasslands. 1) Plant diversity enhances SOC by increasing
belowground carbon inputs and promoting microbial growth; 2)
bacteria and fungi help decompose organic matter and convert
carbon and minerals into a form that is accessible to plants; 3) dead
bacterial and fungal organic matter contribute a global average of
509% of SOC in grasslands; 4) climate regulates microbial activity and,
consequently, large-scale patters of SOC storage. Climate change
impacts of on soil carbon sequestration vary with grassland type,
climate and soil conditions; 5) Natural grasslands are grazed by wild
ungulates, which can enhance SOC storage because they graze for
short periods of time and move across the landscape, but livestock
grazing is the most common use of grasslands worldwide. At the
global scale, light grazing (e.g. seasonal and rotational grazing) shows
the least negative effects or even promotes soil carbon storage,
whereas moderate and heavy (continuous) grazing consistently
reduces soil carbon stocks. Fires, meanwhile, are a natural and often
healthy process in grassland ecosystems, but the impact of increased
fire activity from climate change varies. Fires are also an important
stabilising agent for soil organic C, as the products of combustion are
mostly chemically stable and recalcitrant to further decomposition.
Redrawn by LJ for the World Drought Atlas, based on Bai & Cotrufo, 20222 Copyright ©
2022, The American Association for the Advancement of Science.
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2.5.7 Ecosystem transformation

Healthy ecosystems may still be dynamic — they go through
regular pattemns of change and disturbance — but experience
stabilising feedbacks that support resilience and recovery from
perturbations®. However, severe droughts, whether due to their
duration, intensity, or frequency, can surpass the coping capacity
of the ecosystem and trigger a fundamental transformation
where processes and functions never recover to pre-drought
levels. Sometimes referred to as a regime change or tipping

Change over time in temporal
autocorrelation of NDVI, an index
of vegetation greenness (yr?)

Non-drought conditions:
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. N precipitation
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\
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soil
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evaporation
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- Fig. 2: Forest impacts on aridity and rainfall.

Land-surface interactions are a critical factor in mediating
drought impacts. For example, by recycling soil water back to
the atmosphere through the process of evapotranspiration,
plants play a critical role in the water cycle. In some forests,

Physical and biological processes
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@ Gravitational loss and hydroscopic moisture
9 Pores that are below rooting depth
© Insufficient recharge to refill capacity

0 Water unused during dry season

© Water used during dry season

- Frost cracking
depth

Rooting depth

Soil [

or saprock

Weathered &
bedrock { ******************* -
max min

Saprolite
fractured bedrock [
Unweathered
Water storage capacity or amount

——— Total Porosity

——— Available Water Storage Capacity

——— Plant Accessible Water Storage Capacity
—— Dry Season Available Water

——— Dry Season Water Drawdown

. Fig. 3: Conceptual model of the critical zone.
The critical zone refers to the region just below and at
the Earth’s surface that sustains nearly all life on the
planet (left). This includes the subsurface from the top of
unweathered bedrock through to the vegetation canopy.
Water in the critical zone can be particularly important

point, this process can result in ecosystem collapse and / 01 / ) o 3. QA “ this effect is strong enough to cgtalyse significant rainfall for sustaining vegetation and fungal networks - and by
conversion®* (see Map 2, opposite). Usually, the new stable “\’ ' ;”f’hen theé“O'St;'tre Corl‘fe,”ses_ae'ther lgctally or ‘:;’V‘{?W'“d' extension, the entire ecosystem — through drought. However,
state has reduced ecosystem function (e.g. reduced carbon ¥ severe crought resuts In widespread tree mortatity, actual water availability is usually much lower than the

storage in drought-impacted wet soil ecosystems, see Fig. 1,
below**®) and can even create amplifying feedbacks that result
in long-term or more severe drought impacts (e.g. loss of forest
microclimates, see Fig. 2, opposite’).

-0.1

forests can be converted to other ecosystems with lower
evapotranspiration rates, leading to long-term loss of rainfall
and increased droughts and/or aridity across the same or
downwind regions.

Adapted and redrawn by LJ for the World Drought Atlas, based on Xiao et al,,
2021%.

total water storage capacity of the subsurface (right).
Gravitational loss and hygroscopic moisture is water that
drains too rapidly or is held in very small pores, too tightly to
be available to plant roots or mycorrhizal networks.

Redrawn by LJ for the World Drought Atlas, based on Klos et al, 2018'¢. ©

. . 2018 Wiley Periodicals, Inc.
The speed of these transformations can vary, particularly

due to the lag in impact and recovery times associated with
drought®®. Deep rooting depths, for example, can sustain
vegetation for successive dry years (see Fig. 3, opposite),
thereby masking impacts in the early stages of drought.
However, as systems approach a tipping point beyond which .
recovery is not possible, they often experience a critical i
slowing down, characterised by longer recovery times and
lower resilience (see Map 1, above'®*).

- /
*-. Map 1: Forest resilience to tipping points. ) . B
Global map showing estimated forest resilience to tipping points. Severe enough .
disturbances, including drought, can strain an ecosystem to the point that a small - Forest canopy height (m)
change or perturbation causes significant and sometimes irreversible transformation. - i 30
At this point, ecosystems may exhibit a critical slowing down of normal processes
and characteristics. This map, specific for forest ecosystems, is based on statistics
performed on the Normalized Difference Vegetation Index (NDVI), where positive
values (brown) suggest declining resilience and negative values (green) suggest m
increasing resilience. The most likely drivers of these changes were identified as
increased in water limitations and increased climate variability.
Data source: Forzieri et al., 20222,

Germany, 2019.
Source: Henrik Hartmann.

0

Observation of
elevated tree mortality

[ B

In extreme cases, drought can trigger
fundamental transformations, usually harming

- Fig. 1: Drought impacts on wet soils.
Wet soils, such as mineral, peat and paddy soils, are uniquely sensitive to drought due
to their close connection with surface and groundwater. Drought can increase exposure
of the soils to oxygen and increase soil salinity, contributing to loss of carbon storage,
higher acidity and an increase in undesirable metals in the soil water.
Redrawn by LJ for the World Drought Atlas, based on Stirling, E., et al., 2020°. © 2020 Elsevier B.V. All rights - California, U.S., 2016.
reserved. Source: Region 5 Photography (Pacific
Southwest Forest Service, USDA) on Flickr.

ecosystem processes and functions.

Pre-drought: p '5 , Drought:

Organic matter
oxidation

<. Costa Rica, 2015.

Source: Jennifer Powers. m o : B

Increased soluble
metals :
Map 2: Observations of elevated tree mortality.

Observations of elevated tree mortality (yellow dots) overlaid with
forest canopy height between 52°N and 52°S. Forests worldwide are
susceptible to tree mortality during prolonged drought. If widespread,
tree mortality can be a precursor to ecosystem transformation of forests
into degraded shrub or grasslands. Unlike "old growth grasslands", which
have had millennia to evolve, these novel ecosystems typically have less
biodiversity and carbon storage potential.

Data source: Base map: Potapov et al,, 2021*%; Observations: Hartmann, H. et al., 2022,

Exposure to oxygen
= Southwest Australia, 2011.
Source: Katinka Ruthrof.

+". Amazon Basin, 2010.
Source: NOAA.
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2.5.8 Compound hazards

Drought influences vegetation flammability & fuel continuity

In ecosystems with a longer
response time, like forests,
water stress increases
flammability and fuel
continuity remains high

Early in a drought,
flammability increases

Weeks to months
DROUGHT

TIMELINE

Compound hazards are multiple hazards occurring
simultaneously or in immediate succession®. In some cases,
compounding events may be coupled — for example, a fire
made more severe by pre-existing drought conditions (see
Figs. 1 and 2, above and right) — while in other cases, their
causes may be independent, but the difference is not always
clear’. Due to climate change, droughts are increasingly

Ecosystems with a
shorter response time,
like grasslands, see
vegetation die back,
decreasing fuel continuity
and potentially
decreasing fire impacts

Seasons to years

2001 -2018*

Forest

Temperate
woodland

Tropical
woodland

In the long term, drought
can decrease fuel continuity
in long-response time
ecosystems like forests and
potentially lead to
ecosystem transformation
(see Section 2.5.7
Ecosystem transformation)

Years to decades

2019-2020

Agriculture/urban

Sparse/treeless

coinciding with heat waves, but these events can then mutually
propagate (see Fig. 3, right). These positive feedback
loops, where stressors compound instead of regulating each
other, are becoming more frequent with climate change. The
longer a drought persists and the more widespread it is, the
greater the likelihood that it will co-occur with other hazards.
As with the impacts of drought in isolation, the effects of
compound hazards can be exacerbated or mitigated by
human management decisions®*. Common compound
hazards involving droughts include heatwaves, where warmer
temperatures can trigger or exacerbate drought conditions;
catastrophic wildfires, where low soil and vegetative moisture
can cause fires to grow in size and severity; and pests,
where drought stress can make vegetation more vulnerable
to infestation (see Fig. 4, opposite’). In addition, prolonged
drought can contribute to the occurrence of flash floods, where
reductions in soil moisture lead to soil compaction, limiting
infiltration, increasing surface runoff and intensifying flooding
(see Fig. 5, opposite®®).

Fig. 3: Drought and heatwaves.

Drought in one location can generate heatwaves
downwind due to land-atmosphere interactions. Stronger
surface heating in the drought area warms the air in the
near-surface, increasing the height of the atmospheric
boundary layer (ABL), the lowest part of the atmosphere
that is directly influenced by the Earth's surface and
pulling in hot and dry air from higher in the atmosphere
(free troposphere). If winds blow this increasingly hot
air towards colder regions, heatwaves can develop or be
exacerbated in the downwind locations.

Redrawn by LJ for the World Drought Atlas, based on Schumacher et al.,
2019°. Copyright © 2019, Schumacher et al., under exclusive licence to
Springer Nature Limited.
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*mean

10
Area burnt (%)

10 20

Temperature anomaly

Absolute temperature

Fig. 1: Impact of drought on fire behaviour by
ecosystem.

The impact of drought on wildfire varies by
ecosystem. Loss of soil moisture during drought
can increase vegetation flammability. However,
fire behaviour is also dependent on fuel
continuity, as fires must have sufficient fuel to
expand. If droughts cause vegetative diebacks
or reduce growth, fuel continuity can diminish,
reducing risk of wildfire. Thus, impacts on fire
behaviour depend both on the drought and the
ecosystem's response to it.

Drawn by LJ for the World Drought Atlas based on Chapter
authors' composition.

Fig. 2: 2019-2020 fires in Australia.

The different drought impacts on fire behaviour
were apparent in the 2019-2020 fires in
Australia, which were preceeded by 3 years

of drought. Forests were far more heavily
impacted than other ecosystems.

Data source: Bowman et al., 2020,

Free troposphere

—
—

Tree mortality

Drought, pests, and impacts from
fire suppression, like increased
competition and more destructive
wildfires, can compound and lead
to tree mortality on a large scale.

Historical fire suppression
Natural fire suppression leaves
dense, crowded forests. During a
drought, neighbouring trees
compete for limited water.

Drought

Shrinking snowpack, earlier

smowmelt and higher

temperatures can intensify the

natural cycle of drought.

Pathogens and pests

Drought-stressed trees are more vulnerable
to insect infestations and fungal infections.
Low biodiversity levels can also increase a
forest's vulnerability to pests.

Human influence on compound hazards

The occurrence and impact of compound hazards can be
heavily mediated by human actions®’. For example, historical
fire suppression in many forests and grasslands of North
America and Australia by settlers has increased fuel availability
and further intensified drought and wildfire severity. Both these
hazards, in turmn, have implications for human communities and
public health through reduced water and air quality®®.

In Europe, human-driven land use changes have led to
widespread tree plantations. These monocultures, with limited
biodiversity, have experienced greater losses from drought-
exacerbated pest infestation than diverse forestland (see Fig.
4, above™).

Fig. 5: Drought and flash flooding.

Paradoxically, drought can increase the likelihood
of flash floods. During prolonged and/or intense
droughts, soils can become dry, compacted and
cracked, reducing both the ability of water to
infiltrate and the overall capacity of the soil to hold
water. Under such conditions, more rainfall will run
overland, contributing to flooding. This phenomenon
is exacerbated by increasingly intense rainfall
events under climate change, which is warming the
atmosphere and increasing its ability to hold moisture.
Drawn by LJ for the World Drought Atlas, based on Chapter authors'
composition.

Non-drought:

Intense precipitation

Fig. 4: Compound hazards in forest ecosystems.

Drought mediates multiple hazards in forest ecosystems.
Climate change increases the likelihood and severity of
droughts, which in turn make ecosystems more susceptible
to fires, pests and tree mortality. Human activity can also
play a role: in many forests, for example, fire suppression
by settlers has reduced ecosystem resilience and increased
the risk of severe wildfire.

Adapted and redrawn by LJ for the World Drought Atlas, based on ‘Causes of
Tree Mortality' by Hazel Galloway for the U.S. National Park Service,
https://nome.nps.gov/yose/learn/nature/cctreemortality.htm

Climate change

Higher temperatures can create
chronic stress on trees, limiting
their natural defences.

Climate change may also alter
insect populations and the timing
of life-cycles.

Drought can co-occur with other hazards in ways that

exacerbate the impacts on humans and ecosystems.

Evaporation

Drought:

Evaporation
Same Rising temperatures and
intense precipitation heatwaves increase the
amount of water that can be
\ held in the atmosphere
— increasing the total rainfall
in subsequent storms

Vegetation
Intense drought can kill

vegetation leaving bare
soil with less ability to
hold moisture

Surface ‘crust’
Increased
surface runoff
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2.6 Cross-sectoral and cascading drought risks and impacts

2.6.1 Cross-sectoral dependencies and connections

While diverse drought risks and impacts emerge in different systems,

they are influenced by shared underlying drivers and root causes.

Sections 2.1 -2.5 provide an overview of drought risks and
impacts for five sectors and systems, including insights on the
most relevant drivers of risks at the global scale. However,
sectors do not function independently, but are interconnected
and mutually dependent, often competing for water resources.
For instance, freshwater ecosystems can be extremely
affected by water uses such as hydroelectric power stations,
industrial discharge, or inputs from agricultural run-off (e.q.
nutrients, pesticides and sediments), which can crucially alter
the delicate balance of water quantity and quality necessary
for healthy ecosystem functioning. In another example,
certain inland navigation routes provide essential inputs of
raw material that allow a multitude of productive activities,
including those in the industrial and energy sectors. These and
other examples show that sectors operate within larger social-
ecological-technological systems, with water serving as one of
the most critical elements of these system interdependencies.
Therefore, an understanding of drought risks and impacts
on each sector alone is not enough to develop systemic
risk management and adaptation solutions. Achieving such
solutions requires reconciling sectoral characteristics and
needs with the dynamics of the wider system in which they
are embedded.

Drought impacts do not stop at sectoral
boundaries: a conceptual model of cross-
sectoral drought risks

The conceptual models presented in Sections 2.1-2.5
highlight the drivers and interconnections that determine
drought risks at the global level for five sectors. Building on
these, we explore cross-sectoral dependencies and connections,
identifying drivers and root causes of risks that are shared across
sectors. Fig. 1, right visualises these dependencies, highlighting
which root causes and drivers of risks are shared and which are
specific to a particular sector or system.

Among the shared drivers of risk, several refer to the physical
conditions of the systems facing drought. In particular,
land conditions emerged as relevant drivers of risk for multiple
sectors and systems, as they can reduce the capacity of the soil
to retain moisture and support vegetation growth (soil and land
degradation), especially where land is converted to new uses
such as urban development or unsustainable agriculture (land
cover changes and land use conversion). Carry-over effects,
i.e. impacts from previous droughts that have not been fully
reabsorbed (such as soil dryness or tree vigour), can contribute to
more intense impacts in subsequent droughts. This occurs also
in the case of prolonged, multi-year droughts, which in addition
can lead to distinct impact pattems®. Finally, the presence of
pollutants can make already scarce water resources during
drought not fit for environmental and societal water needs.

A second cluster of drivers refer to behaviours and
demand, recognising their importance in determining the
water needs of our sectors and systems. Water demand is the
“other side of the coin” of drought risks, as it determines if the
water available is enough to meet societal and environmental
needs. Water needs are dynamic and change through time,
for example through temporary or seasonal concentration
of demand (e.g. seasonal tourism), but also through longer-
term processes such as increased dependency on reservoirs.
These pressures on water resources are also connected
to consumption habits and lack of awareness of drought
risks, which are especially relevant in territories that have
not experienced recent and/or protracted droughts, but are
increasingly vulnerable under climate change. Adding to this
complexity, demand for agriculture water supply and energy
sectors may critically increase during droughts and heatwaves,
as more water than usual is needed to cover domestic and
crop demand.

reduction in yield (quantity ang Quality)

SYSTEM-SPECIFIC RISK DRIVERS /?e%

Infrastructural interventions can also affect cross-

sectoral drought risks: for instance, infrastructural adjustments Cultivation of Irrigation efficiency Cultivation of Q}b/) .
to channels’ morphology to secure navigability (e.g. through water-intensive crops paradox marginal lands %
dredging, locks and the construction of dedicated reservoirs) S
can alter the water flow necessary for freshwater and riparian Unequal access to land — - - %

) ) . (land rights) Limited adoption of climate Qé.
ecosystems. The increase in water storage infrastructure, such smart agriculture A

as reservoirs, while constituting a solution in the short-term,
can also create maladaptive consequences by attracting
new activities and population to areas affected by drought
(reservoir effect), thus affecting water demands (increased
deDe,ndenCy ON [eSeNVOirs). . ) navigation for transportation
Finally, water resource management constitutes a final of goods
important cluster of shared drivers of drought risks. The high (bulk goods/industrial production)
number of water uses across multiple sectors is an important
driver of risks in this cluster, with droughts catalysing an increase
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Fig. 1: Cross-sectoral dependencies and connections.
Cross-sectoral conceptual model of drought risks. The figure is
based on the sectoral impact chains presented in 2.1 to 2.5 and
highlights which drivers and root causes influence drought risks
and impacts across the five sectors and systems considered.
Drawn by LJ for the World Drought Atlas, based on Chapter authors' composition.
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2.6.2 Cascading impacts of drought risks

Drought risks and impacts in single sectors and systems can compound

between them and with other risks to create cascading impacts.

Sector and system-specific drought risks and impacts pose
important societal challenges, but can also contribute to multiple
other risks, of equal or potentially greater consequence (see Fig.
1, right). The cascading impacts of droughts can contribute to
wider societal challenges. Here, we dive deeper into five selected
thematic clusters of cascading drought impacts highlighting
food insecurity (see page 96), land degradation (see page
100), health impacts (see page 99), mobility (see page 97)
and water conflicts (see page 98).

These connections underscore the importance of taking
a systemic perspective for managing drought risks that
addresses shared drivers and root causes. This can reduce
the occurrence or the severity of cascading risks, which have
the potential to create significant negative consequences for
societies and ecosystems, threatening the achievement of the
Sustainable Development Goals.

Loss of biodiversity
(lower resilience to drought)

Alteration of
carbon cycle

Lack of access to
essential goods: foods,
medicines, etc.

Disruption of energy and
Reduction in yield industrial production Reduced/insufficient
(quantity and quality) (increased costs) electricity generation

Reduction in availability
& affordability of safe

water for domestic
consumption
(quantity and quality)

| L

Ecosystem transformation
(reduced provision of
ecosystem services)

. Increased GHG emission
Land degradation )
. (from offset to fossil sources & —
— (see page 100) d . ) y
ecaying organic matter) Water conflicts 5
. . . (see page 98)
. Loss of livelihoods - D!srupt|on of supply ;ham
» . (increased costs and prices) —>
Increase in flood hazards A
and risks NO
POVERTY
 —
A A A

Loss of Impacts on food security Increase in - Water insecurit
ecosystem services > (see page 96) I social inequalities V

11 SUSTAINABLE CITIES
AND COMMUNITIES

Mobility
(see page 97)
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Y [ ﬂ E
Health impacts A
(see page 99)

‘ Increase in gender disparity

Fig. 1: Cascading impacts of drought stemming from sectoral
drought risks and impacts.

Cascading impacts of drought stemming from the sectoral drought
risks and impacts considered in the World Drought Atlas. These
impacts can have a negative effect on the achievement of the
Sustainable Development Goals.

Drawn by LJ for the World Drought Atlas, based on Chapter authors' composition. e
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2.6.3 Food security and drought

What is food security?

Food security exists when all people, at all times, have
physical, social and economic access to sufficient, safe and
nutritious food that meets their dietary needs and food
preferences for an active and healthy life. Food security may
be threatened by a complex interplay of socio-economic
(e.g. access to resources, economic shocks, conflicts) and
environmental (e.q. climate extremes such as floods and
drought) factors. Drought, in particular, can contribute to
and exacerbate food insecurity by diminishing agricultural
productivity, leading to food shortages and to a reduction
in income for farmers and agricultural wage labourers.
Additionally, the scarcity of food on the market can lead to
increased prices, further limiting food access for poor and
vulnerable groups.

Acute food insecurity refers to food deprivation that
threatens lives and livelihoods. However, even less severe
forms of food insecurity impact people’s lives, increasing
malnutrition, micronutrient deficiencies or obesity (from lack
of access to sufficient and affordable nutritional food), which
have especially threatening and long-lasting consequences for
young children.

Drought is often one of the shocks that may trigger acute
food insecurity. For example, it is considered to have been the
primary contributor of acute food insecurity in the Hom of
Africa in 2023, particularly in Somalia, Ethiopia, Kenya, Burundi
and Uganda®. In this region, prolonged drought conditions
since 2020 have led to multiple consecutive failed agricultural
seasons?, particularly affecting rain-fed farmers and pastoral
communities®. Droughts can also lead to transitory food
insecurity, i.e. a short-term or temporary inability to meet food
consumption requirements related to sporadic crises, indicating
a capacity to recover'. When drought becomes recurrent and
impacts vulnerable populations, it can also become a driver of
persistent or cyclical acute food insecurity, which is a form of
chronic food insecurity*.

Numbers of people facing high levels
of acute food insecurity, 2023
~ <L million

- 1-3 million

I 3-5 million

I 5-10 million

I 10-15 million

I >15 million

Data not meeting GRFC technical requirements

I Data gap

Country not selected for analysis

Progress in fighting food insecurity

Food insecurity is a critical global issue that affects
millions of people worldwide. Despite international attention
(Sustainable Development Goal 2 aims to achieve a world free
of hunger by 2030) progress at the global level on combating
food insecurity has stalled in the last decade. The FAQO's
indicator on prevalence of undernourishment (PoU) reveals
a significant slowdown in the decline of hunger rates since
the mid-2010s and a concerning trend reversal (See Fig. 1,
below). One of the main reasons for the inverted trend are
the droughts caused by the strong El Nino of 2015 Trends of
PoU in the different regions differ. In Africa, the rates of hunger

increased continuously from 2015 to 2023, whereas hunger
has been on the decline in Latin America and the Caribbean
since 2021 and remained relatively unchanged in Asia in the
same period. The regions currently experiencing the highest
levels of hunger at the global level are Sub-Saharan Africa and
Southemn Asia with respectively, 23.2% and 20.2% of their
population undernourished®. At the current rate, 58 countries
are not expected to achieve zero hunger by 2030°.

The recent resurgence of food insecurity has been mainly
driven by conflicts (such as the Russian invasion of Ukraine)
and the economic shocks following the COVID-19 pandemic.
However, the influence of weather and climate extremes,
including drought, on food insecurity has increased dramatically

2 between 2021 and 2023 (see Fig. 2, below), with the number
‘q:': 157 of countries where weather extremes are considered to be the
| . ) ) - . 45
E ~— primary driver of food crisis jumping from 8 to 18*°.
K] N\
A
5 10 S
3 10 ~ .
< S~ S
B W
c
5
5 5 :
o
e Fig. 1: Prevalence of undernourishment (%
- of global population), 2001 - 2022.
5 0 S S o [ I Data source: FAQ as of July 15" 2024.
a ,190\’ »&6’ ,19\9 ,.p“f} ,9’9 q’@f"
Year
150

i Conflict/insecurity
5 134.8
E
o 100
a Economic shocks
] 75.2 X
f_" Weather extremes Fig. 2: Number of people (millions) by
© 50 719 primary driver, 2018 -2023.
2 Number of people in food crisis (IPC/CH
[ Phase 3) in food crisis countries where the
3 primary factor of the crisis is conflicts/

0 ‘ ‘ ‘ ‘ ‘ insecurity, economic shocks or weather

> ) N} N 9 ) extremes - 2018-2023.
& & g Y g 3
0 D o P P L Data source: Global Food Report 2024*.
Year

--. Map 1: Countries experiencing food crises in 2024.

Colours refer to number of people affected. Call-outs indicate
countries in which drought was the primary driver of food crisis.
Data source: Global Food Report 2024 (https://www.fsinplatform.org/report/global-report-

food-crises-2024/#download).

2.6.4 Droughts and human mobility

A complex interaction

The causality between natural hazards, environmental
change and human mobility is rarely direct and this is particularly
true of drought. Drought affects people's ability to grow or buy
sufficient food and, when these impacts reach a sufficient
threshold, people may decide to move. When people have
agency in their decision to move, migration can bring positive
outcomes and may be viewed as climate change adaptation.
When there is less choice in whether, when and where to move,
it is termed displacement, which tends to bring worse outcomes
than migration. In media and policy discourses, drought is
sometimes represented as causing migrants to cross borders
and in particular move from the Global South to the Global
North. However, this is not supported by data; the vast majority
of human movement due to drought is domestic. Environmental
change can also act to slow human mobility; as financial and
environmental resources are depleted through drought, it may
become less possible to move. In this situation the aspiration
to move can increase beyond capabilities. The term “trapped
populations” has been used to describe these cases.

Chains of causality may be broadly understood as shown
in Fig. 3, right: the environment is just one of several drivers
that can influence human mobility. When drought hits an area
where people largely depend on agriculture for subsistence
and livelihoods, the impact on incomes and food security can
affect both people's aspiration (or the need) to move as well as
their ability to do so. For example, temporary labour migration
may be perceived as a viable option for gaining access to
income to supplement a partly failed harvest. On the other
hand, the drought-induced loss of income may reduce people’s
ability to engage in longer-distance and more costly migration.

Fig. 3: Conceptual framework of the relationship
between drought and human mobility.

Countries reporting people
- .affected and displacements
triggered by drought, 2017 - 2023

Countries having reported

E displacements triggered by drought
between 2017 - 2023
Source: IDMC, 2024.

Countries having reported people
affected by drought

between 2017 - 2023

Source: EM-DAT.

Other countries

Current displacement data

Since 2017, when the Internal Displacement Monitoring
Centre (IDMC) first started gathering data related to drought,
they have recorded 5.4 million displacements caused by
drought from 259 events in 21 countries?, but this figure is
likely a significant underestimate. Many countries do not
actively engage in monitoring displacement related to drought,
due to capacity constraints and the conceptual challenge of
ascribing a particular movement to the creeping nature of
drought — a process which does not normally have a defined
start and finish®. The EM-DAT Interational Disaster Database
records droughts occurring in 67 countries over the same
period of time. Therefore, it is likely that drought displacement
is significantly underreported.

Map 2, below shows the challenges faced in attempting
to understand the global picture of drought displacements. In
2020, just 209% of countries that reported populations impacted
by droughts had figures of population displaced by droughts.

FACTORS

Drivers:
Economic
Environmental
Educational
Demographic
Political

Aspirations

Capitals:
Human
Physical
Financial
Social
Cultural

Capabilities

There is a significant discrepancy between the
EM-DAT database on countries affected by drought =
(shaded countries) and IDMC reports of drought
displacements (those outlined) in the period
2017-2023.

Modelling displacement from droughts

Models exist that attempt to project future human mobility as
aresult of droughts, but the complexities related to both context
and causality mean that model design depends on a range of
uncertain assumptions and results should be interpreted with
appropriate caution. While it might be important for governments
and NGOs to have an idea about how many people may move
in the future, models can have the unintended consequences
of contributing to alarmist framings of human mobility. These
can risk obscuring the human experience of people attempting
to improve their lives and futures as a result of drought or other
environmental processes.

~ MOBILITY
AGENCY  OUTCOME
: Migration
Higher agency :
| Adaptation
[ in place

. Map 2: Countries reporting people
affected and displacements triggered by
drought, 2017 -2023.

Drawn by LJ for the World Drought Atlas with
information from Tarraga Habas et al., 2022°.
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2.6.5 Water resources: driver of conflict or opportunity for cooperation?

Water: a cause of conflicts?

When water security, ie. access to adequate water
resources, is not guaranteed, safe and stable, this can lead
to disputes, tensions or even armed conflicts. These may
occur at any level: between individuals, communities and
even countries. Droughts can contribute to these conflictual
interactions by making water resources scarcer in the short- or
medium-term, thus aggravating existing tensions or creating
new ones. However, there is no simplistic cause-effect
mechanism between drought and conflict onset, as multiple
contextual factors exert strong influence on the latter’.

The relationship between water and conflicts is indeed
multi-faceted?, and adds complexity to the notion that scarcity
of the former directly leads to the latter. Three ways in which
water interacts with conflicts have been identified*:

1. water can be the trigger of the conflict (disputes are
fought over scarce water resources)

2. water is the weapon used during the conflict (water
infrastructure are used as tools to target the population)

3. wateris the casualty of the conflict (where water infrastructure
or resources are incidentally or intentionally affected).

Map 1, below reports the location of recent (2020-2023)
tensions, demonstrations and disputes triggered by water
issues, derived from Water Conflict Chronology database®. The
definition of conflict used here extends beyond violent conflicts
with casualties involved, and encompasses low-intensity
conflicts such as demonstration. These are not to be overlooked,
as they can be a “driver of social change, a starting point for
violent escalation, and an indicator for legitimate grievances™.

While conflicts emerge from multiple drivers and complex
pathways, making for an uncertain attribution of causality,
there is evidence that water-related conflicts, also known as
hydropolitical conflicts, have been rising in the past decade.
In particular, impacts from drought and water scarcity have
been highlighted as contributing factors or threat multipliers
with events in Iran, India and Sub-Saharan Africa®.

. Map 1: Location of recent tensions,
demonstrations and disputes, where water
issues acted as triggers, 2020-2023.
Location of recent tensions, demonstration and
disputes, where water issues acted as triggers,
2020-2023.

Data from the Water Conflict Chronology, Pacific Institute 2024.
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At the local level, there is evidence that water deficits induced
by drought can worsen food insecurity, thereby leading to conflict
amongst the population, for instance in urban settings*.

When hydropolitical conflicts occur between states, it is
often in relation to the management of water resources in
transboundary river basins. An example of this issue can be
seen with the development of new water infrastructure (e.q.
dams), which greatly alter the upstream-downstream water
balance, possibly reducing the amount of water available to
downstream users®. When this occurs, the strain on water
resources occurring during droughts can create grievances, as
one country might prioritise internal water uses against the
needs of its riparian neighbours.

Fig. 1, below shows the number of transboundary basins
in each country that are at risk (from very low to very high)
of hydropolitical tensions due to the development of new
water infrastructures in a context of lack of transboundary
institutional arrangements.

For tensions to tum into conflicts, however, other factors
need to co-occur. de Stefano et al, 20177 also highlight six
factors that exacerbate transboundary hydropolitical tension:

a. locations with high present or projected increased
water variability due to climate change;
recent depletion trends in water reserves;
the presence of armed conflicts within a state;
the presence of armed conflicts between states;
recent unfriendly interactions between states
over water; and
f.  low gross national income per capita.
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Water: an opportunity for collaboration

While under certain conditions reduced water resources
can result in conflicts, they can also function as opportunities
for collaboration and peace making. Transboundary water
resource management can be an important driver of
cooperation, leading to the avoidance of conflicts or to
peacebuilding in post-conflict settings?.  Transboundary
river basin organisations, in particular, can function as fora
for the promotion of peace and security during increasing
drought-induced water scarcity>. The importance of these
arrangements is reflected in their inclusion into the SDG, as
an indicator for Goal 6 (Ensure availability and sustainable
management of water and sanitation for all): Map 2, below
shows the proportion of transboundary basin area with an
operation arrangement for cooperation at the country level
(SDG indicator £6.5.2, reference year 2023). In reality, conflict
and cooperation are not mutually exclusive, and in many cases
they co-exist dynamically through time®.

" Fig. 1: Hydropolitical tension.
Number of basin-country units at risk (very low
to very high) of hydropolitical tension due to the
presence of new water infrastructure and lack of
institutional arrangements.
Data source: De Stefano et al,, 2017°.
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Fer operation arrangement for cooperation at the country
level (SDG indicator 6.5.2, reference year 2023).

2.6.6 Health impacts

Besides affecting livelihoods, droughts have direct and
indirect impacts on people’s health*#** These impacts
are determined by several underlying vulnerability drivers
at individual and societal levels including socio-economic
status, access to services and resources and pre-existing
health conditions. Direct impacts of droughts interact with
these drivers, affecting circumstances of living to the point of
triggering a series of health effects, even increasing the risk of
morbidity and mortality*.

DROUGHT HEALTH IMPACTS

WATER CONTAMINATION AND
WATER-RELATED DISEASES

WATER CONTAMINATION AND
WATER-RELATED DISEASES

When less water is available and no alternate sources are
accessible, people might be forced to use water of lower quality
(e.g. through salinity, increased concentration of pathogens,
enhanced algal production, among others), both during and
after droughts****. This can lead to exposure to several water-
borne diseases such as cholera®. Moreover, decreased water
availability can also lead to poor hand washing and hygiene
habits which can further contribute to developing diarrheal
disease*!’. Groundwater can also show elevated levels
of nitrate, orthophosphates, chlorides and sulfates during
drought conditions*®. Evidence suggests that consumption
of such contaminated water can lead to birth malformations,
gastrointestinal disorders and hypertension*®#°.

MALNUTRITION ISSUES

Although it is not only developing countries that face
drought, most often it is their populations that experience
drought-related food-shortages and related food insecurity
(see Section 2.6.3, page 96), whereas developed countries can
source from diverse suppliers across geographies. The impacts
of drought on nutrition begin with shortage of food supplies,
forced dietary changes and cutbacks®, leading to consumption
of micronutrient deficient diets” or contamination of foods,
leading to serious health disorders®®. Risk of malnutrition
and mortality is higher in infants than adults® with evidence
of stunting (chronic undemutrition) and wasting (acute
undernutrition) in children due to drought related nutritional
deficiencies and food insecurity***2*2,

While the understanding of health effects of drought is
an emerging field with incomplete evidence, it is possible to
recognise five broad categories of impacts: malnutrition issues,
water contamination and water-related diseases, respiratory
disorders, vector-borne diseases and mental health impacts. The
health sector itself can also be impacted by drought conditions,
through lack of water or water contamination, electricity outage,
lack of food and impacts on health workers**.

DROUGHT
-

MALNUTRITION
ISSUES

MENTAL HEALTH
IMPACTS

MENTAL HEALTH IMPACTS

Numerous mental health issues associated with drought
impacts have been documented. Examples include anxiety,
depression, psychological distress, high worry and mental
illness. These are particularly felt in populations living in
remote or rural areas, with low level of education, unemployed
or with lower income®”*8=°, Uncertainty in the onset, duration,
cessation and actual impacts of droughts, contribute to these
long-term stressors to mental health, potentially leading
to debilitating consequences, with extreme cases resulting
in suicides, as documented in India*®“*. In certain cases,
psychological distress from drought impacts resulted in
increased alcohol use and functional impairment, especially in
rural communities*. Drought impacts can affect mental health
in specific groups in diverse ways: for instance, adolescents
have been found to suffer by impacts on their emotional
well-being, uncertainty over future, family functioning and
community dynamics which results from drought impacts in
their communities.

Addressing structural issues including access to health care,
quality infrastructure and services, social protection measures,
respective supportive policy measures can help tackling some
of the health vulnerabilities that are triggered during droughts.

VECTOR-BORNE
DISEASES

Directly impacting through water deficit or contamination
and indirectly influencing through its nexus with food, energy
as well as political stability, droughts can impair human
health and services. It is therefore essential to increase the
awareness of the public health actors about the relationship
between droughts and health, as this would allow to tackle
some of the health vulnerabilities that are triggered during
droughts. This entails addressing structural issues, including
access to health care, quality infrastructure and services,
social protection measures and respective supportive and
equity policy measures. Altogether, these efforts constitute a
step towards building resilience of public health to drought and
promoting human well-being overall®.

RESPIRATORY
DISORDERS

@

VECTOR-BORNE DISEASES

Droughts can reduce the number of predators of mosquitoes
and other vector associated with vector-borme diseases, thus
increasing their populations and consequently the chances of
disease outbreaks, such as dengue fever and chikungunya®*>**.
Additional domestic water storage containers used to cope
with water shortage during drought periods can host certain
species of mosquitos that have adapted to such habitats,
increasing dengue risk®*. Increased mosquito populations
have also been associated with outbreaks of Rift Valley fever,
Murray Valley encephalitis and West Nile virus disease®.

RESPIRATORY DISORDERS

With increasing soil dryness, there is a higher likelihood of
dust being circulated in the air which can lead to transfer of
pathogens and pollutants, causing or exacerbating respiratary
conditions®*. For example, elevated concentrations of ozone
and PM25 (particulate matter less than 2.5 micrometres
in diameter) during drought periods?* can cause severe
respiratory disorders by impairing lung function®*#*. With
growing evidence of potential wildfires linked to drought
conditions?+?>2527 resulting aerosol emissions and smoke also
exacerbate respiratory problems?®%°, Hydropower dependent
regions witness increased emissions due to substitution with
fossil fuels, negatively impacting air quality and thereby human
health*°. Under certain circumstances, droughts can also lead
to unexpected respiratory impacts, such as a consequence of
a spike in nitrate levels in crop storage facilities, potentially
putting at risk health of farmers and farmworkers®*. Dust from
dry soils can also trigger severe respiratory disorders, as was
the case during the 1930s drought-related ‘Dust Bowl' that
affected the Great Plains in the United States, when many lost
their lives due to the ‘dust pneumonia™?.
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2.6.7 Droughts and land degradation

Land degradation is a negative trend in land conditions,
expressed as the long-term reduction or loss of at least one
of the following properties: biological productivity, ecological
integrity or value to humans. Currently, about 20% of the
global vegetated land surface has been or is being degraded,
mostly owing to direct or indirect human-induced processes
including anthropogenic climate change*.

The main types of land degradation are water or wind
erosion and chemical or physical deterioration. Water erosion
results from water concentrating and flowing over the surface.
Landslides can also occur after heavy rainfall and human
activities such as vegetation clearance are also important for
those. Wind erosion, mostly found in drylands, is the loss of soil
by wind action. Chemical or physical deterioration is associated
with adverse changes in the physical or chemical properties of
the soil, such as soil compaction and surface sealing, loss of
organic components, changes in soil acidity and the effects
of toxic pollutants with the consequent soil contamination.

Global hotspots of land degradation

Southern and central North America, central South
America, eastemn Africa, central and southem Asia and east-
central Australia are characterised by high land degradation
consistency and defined as land degradation ‘hotspots’.

Global land
degradation hotspots
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Map 1: Global land degradation 'hotspots'.
Global land degradation hotspots generated
comparing different method of land degradation
detection. The value represents the number of
methods that show the area as degraded.

Data source: Jiang et al., 2024

Drought and dust storms

Dust and sandstorms are amajor cause of land degradation
in arid and semi-arid regions of the world, a process that can
also lead to desertification. The quantity and distribution of
rainfall greatly influences vegetation cover. Drought conditions
can lead to a reduction in vegetation cover and subsequently
increase the risk of wind erosion. Further, farming practices
such as the clearing of native vegetation for farming and
grazing can accelerate dust storm-induced wind erosion rates
above natural levels by reducing vegetation cover and soil
surface stability. At the same time, the increased dust load
in the atmosphere from dust storm events has the potential
to alter the climate system and its hydrological cycle through
radiative and cloud condensation nuclei effects. Main routes of
global dust transport have been estimated with the locations
of the major dust sources being: (1) Sahara; (2) Arabia; (3) Asig;
(4) North America; (5) South America; (6) Southern Africa; and
(7) Australia (see Map 2, right).

Source: Christa M. Pudmenzky and Roger C. Stone, University of Southern
Queensland.

Lowering of the water table, generated by drought and/or
excessive water abstraction, can lead to soil consolidation and
settlement, also favouring land degradation.

The loss of topsoil by water or wind erosion is by far the
most important driver of the displacement of soil material,
with water erosion accounting for about 56% of the total
area affected by human-induced soil degradation. The
area affected by wind erosion accounts for a further 28%
of the degraded terrain, while chemical and physical soil
deterioration covers about 12 9% and 4 %, respectively?).

Droughts, heat waves and changes to seasonal
precipitation patterns are important physical drivers of land
degradation and are expected to become more frequent
and/or severe due to climate change. Drought will directly
and indirectly impact land degradation in both forested and
agricultural landscapes. Impacts include potential increase
of plant heat stress, alterations in soil moisture levels,
escalation of soil erosion by wind and rainfall, depletion of

soil nutrients, soil salinisation and an overall decrease in
vegetation and biomass.

Land degradation has adverse social and economic
consequences for rural populations, especially in developing
countries, with the extent and nature varying according to the
livelihood system. In some cases, land degradation can trigger
a chain of events leading to population displacements and
possibly migrations. For instance, in the Ethiopian Highlands
migration is an important household adaptation strategy
because of severe land degradation amplified by recurring
droughts®. At the same time, severe land degradation can
also have a feedback effect on regional climate, increasing
system vulnerability (e.q. by increasing droughts occurrence®).

According to the IPBES (2018), land degradation affects
over 3.2 billion people worldwide and has already altered
70% of ice-free land. If current trends continue, 90 % of land
could be degraded by 2050. Combating land degradation
through sustainable land management and restoration is
crucial not only to reduce drought risks, but also for protecting
biodiversity, ensuring food security, building climate resilience
and ultimately safeguarding human well-being.

-~ Map 2: Main routes of desert dust transport globally.
Main routes of desert dust transport (light blue arrows) and locations of the
major dust sources: (1) Sahara; (2) Arabia; (3) Asia; (4) North America; (5) South
America; (6) Southern Africa; and (7) Australia, depicted using global means of
the measured daily TOMS Aerosol Index values (1979-2011). Dust emissions
into the atmosphere from different regions in Mt are indicated by red arrows and
deposition to the oceans in Mt is indicated by dark blue arrows.

Source: Middelton et al.,, 2017*.

Amazon River Basin (Brazil)

In the tropical Amazon River Basin region, drought varies
significantly in duration, spatial extent and intensity, and high
deforestation rates may have exacerbated the impact of
droughts on land degradation®.

An estimated 12 % of the basin is degraded land according
to the UNCCD and land degradation is linked with a significant
decline in productivity. The main land degradation hotspots are
localised in the southern, southwestermn and eastern portions
of the basin (see Map 3, right), where large monocultures and
pastures dominate. Currently, 86 % of the Amazon biome may
be in a stable forest state, but, because of more severe drought
events, some of these areas have begun to show increasing
mortality rates and increasing land degradation®.

Drivers of drought hazard

In the Amazon River Basin the main mechanism that leads
to drought events is the precipitation shortage generated by
sea surface temperature (SST) anomalies over the tropical
Atlantic region and the El Nifio-Southern Oscillation (ENSO).
Since the 2000s the Amazon River Basin has suffered four
unprecedented drought events (2005, 2010, 2015-2016
and 20237). Both events caused massive forest losses
through wildfires.

Ethiopia (Eastern Africa)

Ethiopia’s climate is tropical and arid in the southeastern
and northeastern lowland regions and cooler and arid in the
highlands of the country®.

About 85% of Ethiopia’s land is moderately to severely
degraded (see Map 4, right) and the cost of the land
degradation is estimated at 23% of the national Gross
Domestic Product, the highest in East Africa. The highlands,
where most of Ethiopia’s 115 million people live and which
comprise 90 % of arable land, are affected by land degradation.
In these areas, natural forest cover fell from 40% before the
1950s to about 3% in 20207,

Mongolia

About 90% of Mongolia is characterised by arid, semi-
arid, dry and sub-humid climatic regions. The increase in land
degradation, though linked with the rise in livestock numbers
and the expansion of the mining industry, can be primarily
attributed to drought events that have intensified since the
2000s**. In Mongolia, 77 % of the total land area is degraded,
of which severely degraded lands occupy 23 % (see Map 5,
right). Since 2000, 2800ha of forest have been converted
to grasslands and 2400ha of terrain have been deforested,
leading to a productivity decline of 6.49%. In addition, about
34.721t/ha of organic carbon in soils was lost over that period
due to wetland degradation.

Drivers of drought hazard

In Mongolia, impactful drought frequency increases from
north to south and east to west and corresponds to Mongolia’s
humidity distribution patterns.

Based on satellite data, the Normalized Difference Drought
Index (NDDI) indicates that in most parts of the high mountain
belt region (southeast), one to two drought occurrences in
a 10-year period are probable. In the Gobi Desert there is
drought on average every other year and in central Mongolia
drought occurs about once every 3 years'.
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Drought severity (SPEI12 )
Amazon Basin (Brazil).
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" Map 3: Land degradation and Drought severity inthe  Land degradation index

0.001 - 025 Left; map of Drought severity in the Amazon River B roovement
Basin, calculated over the period 2001 -2020, red
0.251-0.5 evidencing the areas with the highest rates of drought. Stable
~ Right; map of Land Degradation severity. Red stands
- 0501-075 for degradated areas while green refers to areas in - Degraded
o1 improvement.

Data source: Paredes-Trejo et al., 2022**.

Drivers of drought hazard

In addition to local drivers, severe drought events in Ethiopia
are connected to global phenomena such as the negative/
positive phases of the El Nifio—Southern Oscillation (ENSO).
Since 1980s the main drought episodes were recorded in
1988, 2000, 2002-2003, 2006, 2011, 2015 and 2020,

Land degradation index
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Map 4: Land degradation severity in Ethiopia.
Green shades represent low degradation while red
colours stand for high degradation rates.

Data source: Battistelli et al.,, 2022°.
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. Map 5: Land degradation severity in Mongolia.
Green shades represent low degradation while red colours stand for

high degradation rates.

Data source: Nyamtseren et al, 20144,
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The impact of droughts on price stability

Droughts have profound and far-reaching effects on economic
stability, primarily through disruptions in agricultural production and
water availability. These disturbances often lead to fluctuations and
spikes in the prices (see Figs. 1 and 2, below) of essential goods
and services as well as in the stock-to-use ratio, challenging stability,
especially in regions heavily reliant on agriculture.

Impact on agricultural output and food prices

Agriculture is particularly vulnerable to drought, as water shortages
reduce crop yields and livestock productivity. Water-intensive crops
like grains, fruits, and vegetables suffer most, leading to supply
shortages and significant price increases. For example, the 2012
U.S. drought caused corn prices to rise by 23% and soybean prices
by 169%, affecting food prices globally*. Similarly, the 2010 Russian
drought triggered a 70% increase in global wheat prices?.

Droughts also disrupt global food supply chains. When key agricultural

exporters face production shortfalls, higher import prices contribute
to imported inflation in other regions, further affecting price stability.

Energy costs and water supply

Droughts impact energy prices by reducing hydropower generation
and increasing reliance on more expensive fossil fuels. This shift
results in higher electricity prices, as seen in Brazil during the
2014 drought, where hydropower reductions led to a 25% rise in
electricity costs®. Additionally, droughts increase the cost of water,
compounding price instability in water-dependent industries such as
food processing, manufacturing, and energy production.

Macroeconomic consequences

Droughts have significant macroeconomic consequences, including
rising inflation and reduced economic growth. Higher food prices
particularly impact low-income households, reducing their purchasing
power and dampening consumption in other sectors®. In developing
countries, where agriculture plays a major economic role, drought-
induced price increases can lead to broader economic slowdowns.

Central banks may need to adjust monetary policies to manage
inflation caused by droughts, and persistent drought conditions can
undermine investor confidence, disrupt labour markets, and reduce
government revenues from agriculture. The UK study by the University
of Oxford® highlights the potential for droughts to significantly impact
the financial portfolios of banks and insurers, particularly those with
large agricultural or infrastructure investments.

Climate extremes and international maize market

Stock-to-use ratio: @ Positive

Droughts and inflation

Droughts significantly influence inflation, particularly in economies
reliant on agriculture. By reducing agricultural output, droughts drive
up the prices of staple goods like grains and vegetables, contributing
to overall consumer price inflation, as food often holds a heavy weight
in consumer price indices®. The inflationary impact is generally more
pronounced in developing economies, while in advanced economies, it
tends to be smaller or shorter-term. However, inflationary pressures
in both cases depend on the degree of reliance on agriculture and
water-dependent sectors.

Financial stability risks

Droughts also pose risks to the financial system, particularly by
stressing ecosystems and degrading biodiversity. This degradation
reduces productivity in sectors such as agriculture, forestry, and
energy, increasing transition risks for banks exposed to these
industries. As biodiversity loss accelerates due to climate change and
water scarcity, the financial sector faces higher risks of loan defaults,
especially in industries tied to natural capital’.

There is a need for financial institutions to integrate climate risks, like
droughts, into their credit and investment assessments to mitigate
longer-term financial instability. The interconnected relationship
between droughts, ecosystems, and the financial system calls for a
more integrated approach to understanding these interdependencies.
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Combined Stress Index accounting for both water and heat stress)

on global maize market in terms of price and stock-to-use-ratio. The
experiment has been run by using the worst and the best value of the
Combined Stress Index for each key producer estimated in the period
1981-2010.

Data source: Chatzopoulos et al.,, 20208,

Fig. 2: Extreme world maize prices attributable to concurrent and
recurrent climate stress at the world level, 2030.

Red and yellow grids denote extremely damaging (CSI > p90) and
weak-to-severe (p90 > CSI > 0) climate stress (as defined by the
Combined Stress Index, CSI), respectively, during the

corresponding growing season. Green indicates average or beneficial
agro-climate conditions (CSI < 0). The CSl is an indicator built on heat
and water stresses that induce crop-yield anomalies. Reading the grid
charts by row indicates domestic conditions across sets of
simulations where world prices are simulated to be extremely high
(x-axis). Reading the grid charts by column shows the concurrent
climate conditions across key producers (y-axis) for any particular set
of simulations that led to an extremely high world price.

Therefore, horizontal concentration of non-green grids points to cases
where domestic (simulated) events may have a high global

impact, while vertical concentration of non-green grids reflects the
importance of concurrent events.

Data source: Chatzopoulos et al.,, 2021°.

. Low water levels at Lake Shasta Reservoir, Shasta, California, United States.

Source: Zenstratus - stock.adobe.com
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PART 3:
Regional
perspectives

Droughts are not confined to arid regions; they occur globally,
affecting areas as diverse as tropical rainforests, alpine mountain
ranges and small islands. The impacts of droughts vary by geographic
context, but they consistently pose challenges to both people and
ecosystems. While droughts are often associated with vegetation

loss and agricultural stress in rural areas, urban centres around the
world can also be severely affected, particularly in terms of water
supply. Effective responses to drought reflect communities’ and
regions’ specific circumstances, yet there are commonalities that offer
valuable opportunities for shared learning and collaboration.

A woman collecting water from a hand pump in Bol, Chad, highlighting community resilience in the face
of drought around the shrinking Lake Chad.
Source: Pape Mamadou Camara / UNCCD.
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Great Plains Flash Drought | Central North America | June -September 2012

A flash drought emerged in the central Plains of the US.
in early June 2012. By September, 65% of the 48 contiguous
states (not including Alaska and Hawaii) were in drought,
including the nation’s breadbasket of the central Great Plains’.
The drought affected 80% of the nation's agricultural land,
according to the US. Department of Agriculture’s (USDA)
Economic Research Service (ERS)”. The 2012 drought prolonged
recovery in Texas, where intense drought in 2011 had been
easing in severity during the winter and spring of 2012".

A flash drought in summer 2012 had widespread

impacts on the U.S. agricultural sector. The onset of
drought conditions was far more rapid than recovery.
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. Map. 1: U.S. Drought Monitor - Class Change - Continental

U.S. (CONUS).

Drought emerged rapidly over early summer 2012, centred on
the U.S. Great Plains. This map shows the change in drought
class between May 8, 2012 and July 31, 2012, with brown
tones indicating worsening drought conditions and green tones
indicating improvements in drought conditions®.

Source: droughtmonitor.uni.edu
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.~ Fig. 1: Percent area in Drought Monitor Categories -

Continental U.S. (CONUS).

This time series of the percent of the contiguous 48 states (not
including Alaska and Hawaii) in each U.S. Drought Monitor category
from June 1, 2012 to October 1, 2013, shows drought’s rapid onset
and more gradual decline. Categories run from DO (abnormally dry,
yellow) increasing in intensity to D4 (exceptional drought, dark red)’.
Source: droughtmonitor.uni.edu

U.S. Drought Monitor categories:
Abnormally Dry (DO)

Moderate (D1)

[l Extreme (D3)

. Exceptional (D4) Drought

The Drought Severity and Coverage Index (DSCI), a
weighted summary of area in each U.S. Drought Monitor
(USDM) category, peaked at 215 in August 2012°. As of May
2024, that was the highest value recorded since USDM and
DSCI records began in 2000

In 2012, the USDA created a 'fast-track" automatic
trigger for drought declaration if any portion of a county was
categorised as being in Severe Drought on the USDM. Other
disaster declarations follow a lengthier process involving local,
state or tribal and federal authorities”.

Intensity

l:l None

Map 2: U.S. Drought Monitor - Intensity -
Continental U.S. (CONUS).

The U.S. Drought Monitor showed 65 %

of the 48 contiguous states in moderate
drought or worse on August 14, 2012°.
Source: droughtmonitor.uni.edu

The 2012 drought had systemic impacts beyond

agriculture, including:

- Dust storms reminiscent of the Dust Bowl years in the
southern Great Plains, leading to poor air quality and
multiple-car accidents in Texas and Oklahoma when
blowing dust reduced visibility.

- Fish died because warmer water holds less oxygen. Deer
died from epizootic hemorrhagic disease, which spreads
more readily when more animals congregate around
water sources.

- The number of wildfires was among the highest on record.

- Contracting soils damaged basements and water pipes
across the country.

- Water suppliers implemented voluntary and mandatory
conservation measures.

- Hydropower production was reduced.

- Drought reduced navigation on the Mississippi River*=.

DO Abnormally dry

D1 Moderate drought
- D2 Severe drought
- D3 Extreme drought
- D4 Exceptional drought

Number of impacts

8000
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United States National Drought Mitigation Center,
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Mare than 80% of the acres planted in major field
crops in 2012 were covered by federal crop insurance, the
ERS reported®. Impacts reported in news compiled by the
U.S. National Drought Mitigation Center included that as of
January 2013, the USDA's Risk Management Agency reported
claims filed for all crops totaled almost $11.6 billion. Corn
production for 2012 was estimated at 10.8 billion bushels,
139% lower than the previous year and corn futures on the
Chicago Mercantile Exchange reached a record high in August
2012. The US. Bureau of Economic Analysis estimated that
drought reduced U.S. economic growth by 042 points from
July through September 2012,

Drought area

- Major crop area
- Minor crop area

Map 3: U.S. Drought Monitor - Corn areas in
drought - Continental U.S. (CONUS).

About 80% of U.S. corn-producing areas were
affected by drought in August 2012°.

Source: droughtmonitor.uni.edu

Fig. 2: Number of County impacts by category.
From June 1, 2012 to October 1, 2013, the U.S.
National Drought Mitigation Center’s Drought
Impact Reporter recorded a total of about 7700
impact-county combinations that began during that
interval of time. Each impact-county combination
counts as one impact. In practice, any given impact
report typically affects multiple counties. It breaks
down by sector as 4800 agricultural impacts, 2 100
water supply and quality impacts, 3500 policy
responses to drought (such as water restrictions),
1600 environmental impacts, 1 100 fire impacts,
491 society and public health impacts, 390 tourism
and recreation impacts, 334 business and industry
impacts and 24 energy impacts®.

Source: National Drought Mitigation Center Drought Impact Reporter:
https://Go.unl.edu/dirdash
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Native waters on arid lands | Southwestern U.S. | 2015-2022

Characteristics

The American Southwest (Arizona, Nevada, New Mexico
and Utah) is characterised by a desert climate with low annual
rainfall and seasonally high temperatures'. Southwestern
states are some of the hottest and driest in the nation, withrivers
that are fed primarily by mountain snowpack’. Since 2000, the
region has been experiencing a megadrought (drought lasting
more than a decade). According to reconstructed soil moisture
records, the period between 2000 and 2021 was the driest
22-year period since 800 CE.* Declining water supplies have
had severe impacts in the Colorado River Basin, where Lake
Powell and Lake Mead dropped to very low levels in 2021. This
led the U.S. Bureau of Reclamation to declare a water shortage
for the first time and to implement major water supply cuts to
lower Colorado Basin states®. Future warming in the American
Southwest is expected to lead to increases in extreme heat
events, increased evaporative demand (atmospheric thirst)
and reduced river flows?.

| ¢
Al;lzglNA/ ‘
{ A Map 1: Southwestern U.S.

Southwestern U.S. encompasses the

states of Nevada, Utah, Arizona, Colorado

and New Mexico.
Source: Lovell Johns.

+-. Map 2: Native Waters on Arid Lands partnerships.
Native Waters on Arid Lands partnerships included Navajo
Nation, Hopi, San Carlos Apache, Hualapai, Colorado
River IndianTribes, Gila River Indian Community, Tohono
0’odham Nation of Arizona; Navajo Nation, Jicarilla Apache
Tribe of New Mexico; Ute Mountain Tribe of Colorado; and
Walker River Paiute, Pyramid Lake Paiute and Duck Valley
Shoshone-Paiute Tribes of Nevada.
Source: Ron Oden.

Fig. 1: Climate datasets and projections developed for the Navajo Nation.
Climate datasets and projections developed for the Navajo Nation illustrate
how warming temperatures and changes in precipitation are changing the
seasons in Indian Country, directly impacting agriculture seasons, abundance
and gathering of traditional plants, hunting, fishing and the timing of
ceremonies for Tribes in the Southwest.

Source: Ron Oden.

Navajo project prevents sand dune mobilisation

Approximately one-third of the Navajo Reservation is covered with sand
dunes. In this windy and increasingly arid environment, vegetation that
grows on dunes can wither, contributing to increasingly unstable and
mobile dunes. The formation and movement of active dunes downwind
of alluvial sources (floodplains or other areas where loose sediments
have been deposited) are endangering housing, transportation and
grazing lands; potentially jeopardising native plants and cultural
resources; and increasing natural and human health hazards. Plant
cover in this area is declining as a result of prolonged drought. In one
area, the Grand Falls Dune Field, an arid, sparsely vegetated field in the
western Navajo Nation, dune migration rates range from 25m/year to
43mlyear. Local wind regimes likely inhibit the viability of both annual
and perennial plant growth. Navajo Nation communities are working
with the US. Geological Survey and the Northern Arizona University
to test approaches and provide training to help stabilise sand dunes.
One strategy involves making tubes of cormn-based fabrics and filling
them with sand. These "sand tubes" are laid out in a gridded pattern.
Small seed cakes containing native seeds are planted within the grids
on a heavy clay base. The seed cakes prevent seeds from blowing
away and the sand tube grids enhance rain capture, giving native
plants a better chance to stabilise the surface of the dunes. The Navajo
Nation has employed youth interns to assist communities in a growing
awareness of the impacts and strategies available to address sand

dune mobilisation and water scarcity. Current pilot projects have been
developed in partnership with local Navajo Chapters, Tolani Enterprises
(@ Tribal Non-Profit Group), the Little Colorado Water Conservation
Association, the Navajo Nation Counci Resources Committee and the
Navajo Youth Conservation Corps*“*’.

Lead Author: Roger Pulwarty, National Oceanic and Atmospheric
Administration, U.S.

Fig. 2: Dune stabilisation and
revegetation.

University students worked with
Navajo high school and middle school
students to conduct experimental
dune stabilisation and rangeland
restoration through Northern Arizona
University's Institute for Tribal
Environmental Professionals (ITEP)
education and outreach program.
The Institute provides students of all
ages the chance to learn from one
another and to assist neighbours and
relatives who have been affected by
drought and climate change.

Source: Redsteer, et al., 2018*¢ and Bureau of
Indian Affairs, 20247,

Actions

From 2015 to 2022, the Native Waters on Arid Lands
(NWAL)® project partnered researchers and extension specialists
with Tribal communities in the American Southwest to
collaboratively understand the impacts of climate change and to
evaluate adaptation options for sustaining water resources and
agriculture. In the Great Basin, NWAL worked with the Pyramid
Lake Paiute, Walker River Paiute, Duck Valley Shoshone-Paiute,
Fallon-Shoshone and Washoe Tribes, while in Arizona and New
Mexico they collaborated with the Navajo, Tohono O'doham
and Jicarilla Apache Nations and Hopi, San Carlos Apache and
Haulapai Tribes. To aid tribal partners in climate planning, NWAL
developed climate datasets and projections for Southwestern
reservations though the year 2100° and installed weather
stations to close data gaps in key areas'®. NWAL held events
including conferences, workshops and trainings to facilitate
conversations about how to combine and integrate both
Traditional Ecological Knowledge and western science into
drought planning and climate resilience efforts***?. During the
COVID-19 pandemic, a working group met weekly to identify
new impacts, challenges and response actions to the concurrent
COVID-19 and drought crises in the region®’. Responses to
drought and other future climate challenges must take into
account the unique cultures and situations of Indigenous
communities of the Southwestern US.

Impacts

Climate change is having disproportionate impacts to
Indigenous people inthe Southwestern U.S.” Indigenous cultures
have thrived and survived in the region’s arid landscapes
for many thousands of years and have adapted to changes
in climate many times before, but today many Tribes are
restricted to small portions of their traditional homelands, lack
access to water, or have had to engage in lengthy legal battles
to obtain water rights. Drought and warming temperatures
are putting new stress on culturally important species used
for food, medicine and other purposes and impacting farming
and ranching through extreme weather events and changes in
timing of planting, pollination and harvest®. Drought is not a
standalone crisis; impacts can be made worse by seemingly
unrelated events such as a pandemic, other extreme weather
events, political unrest, or economic disruptions. The COVID-19
pandemic compounded problems of the ongoing drought,
isolating Indigenous communities like the Hopi and Navajo and
at times preventing them from accessing needed resources
such as water for drinking and sanitation® or hay for livestock’.

Lead Authors:

Maureen McCarthy University of Nevada, Reno and Desert Research Institute

Trent Teegerstrom University of Arizona, Tribal Extension

Kelsey Fitzgerald Desert Research Institute and University of Nevada, Reno

Staci Emm University of Nevada, Reno Extension

Kyle Bocinsky Crow Canyon Archaeological Center, University of Montana and Desert
Research Institute

Vicki Hebb Desert Research Institute; American Indian Higher Education
Consortium; University of Nevada, Reno Extension

Fig. 3: Pointing the way.

Gray Farrell on Navajo lands near
Tuba City, AZ.

Source: Maureen McCarthy/NWAL Project.

Fig. 4: Planning workshop.

Hopi farmers and ranchers and
NWAL team at drought mitigation
planning workshop in Kykotsmovi
Village, AZ.

Source: Maureen McCarthy/NWAL Project.

Indigenous communities face unique vulnerabilities. They also possess unique

knowledge and tools for responding to drought. Collaborative adaptation
planning is critical for adequate and culturally appropriate drought response.

.. Fig. 6: "Water is Life".
"Water is Life" painting on a wall near the
Hopi Cultural Center, Shongopovi, AZ.
Source: Maureen McCarthy/NWAL Project.

Fig. 5: Pueblo Farming Project.

Pueblo peoples of the southwest have a long
relationship with corn, or maize. This corn was grown
using direct-precipitation farming methods.

Source: Courtesy of Crow Canyon Archaeological Center/Sarah E. Payne.
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Erratic rain threatens food security in Guatemala | Guatemala, Central America | 2023

Rainfall patterns in 2023

The rainy season, typically spanning from May to October,
began unusually in May 2023 with scant and irregular rainfall in
almost the whole country (see Map 1, below). June, generally
the peak of the first major rainfall, recorded significant deficits.
In a departure from the norm, July and August, which usually
experience a decrease in rainfall during the "canicula" period,
saw higher-than-usual rainfall. This anomaly in weather
pattemns was notable during these months, while September
and October experienced normal levels of rainfall.

Climate conditions were not
only challenging to forecast

but also unprecedented.

80 60 40 20 0O 20 40 60 80
Anomoly (%)

May

July

While the total annual rainfall neared average levels in
2023, the main issue was the erratic distribution across the
crucial agricultural months. Agricultural planning in Guatemala
relies heavily on established climatological patterns, yet 2023
saw substantial deviations, particularly from May through
August. This was largely influenced by the conditions observed
in the Pacific and Atlantic Oceans. In the Pacific, the presence
of a strong El Nifio phase significantly reduced rainfall and
increased temperatures from May to August. Meanwhile, in
the Atlantic, elevated sea surface temperatures contributed to
increased rainfall during July and August. The differing impacts
from both oceans led to a year of irreqular and hard-to-predict
weather patterns.

.. Map 1: Rainfall anomaly in Guatemala, 2023.

This map shows the rainfall anomaly in percentage in the
months of 2023 respect to the climatological mean for the
period 1991 -2020 from the ENACTS dataset provided by

the Guatemala NMHS (INSIVUMEH). In the top of the figure, it
can be observed that the rainy months of May and June had
a deficit in rainfall almost across the whole country reaching
values of -80% of the normal rainfall, specially towards the
east of the country. Later, in July and August, which are months
affected by the regular decrease in rainfall known as the mid-
summer drought, there were exceedances in the centre of the
country with values greater than +80 %.

Source: Alan Garcia.

June

August

Responses

The situation remained conceming into early 2024, with
persistent deficit conditions (see Map 2, right). Although the
months from January through April are typically dry, they have
recorded even lower than normal rainfall levels.

The 2023-2024 drought poses significant challenges to
food security and economic stability in Guatemala. Continued
climate variability could exacerbate these challenges,
affecting the livelihoods of many, particularly those in rural and
agricultural communities. It is imperative to consider long-term
strategies for water management and agricultural resilience to
mitigate the effects of such climatic anomalies.

Inresponse to the crisis, the Guatemalan government, along
with health authorities, has initiated preventive measures such
as vaccination and nutrition support to address potential public
health crises like acute malnutrition, respiratory infections and
malaria, which can be exacerbated by drought, e.qg. by reducing
flows in rivers to standing water, which provides a breeding
ground for mosquitos. The World Health Organization has
also highlighted that the region, including Guatemala, faces
high risks from global temperature increases linked to El Nifio,
emphasising the urgency of addressing both immediate and
long-term health and humanitarian needs.

Impacts of drought

According to the country's Ministry of Agriculture and other
agencies, the year saw substantial losses in key crops such
as maize and beans, essential for domestic consumption.
The sugarcane sector also reported reduced vields due to
the irreqular rainfall patterns. Over a thousand farmers in
the southern coastal communities reported severe losses,
potentially affecting local market prices due to scarcity and
demand. 3.1 million Guatemalans faced some level of
food insecurity, with 50% of children experiencing
chronic malnutrition’. The most impacted regions were the
valleys of the East, North, Caribbean and Central Highlands,
with the departments of Guatemala, Jutiapa, El Progreso,
Petén, Baja Verapaz, Totonicapan and El Quiché being
particularly hard-hit, though other areas were also affected
(see Map 2, right).

Lead Authors:

Luis Ricardo Tun Aguilar

Instituto Nacional de Sismologia, Vulcanologia, Meteorologia e
Hidrologia (INSIVUMEH), Guatemala

Alan Andrés Garcia Lépez ~ Columbia University, United States of America

3-month Standardized
Precipitation Index (SPI) map,
May 2024
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Map 2: Food insecurity in Guatemala, May 2024.

The 3-month Standardized Precipitation Index (SPI) map for May 2024 indicates
predominantly dry conditions across most of Guatemala. Red shades dominate,
representing extreme and severe drought conditions in large areas of the north,
northeast and south of the country, while some southwestern regions experience
moderate drought. White areas indicate near-normal conditions, but they are limited
and no significant areas of excess precipitation (represented in green) are observed.

Source: INSIVUMEH https://insivumeh.gob.gt/

Seasonal forecast and Anticipatory Actions in
Guatemala

The National Meteorological and Hydrological Service of
Guatemala (INSIVUMEH) produces a local seasonal forecast
of rainfall based on calibrated physical models, internally
called the NextGen forecast. The forecast not only provides an
amount of rainfall for three months but also the probability
distribution of rainfall, from which user-oriented thresholds
can be evaluated as needed, for example for maize crops in
a particular location.

The World Food Program (WFP) planned Anticipatory Actions
(AA) in the Chiquimula department in eastern Guatemala
using the seasonal forecast provided by INSIVUMEH. In 2023,
the AA were activated after the seasonal forecast indicated
a high probability (above 509%) of non-exceedance for
the rainfall requirement for maize during the rainy season.
Drought-resistant seeds and fertilisers were distributed as part
of the actions, along with the construction of community water
reservoirs and seed banks.

The probabilistic forecast from INSIVUMEH was also
included in the Drought Early Action Plan (EAP) implemented
by the Guatemalan Red Cross.

People in Need and People Targeted / Requirements (US$) by sector
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*-. Map 3: Food insecurity in Chiquimula department,
Feb 2024.
Probabilistic forecast for non-exceedance of
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0 <0 N ,@& &é‘&‘&\ department inside the Dry Corridor of Guatemala.
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Fig. 1: People in Need and People Targeted.
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People in Need and People Targeted

Financial requirements to target people in need according
9.1 to sector impacts. Summary of the financial requirements

in million US$ per impacted sector, such as food security,

protection, education, nutrition and shelter. The higher the

investment the more people in need can actually be targeted

to receive financial help.
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Humanitarian crisis in the Central American Drought Corridor | Central America | 2015-2016
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. Map 1: Accumulated rainfall deficit over much of Central America
during the 2015/16 record El Nifio event, estimated by CHIRPSv2
derived SPI-12 monthly maps.

SPI-12 Data source: CHIRPSv2 derived SPI-12 monthly maps; Funk, C. et al, 2015,
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1. Hazard / physical context

The Central American drought corridor is affected by highly
variable rainfall patterns exacerbated by El Nifio-Southern
Oscillation (ENSO) conditions, frequently causing cumulative
rainfall deficits with impacts on agriculture, energy production,
and the wider socioeconomy of Guatemala, Honduras, El
Salvador, Nicaragua, and Costa Rica.

2. Impact

During 2015/16, an estimated 3.5 million people needed
humanitarian aid, with 1.6 million people suffering from
moderate or severe food insecurity in the most affected
countries of El Salvador, Guatemala, and Honduras. Over
200000 children suffering from malnutrition were reported.
More than 119000 ha of agricultural land was affected in
Guatemala alone. Maize, rice, livestock and bean production
were most affected. In response to the food insecurity, around
450000 Central American migrants crossed the border to the
USin2017.

3. Governance management response

The International Federation of Red Cross and Red Crescent
Societies (IFRC) launched a drought emergency appeal for EL
Salvador, seeking over 2.2M Swiss francs (2.5MUS$) to deliver
assistance to over 9000 people. In 2016, a humanitarian
response plan was launched in Guatemala and Honduras as
a result of the 2015 drought.

4. Lessons learned

While Guatemala, Honduras, and El Salvador suffered from
a humanitarian crisis in 2015/16, more widespread use of
insurance and infrastructure investment (e.q. irrigation) in Costa
Rica since the 1997/98 El Nifio record drought moderated
impacts. However, little to no integrated water resources
management across the region, paired with issues around
hydrometeorological disinformation, hinders adaptation.

Cumulative rainfall (mm)
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*-. Fig. 1: Drought related impact on rice yield, 2015/16.

Influence of ENSO and 2015/2016 drought on rice yield in
the region.

Data source: Unpublished Master thesis at TH Koln, Germany by Jennifer
Bocanegra (2018).

The 11 million people living in the CADC suffer from recurring erratic weather

patterns, causing agricultural losses, food insecurity and humanitarian crises.
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Fig. 3: Drought impacts on ecosystem in CADC.

The highly vulnerable tropical dry forest of the CADC in
Costa Rica during drought conditions. Streamflow was
intermittent and most vegetation shed leaves to cope
with reduced water availability.

Source: Christian Birkel.
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*-. Fig. 2: Precipitation.
Measured precipitation at stations in Tegucigalpa
(Honduras) and Liberia (Costa Rica) support the
regional rainfall deficit in 2015.
Source: NOAA Global Historical Climatology Network daily (GHCNd).
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Proactive approaches can mitigate multiyear drought impacts |

Brazil & the Amazon Basin | 2010-2023

Inter-institutional arrangements help countries share

information on droughts, but proactive planning
is also necessary to reduce vulnerability.

-. Fig. 1: Tefé Lake during the 2023 drought, Tefé, Brazil.
Source: Débora Hymans, Mamirauad Institute for Sustainable Development, Brazil.

Characteristics

In 2023, a widespread reduction of rainfall over most of the western-central Amazon Basin — 100 to 300mm below average in the
Bolivian Amazon and in the Brazilian states of Amazonas, Acre, Roraima and Rond6nia — coincided with a warmer austral winter
due to El Nifio, including six heat waves with air temperatures two to five degrees Celsius warmer than usual in the austral winter
and spring pre-rainy season. As a result, several large rivers experienced the most extreme reductions in water levels since 1902.

Impacts

The severe water-level reductions caused increased mortality of fish and aquatic mammals, scarcity of potable water and food for
river-dwelling communities, halted river transportation, increased risk of waterborne disease and strong defoliation of vegetation in
riparian areas due to surface fires.

Actions

To reduce the negative impacts of drought on Amazonian populations, federal and state agencies monitor drought conditions and
rely on seasonal climate and hydrological forecasts. Small farmers and indigenous communities living along the banks of the rivers
are the most affected by drought, and the government supplies food, water and medicine as well as established credit lines for
small farmers to help them to cope. Governments need to define and implement emergency plans, in collaboration with local com-
munities, to cover basic needs (e.qg. access to water, energy, transport and livelihoods). The health system needs greater capacity to
treat respiratory disease caused by poor air quality. Inclusive regional strategies will strengthen the Amazon’s ability to withstand
and recover from environmental challenges.

Water levels of the Rio Negro at the Port of Manaus,
1902 to November 2023
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. Fig. 2: Water levels of the Rio Negro at the Port of Manaus.
Maximum (blue lines) and minimum (red lines) levels of the Rio
Negro at the Port of Manaus from 1902 to November 2023. Blue
and red numbers indicate record floods and droughts, respectively.
Source: J. Schongart, Instituto Nacional de Pesquisas da Amazonia (INPA).

The natural climate variability of South America promotes
the occurrence of droughts that have historically caused severe
impacts. Furthermore, there is evidence that human influence
on climate is already altering their frequency and intensity in
some regions and that this will increase with increasing levels
of global warming.

In the last decade, the number of inter-institutional
arrangements has increased in several South American
countries to share information related to droughts, as this
has been identified as one of the climate hazards that most
severely impacts the continent. The most common response to
droughts in the region has been emergency assistance, which
can be disorganised and expensive. However, a proactive
approach associated with planning and preparing before a
drought is growing in the region to reduce future vulnerabilities.
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* Map 1: Shallow groundwater storage.
Shallow groundwater storage in South America
on October 26, 2020, as measured by the Gravity
Recovery and Climate Experiment Follow On
(GRACE-FO) satellites.
Data source: Groundwater and Soil Moisture Conditions from
GRACE and GRACE-FO Data Assimilation L4 7-days 0.25 x 0.25
degree Global V3.0.
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-. Fig. 3: Impacts on small farmers.
Carcasses of dead animals in the municipality of
Tacaratu (state of Pernambuco), June 2012.
Source: Beto Macério/UOL.

-. Fig. 4: Water tanks.
Water tank (cisternas) used to store water during the
rainy season so it can be used during dry periods.
Source: Ministério da Defesa, CC BY 2.0, via Wikimedia Commons.

Oct 2011/Sep 2012

Oct 2012/Sep 2013

Universidad de Buenos Aires, Argentina
National Center for Monitoring and Early Warning of Natural Disasters
(CEMADEN), Sao Paulo, Brazil

Characteristics

One of the worst droughts on record in Northeast Brazil began as
early as 2010, peaking in 2012 and lasting for a further five years.
In 2012, rainfall anomalies varied from 300 to 400mm/year below
normal, with maximum deficits occurring in March and April.

Impacts

The length and intensity of this drought have affected the regional
economy in more than 1 100 municipalities of this region, including
both inurban and rural areas. Between 2012 and 2016, 33.4 million
people were affected by the drought, with an estimated damage of
about US$30.0 billion.

Actions

Measures taken to reduce the impacts of drought included cisterns,
dams, underground barrages in dry river-beds, water wells, tanker
trucks and pipelines for distribution or transposition of water. Inte-
grating drought monitoring and seasonal prediction would allow for
better anticipation of potential drought impacts. This information,
together with the identification of risks and vulnerabilities, allows
for better decision-making to guarantee the water, energy and food
security of the population.

" Fig. 5: Precipitation anomalies.
Precipitation anomalies (in mm) for the hydrological
year October-September from 2011-12 to 2015-16.
Source: CEMADEN.
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Proactive approaches can mitigate multiyear drought impacts |
Brazil & the Amazon Basin | 2010-2023 (cont'd)
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Characteristics

The central region of Chile and west-central Argentina have
been experiencing a persistent and severe drought event since
2010, which has continued up to at least 2023. Due to its
length and regional scale, it has been called a megadrought.
As of 2018, it is the longest sequence of dry years since re-
corded observations began in 1914, and there has been al-
most no comparable event in the last millennium. The magni-
tude of the hydrological drought is unprecedented in at least
the last 50 years of flow records in the Argentine region. There
is evidence that climate change caused by human activities
has influenced this extreme drought.

Impacts

The availability of water in this binational region - essential
for food supply and other economic sectors, such as winter
tourism and the production of wine and fine fruits— depends
mainly on river flows fed by winter snowfall. During the
2010-2020 decade, the very reduced snow accumulation on
the Andes Mountains has negatively impacted winter tourism
and has promoted a hydrological drought that has restricted
the use of water for irrigation, domestic use and hydropower
generation, leading to significant sociopolitical disputes. 2021
ended with 226 communes in nine regions of Chile under dec-
laration of Agricultural Emergency due to productive damage
due to water deficit.

<™. Fig. 6: Aculeo Lagoon, province of Maipo,
Metropolitan Region, Chile.

Source: Felipe Perez Peredo, MeteoChile.
Actions

The extreme hydrological deficit highlighted the challeng-
es managers face in providing water for irrigation in major
agricultural centres of Argentina, with overexploitation of
groundwater resources compensating for limited surface
runoff. Almost half of the rural population in Chile is sup-
plied with domestic water through community or individu-
al management at the household level, such as local wells
or shared taps. Their vulnerability to water scarcity varies
depending on state support of the different existing supply
modes. There are provisions in the current Water Code that
conflict with water security goals and require updating. The
creation of strategic water resources plans, such as com-
munity-based water resource management plans, for these
basins represents an opportunity to achieve water security.

. Fig. 7: Collahue Reservoir, Chile, 2022.
Source: Martin Bernetti for AFP.
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*-. Fig. 8: Anomalies in the maximum yearly value of snow water equivalent.
Temporal evolution of anomalies in the "maximum yearly value of snow water
equivalent" at five selected snow pillow stations in the mountains of central-
western Argentina, calculated as departures from the period 1990-2020.
Adapted from Rivera et al, 2021°".
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* Map 1: Shallow groundwater storage.

Shallow groundwater storage in South America
on October 26, 2020, as measured by the Gravity
Recovery and Climate Experiment Follow On
(GRACE-FO) satellites.

Data source: Groundwater and Soil Moisture Conditions from
GRACE and GRACE-FO Data Assimilation L4 7-days 0.25 x 0.25
degree Global V3.0
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--. Fig. 9: Maize field, Uruguay.

Source: Sistema de Informacién sobre Sequias para el
sur de Sudamérica (SISSA)

. Fig. 10: Salto Grande Hydroelectric Dam,

Argentina-Uruguay.
Source: SISSA.
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Characteristics

A multi-year drought affected the basin from mid-2019 until at least the first
months of 2023. The rainfall deficit in the basin between 2019 and 2021 was
among the five most extreme events since 1950. Drought conditions across the
Plata basin in Brazil-Argentina peaked in September 2022, the most intense
recorded since 1944. In 2021, southern and southeastern Brazil faced their
worst drought in nine decades.

Impacts

The great deficit of rainfall, soil moisture and especially groundwater trig-
gered abnormally low river levels in 2021. The Parana River near the Argen-
tine city of Rosario reached its lowest level in 77 years in May of that year.
This hydrological drought has been the most severe in the last 50 years for
the main basin rivers, seriously impacting the hydropower generation and river
navigation in the five countries covering the basin. Due to drought impacts on
the agricultural sector in 2022 and 2023, Argentina was estimated to have
lost 3.3% of GDP and suffered a 21.8% reduction in exports.

Actions

The Drought Information System for Southern South America (SISSA) of the
Regional Climate Center for Southern South America (CRGSAS) made mon-
itoring and prediction products available for this drought. These products
were input to the national reports periodically prepared on the meteoro-
logical conditions of the six countries in the region. At the national level,
special monthly drought reports were prepared during the event. Among
other actions, national governments opened lines of credit for agricultural
emergencies, collaborated with municipalities to facilitate access to water
and reduce energy costs.

+ Fig. 11: Rainfall-evaporative demand anomalies
illustrated using SPI-6 based on CHIRPS precipitation
from 15 March 2019 to 30 September 2021 for the
La Plata Basin.

Source: SISSA; Funk, C. et al,, 2015%.

30 Jun 2019 30 Sep 2019
31 Mar 2020 30 Jun 2020

30 Sep 2020 31 Dec 2020 31 Mar 2021
SPI-6
S e
-3.0-25-20-15-10-05 00 05 10 15 20 25 30
30 Jun 2021 30 Sep 2021

1 16 PART 3: Regional perspectives | World Drought Atlas

PART 3: Regional perspectives | World Drought Atlas | 1/



Recurring droughts in the water-stressed Maghreb region | Northwest Africa | 2001 -2023

The Maghreb's severe droughts, worsened by climate change,
are causing water shortages and food insecurity. Sustainable

agriculture and strong policies are crucial for building
resilience and securing long-term food and economic stability.

The Maghreb region is facing severe droughts, worsened
by climate change, leading to reduced agricultural output,
water shortages and food insecurity. Droughts have heavily
impacted rural livelihoods and strained local economies.
Sustainable agriculture practices, such as water conservation,
crop diversification and agroforestry, are essential for building
resilience against drought. Effective government policies and
investments in these practices are crucial for ensuring long-
term food security and economic stability in the region.

20

10

0.0

-1.0
Drought monitoring

Monitoring drought at higher spatial and temporal
resolutions is crucial for developing effective early waming
systems and mitigating associated risks. Here, we show 00\ 00"‘
meteorological drought conditions (see Fig. 1, right) of the v v
past decades across the Maghreb region in northern Africa, Year
which includes Mauritania, Morocco, Algeria, Tunisia and
Libya. These countries rank among the top 30 water-stressed
nations globally and have a combined population of 108
million. Standardized Precipitation Index values indicate that
the driest years were 2001, 2021 and 2023, while 2010
and 2018 were the wettest (see Fig. 1, right). Since 2018,
the region has received below-average rainfall, marking an
increase in the severity of drought conditions over the last five
years (see Fig. 1, right).

Standardized Precipitation Index (SPI-12)

*. Fig. 1: Annual Standardized Precipitation Index across
the Maghreb Region.
Satellite rainfall data from the Climate Hazards Group
InfraRed Precipitation with Stations for the period from
2001 to 2023.

Source: Abeyou Worqglul, based on national data.

Changes in SPI in the Maghreb region

The meteorological drought trend was analysed at regional
and national levels, as shown in Map 1, right. The regional
analysis revealed that approximately 64% of the region
experienced worsening drought conditions, indicated by an
increasing trend in drought severity. Specifically, the central
north, central and westermn extremities of the Maghreb region
showed significant degradation in meteorological conditions,
characterised by a negative Standardized Precipitation Index
(SPI) slope. This negative SPI slope indicates a decline in
rainfall and an intensification of drought over time in these
specific areas.

Throughout the study period, meteorological conditions in
the Maghreb countries have generally deteriorated, except for
Libya , which has an average positive SPI slope. Among the
affected countries, Tunisia has the most pronounced negative
SPI slope at -0.025, followed by Algeria at -0.0162. These
trends highlight a significant decline in rainfall and worsening
regional drought conditions. Specifically, 96 % of Tunisia shows
a negative SPI trend, followed by Algeria (79%), Morocco
(61 %) and Mauritania (58 %)

1000km

. Map 1: The SPI slope trend of the Maghreb region,
2001-2023.

The SPI slope trend of the
Maghreb region
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Source: Abeyou Worglul, based on national data. Data is based on CHIRPS (Climate
Hazards Group InfraRed Precipitation with Stations; Funk, C. et al,, 2015
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Impacts

In 2001, the Maghreb region experienced significant 2001
drought conditions. This period marked one of the driest
years in several decades, leading to severe water shortages
and agricultural losses. The recent prolonged dry conditions
since 2019 have severely impacted agriculture, water
availability and the environment, affecting both rural and
urban communities.

According to WMO, 2021 was one of Africa’'s warmest years
on record. This has caused food insecurity and displacement,
with many communities struggling to adapt to the changing
climate conditions?. In 2022, the drought situation remained
critical. The region faced extreme heat waves, further reducing
water availability and impacting crop production. The drought
in 2023 continued to exacerbate the challenges faced by
North African countries. The region experienced one of the
warmest years on record, with significant rainfall deficits.

Among the Maghreb countries, Morocco has been
significantly affected by drought conditions in recent years. In
2023, the planted area and crop vield reduced significantly,
exacerbating the country's food insecurity and economic
challenges. The country had to import 2 million tons of wheat
to mitigate the effects of drought on its crops, highlighting the
severe strain on local food production®.

2018

Spatial distribution of drought classes
across the Maghreb region

- Extremely dry

Moderately dry

Near normal

- Moderately wet
- Extremely wet

Maps 2a and b: Spatial distribution of drought classes
(based on SPI values) across the Maghreb Region during
the wettest and driest year during the study period.
Source: Abeyou Worqglul, based on national data.

The persistent and increasing severity of drought conditions
in the Maghreb region over the past two decades underscores
the urgent need for comprehensive drought management
strategies. These strategies should focus on enhancing water
resource management, improving agricultural practices and
increasing resilience to climate extremes. Addressing these
challenges is vital for safeguarding the livelihnoods of millions
of people in the Maghreb region and ensuring long-term food
and water security.

Fig. 2: Coverage of the drought classes (based on SPI
values) across the Maghreb region.
Source: Abeyou Worglul, based on national data.
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Initiative on Climate Resilience (ClimBeR), International Center for

Agriculture Research in the Dry Area (ICARDA), Tunisia
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Prolonged drought over the Horn of Africa | Eastern Africa | 2020-2022

The protracted drought in East Africa spanning from 2020 to 2022
revealed the region's profound susceptibility to climate variability
and change, resulting in significant food insecurity and displacement.

Enhanced early warning systems, strategies to build climate

resilience and international collaboration to reduce the occurrence

of future climate-induced disasters are urgently needed.

Level of impacts (2020-2022 Drought)

East Africa experienced severe drought conditions in the
period 2020-2022, leading to severe food insecurity in the
region as a result of 5 consecutive failed rain seasons. These
years marked the driest periods in decades, adversely affecting
water availability, agricultural productivity and food security. An
estimated 13 million people faced acute food shortages, with
pastoral communities experiencing substantial livestock losses,
including over 3 million livestock deaths in Kenya alone. The
drought exacerbated existing vulnerabilities, leading to increased
displacement, with hundreds of thousands of people moving in
search of water and pasture. Natural ecosystems such as forests
and grasslands suffered degradation, affecting biodiversity and
ecological balance. Recurring droughts underscore the urgent
need for enhanced resilience and adaptive strategies in the face
of climate change.

With the 2020-22 event, we leamed that enhanced early
warming systems proved crucial in predicting and monitoring
drought conditions, allowing for earlier responses and
preparation. This highlights the need for continued investments
in early wamning systems and data-sharing across borders.
Despite early wamings, the allocation of resources often
remained reactive rather than proactive, leading to delayed
responses in many instances. This points to the need of better
preparedness and pre-allocated resources for rapid deployment.

Cropland exposed to drought, June 2022, East Africa Region

Drought conditions as of 11 Apr 2021

" Maps 1 and 2: Combined Drought Indicator (CDI), East Africa Region.

The maps depict the evolution of drought conditions in Ethiopia,
Eritrea, Djibouti, Somalia and Kenya on two specific dates: 11-20
April, 2021 and 1-10 June, 2022. On 11-20 April 2021, the drought
event impacted a large area of the region. On 1-10 June 2022, the
most severe conditions of this continued drought were reached in the
Horn of Africa, with a large portion of the region under the alert phase,
implying that both natural and agricultural vegetation was affected.
Source: Base map, OpenStreetMap; Data, ICPAC https:/droughtwatch.icpac.net/

Drought conditions as of 01 Jun 2022
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100 Fig. 1: Cropland exposed to drought, June 2022,
East Africa Region.
Source: https://droughtwatch.icpac.net/
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Graph (a) shows the evolution of the 10-Day Combined
Drought Indicator (CDI) for Ethiopia, Eritrea, Djibouti, Somalia
and Kenya, covering the period from January 2020 to December
2022. The data displays the proportion of the affected area in
three distinct stages: Alert Phase (indicated by red), Waming
Phase (indicated by orange) and Watch Phase (indicated by
yellow), as well as periods of Normal Conditions (indicated by
the colour white). The peaks represented by the yellow bars
indicate periods when a substantial portion of the region was in
the waming phase, indicating intensified drought conditions. The
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Intergovernmental Authority on Development (IGAD),
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Intergovernmental Authority on Development (IGAD),
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Africa Union Commission (AUC)

European Commission, Joint Research Centre, Italy

red bars, which represent the alert phase, point to more severe
drought conditions that demand immediate attention. The
changing pattems demonstrate the varying levels of drought
severity and geographical extent during the specified period.
The analysis of the 3-month cumulated Standardized
Precipitation Index (SPI) (c) for the same five countries during
2020-2022 shows two distinct drought peaks as well as the
failed rain seasons (March /May) in which hardly the moderate
wet class is reached. This highlights the lack of recovery of the
rainfall deficit and that the drought did not leave the area .

B 10-Day Combined Drought Indicator (CDI), Jan 2020 - Dec 2022, East Africa Region

The 10-Day Fraction of Absorbed Photosynthetically Active
Radiation (FAPAR) anomaly analysis for the period 2020 to 2022
shows a similar pattem, as depicted in (b). This indicator monitors
the health of vegetation using satellites. During the entire period,
there are notable variations in the health of vegetation, which
corresponds to the severity of drought, with a slight delay in time
as evident when comparing with the SPI analyses.
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Compound drought and heatwave in the Zambezi Basin | Southern Africa | 2023 -2024

Food insecurity, lower hydropower production and high wildfire

danger in southern Africa were driven by compounding drought and
heatwaves fueled by El Nifio and exacerbated by climate change.

A severe drought affected southem Africa and the Zambezi
basin in 2023/2024, with extremely dry and warm conditions
from October 2023 to March 2024. Heatwaves exacerbated the
impacts of the lack of precipitation. The average temperature
was abnormally high, registering record values since 1960. Soil
moisture and vegetation conditions were severely affected, with
negative anomalies over large areas of the region. The Zambezi
River was at its lowest discharge for the season, corresponding

Oct 2023, 3™

to about 20% of the long-term average. Crops were affected as
the extreme conditions occurred in the most critical period of the
growing season, with severe economic and social impacts. Crop
damages and losses caused the IPC (Integrated Food Security
Phase Classification) Acute Food Insecurity to range from
stressed to crisis level in most of the Zambezi basin regions.
Hydropower production was severely affected. Wildfire danger
was high in Namibia, Botswana and north-western South Africa’.
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-. Maps 1-6: Soil Moisture Anomaly.
Soil Moisture Anomaly (ensemble based on Lisflood model
and ESA-CCI dataset) and spatial-temporal tracking of the
meteorological drought (based on SPI-3 data derived from
the ERAS precipitation reanalysis) from late October 2023
to late March 2024.
Source: Toreti, et al., 2024*.
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. Map 8: Temperature anomaly.
Average temperature anomaly (ERA5) computed for the
period October 2023 - March 2024 (baseline 1991 -2020).
Data source: The KNMI Climate Explorer.
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.. Map 7: GEOGLAM crop monitor.

Crop condition map synthesising maize conditions as of March
28", 2024. Crop conditions over the main growing areas are
based on a combination of inputs including remotely sensed
data, ground observations, field reports and national and
regional experts. Crops that are in other-than-favourable
conditions are labelled on the map with the relevant driver(s).
Source: GEOGLAM Crop Monitor for Early Warning https://www.cropmonitor.org/
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- Fig. 1: Temperature anomaly.
Average 6-month (Oct-Mar) temperature
anomaly (ERAS) computed for the period
1960-2024 (baseline 1991 -2020) over
Southern Africa.
Data source: The KNMI Climate Explorer.

Figs. 2 and 3: Drought impact on water
bodies and vegetation.

Sentinel-2 false colour composites for
2023 (left) and 2024 (right) in Southern
Province, Zambia.

Source: ASAP High Resolution Viewer.
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Agriculture and ecosystems during recent droughts | Europe | 2018 and 2022

2018 conditions

In 2018, central and northern Europe faced severe drought
due to low precipitation and sustained above-average
temperatures, including heat waves, driven by persistent
anticyclonic conditions. Heat waves worsened the drought in
Ireland and the UK. from May to mid-July, while Scandinavia
experienced an enduring heat wave starting in late May.
Norway and Denmark had their warmest May since 1900. By
August, drought conditions intensified in Scandinavia, Ireland,
the UK, southwest Germany and northern France. Meanwhile,
southern Europe had unusually wet spring and summer
conditions. The Iberian Peninsula saw exceptional rainfall in
March 2018 due to unusual planetary wave activity, sudden
stratospheric warming and a persistent negative North Atlantic
Oscillation anomaly.

Map 1: Soil Moisture Anomaly, 2018.
Indicator used for detecting and monitoring
agricultural drought conditions.

Data source: European Drought Observatory (https:/drought.emergency.
copernicus.eu/)
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Agriculture

Agriculture in the European Union takes up 38% of land
area and contributes about 1.3% to the GDP*. Despite its
relatively small land use, it consumes 46% of the average
annual water supply, which can rise to up to 80% in specific
regions. Consequently, the sector is highly exposed to droughts,
accounting for over 509% of total drought losses in Europe?.

Impacts in 2018

Drought conditions in central and northern Europe caused
yield reductions up to 50% for key crops, including wheat,
barley and maize. Drought also had a significant impact on
pastures, leading to negative effects on the livestock and dairy
sectors. Conversely, southern Europe saw wet conditions that
resulted in yield gains of up to 34% compared to the previous
five-year average”.

Impacts in 2022

In2022, summer crops suffered substantial yield reductions
due to severe and prolonged drought conditions across many
regions in Europe. The most affected crops were rice, maize,
soybean and sunflower, with vyield reductions ranging from
13% to 21% compared to the previous five years' average
at the EU level®.

< Maps 2 and 3: Crop yields.
Anomalies in cereal production for 2018 (left panel)
and 2022 (right panel) expressed as a percentage
variation from the average production in the years
2011-2021 (baseline calculated excluding drought
years 2018 and 2022).

Data source: Eurostat.
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Wildfires, 2022

The year 2022 was the second-worst for wildfires in the EU since
monitoring through the European Forest Fire Information System
(EFFIS) started in 2000. Nearly 900000ha of land bumnt in the EU,
corresponding roughly to the size of Corsica. For a third year in a
row, unprecedented wildfire events caused large environmental and
economic damage in the EU and tragic loss of life. Fires also impacted
Natura 2000 sites, the EU's biodiversity reservoir, accounting for
about 43% of the total burnt area. Thanks to prevention measures
put in place by the EU and its Member States and the enhanced
preparedness and firefighting operations of the fire management
services, the number of casualties in 2022 was contained.
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2022 conditions

The drought of 2022 in Europe was triggered by a
significant lack of precipitation starting at the end of 2021,
affecting the westemn Euro-Mediterranean region. By March, it
spread to northern Italy and the Po River basin, exacerbated by
a severe precipitation deficit and poor snow accumulation’. By
April, the Danube River basin was also affected.

High mid-tropospheric pressure anomalies from May to
July 2022, which divert moist and cool air, were observed
over most of Europe. These conditions led to record-high
positive geopotential height anomalies and recurrent heat
waves which persisted through early August 2022, particularly
in western, southern and central Europe. The series of heat
waves was further exacerbated by the pre-existing drought,
creating a reinforcing feedback loop that intensified both the
drought and the heat waves.

OMoscow

Map 4: Soil Moisture Anomaly, 2022.
Indicator used for detecting and monitoring
agricultural drought conditions.

Data source: European Drought Observatory (https:/drought.emergency.
copernicus.eu/)

Forests and Ecosystems

About 40% of Europe's land area is covered with forests.
They host most of the terrestrial species of animals and plants
native to the continent. Forests are a central component
of nature and wildlife in Europe and provide a wealth of
ecosystem services positive for human and the planet's well-
being®.

Impacts in 2018

Despite the relatively lower extent of area impacted by the
drought of 2018 with respect to those of 2003 and 2022, the
net loss of carbon uptake in the summer of 2018 (50-66Tg()
was comparable to those of 2003 and 2022. In 2018 about
75% of this reduction in carbon uptake was compensated by
off-growing season activity in the previous spring thanks to
warm conditions®.
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While different in terms of spatiotemporal characteristics, recent

large scale droughts in Europe had considerable impacts on several
socioeconomic and natural systems at a continental scale.

Impacts in 2022

The drought of 2022 saw the largest impacted forested
area in the period 2000-2022, only comparable to the drought
of 2003. The reduction of net carbon uptake in the summer of
2022 was 56-62TgC over the area affected by drought and
only about a third was compensated by off-growing season
activity during the subsequent fall®.

.- Fig. 1: Drought impact on ecosystems in Europe.
Annual area of drought impact on vegetation productivity
for 2000-2022, EU-27.

Data source: European environment agency (https://www.eea.europa.eu/)
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Energy production and river navigation during recent droughts | Europe | 2018 and 2022

Energy Production

Water is an essential asset for both renewable and traditional
energy production sources, as it can act not only as a source
of energy (e.g. hydropower) but also as a cooling substance.
Exceptional droughts can significantly affect energy production
due to reduced water availability and increased competition
for water resaurces. Both the 2018 and 2022 droughts in
Europe led to severe impacts on energy production, but in very
different ways due to their spatial-temporal development over
the European continent and implications for energy storage of
hydropower systems.

Impacts in 2018

In 2018, extreme negative precipitation anomalies and
warmer-than-usual conditions hit mostly northern and eastern
Europe (see Map 5, right). The most affected countries in terms
of hydropower were in Scandinavia and the impacts became
more relevant from May onwards.

Impacts in 2022

The drought of 2022 covered large areas in Central Europe and
along the Mediterranean basin (see Map 6, opposite). Negative
precipitation anomalies started even earlier, during the winter of
2021-2022 with an extreme snow drought that exacerbated
the lack of water during the melting season. Italy and Portugal
registered record low levels of stared energy.

Map 1: SPEI-12, Dec 2018.

Standardized Precipitation-Evapotranspiration Index (SPEI)

over a 12-month accumulation period as of December 2018.
Meteorological data input is the CRU TS (Climatic Research Unit
gridded Time Series) 4.08 dataset, spanning the period between
January 1901 to December 2023 and computed using the SPEI
package version 1.8.1. in R language.

Source: Begueria et al, 2023
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- Fig. 1: Stored energy in reservoirs and hydropower plants for some European
countries.
The years 2018 (blue lines) and 2022 (pink) compared to the 2016 — 2023 average

— 2016-2023 (grey). The European drought of 2018 covered most of central and northern Europe,
— 2018 where the most severe stored energy deficit occurred during the summer. The drought
of 2022, instead, covered most of southern and central Europe, leading to severe low-
Italy — 2022 flow levels in southern Europe, particularly during the spring and summer and in Italy,
Spain and Portugal where record extreme low-flow values were registered.
Source: Data source ENTSO-E Transparency Platform: https://transparency.entsoe.eu/dashboard/show
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Map 2: SPEI-12, Dec 2022.

Standardized Precipitation-Evapotranspiration Index
(SPEI) over a 12-month accumulation period as of
December 2022. Meteorological data input is the CRU
TS (Climatic Research Unit gridded Time Series) 4.08
dataset, spanning the period between January 1901 to
December 2023".

Source: Begueria et al, 2023*

Combined drought and heatwave, 2022

In 2022, Europe experienced its hottest summer and second
warmest year on record, according to the 2022 edition of the
Copernicus Climate Change Service’s (C3S) European State of the
Climate (ESOTC) report. Extreme heat in late spring and summer
created hazardous conditions for human health. Europe witnessed
an upward trend in the number of summer days with ‘strong’ or
‘very strong heat stress’, and in southern Europe a similar trend has
been seen for ‘extreme heat stress’, where the Iberian Peninsula,
France and Italy were hardest hit, with temperatures exceeding
2.5°C above normal conditions. The 2022 combined drought and
heatwave caused widespread crop damage, water shortages and
wildfires across Europe’.

River Transportation

The Rhine River Waterway

With around 41 000 km of waterways connecting hundreds
of cities and industrial regions, inland waterway transport is
fundamental in Europe. The Rhine is Europe’s busiest river,
transporting daily some 600 ships and over 200 million
tonnes of cargo across the Dutch-German border daily.
The river is the most important transport route for German
industry, connecting the Port of Rotterdam to the Rhine-Ruhr
region, Germany’s industrial heartland. The Rhine has a pluvio-
nival regime, being fed by both snow melt and precipitation
processes. Transport along the Rhine was severely disrupted
during the 2018 and 2022 droughts, when water levels fell
below a critical threshold for navigation.

Impacts in 2018

Unusually warm and dry conditions across northern and
central Europe during spring and summer of 2018 led to
low-flow conditions in the Rhine River basin. Water levels at
the chokepoint of Kaub, near Frankfurt, fell to about 28cm
in depth on November 24", 2018, well below the level of
250-260cm for optimal navigation (see Fig. 4, below). Low
flow conditions impacted the Rhine River's transport capacity
for a period of several months, causing shortages of source
materials and fuels in regions far in-land®. Economic impact in
industrial production was estimated at 1.59%, for a decline of
German GDP by about 0.4 %*.
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. Fig. 3: Rhine water levels at the Kaub measuring station.
Rhine water levels at the Kaub measuring station during the
years 2018 (blue line) and 2022 (orange line). Indications
on the approximate relative capacity to which ships can be
loaded with respect to the Rhine water levels at the Kaub
station are given as the coloured-dashed horizontal lines.
The critical threshold of one-sixth load capacity was crossed
during both the years of 2018 and 2022.

Source: Federal Waterways and Shipping Administration (WSV), German
Federal Institute for Hydrology (BfG).

Fig. 4: The Rhine near the city of Cologne,
August 2022.

Water levels on the Rhine River, Europe’s
second-largest river, as captured by the
Copernicus Sentinel-2 mission near Cologne,
showing alarmingly low river levels and the
river banks during August 2022.

Source: ESA, Copernicus Sentinel data (2022), processed
by ESA®.

Impacts in 2022

A combination of a severely dry winter over the Alps with
a dry-and-warm spring-summer over Central Europe has led
to low flow conditions along the Rhine River®. Water levels
at Kaub fell to about 32cm in depth on August 15, 20227,
leading some larger vessels to cease their operations due to
low-flow conditions, while most freight ships kept operating
but under a substantially reduced capacity of around 25 % to
359% (see Figs. 3 and 4, below)’.
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Multiyear drought in the Don Basin | Southern Russia and Ukraine | 2007 -2017
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Fig. 1 Ground water levels at Kamennaya Step’
water balance station for 1900-2017.

Ground water levels dropped by 3m around 2007,
reversing a significant positive trend that was
established after 1950.

/]9’19 Source: Dzhamalov et al., 2017".
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.. Fig. 3: Water deficit and annual runoff volume with
different probability at River Don - Razdorskaya
Station for 1930-2020.

Cumulative volume of water deficit during 10 years of
historical drought totaled as 43.7 km?, which is equal to
doubled annual total runoff.

Data source: https://gmvo.skniivh.ru/

Basin characteristics

The Don River Basin is one of the most intensively
developed regions of Russia, with a water usage coefficient of
more than 0.4* at the river mouth. This region is an important
agricultural area, where more than 20 % of Russian cereals are
grown®. Water resources are crucial to the region’s economic
well-being. As a result, the anthropogenic pressure on this
basin is very high. For instance, in the Russian part of the
basin, which occupies about 2.2 % of the country's territory, the
area of agricultural land is 32.2 million hectares, representing
nearly 15% of all agricultural land in Russia®. It should also be
noted that the total population living in the basin within the
Russian Federation is about 12 million people, or 8% of the
total population of the country®. Additionally, the Lower Don
is the largest cargo waterway connecting the Sea of Azov to
the Black and Mediterranean Seas and through the Volga-Don
Canal, to the Caspian Sea. On average, the volume of freight
traffic on the Lower Don between 2001 and 2006 was 17.7
million tons?.

Fig. 2: Standardized drought indexes (PDSI,
SPEI_3 and SRI) at River Don - Belyavsky
Station for 1960-2017 and 2000-2017.

The main cause of drought was the extraordinary
anomaly in precipitation (SPEI <-2.5, PDSI <-4)
and major regional heat wave in 2010 with
temperature anomalies by 4.5-6°C in June-Aug.
Source: Kreibich et al., 2022*°.
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Water resources

The runoff of the Don River has a decisive influence on
the water influx into the Sea of Azov, the condition of the
fish community and significantly affects the salinity levels.
The total water deficit during the 2007 -2017 drought event
was approximately 43.7 km?®, which is equivalent to twice the
Don's annual runoff (see Fig. 3, above). For long-term and
intra-annual flow regulation, numerous reservoirs and ponds
have been created in the Don basin (917 reservoirs and
8000 ponds with a total volume of 31.8 km?®)*. The largest
reservoir is Tsimlyanskoye, with a surface area of 2702km?
and a volume of 23.86km?®. The reservoir was filled in 1952
and is the largest water body in southern Russia. The primary
purpose of these regulations is to manage seasonal and
multi~year flow for navigation in the Lower Don and the Volga-
Don Channel.

. Map 1: Don Basin temperature anomaly.
The temperature anomaly for the Don basin from June-
August 2010 (reference period 1961 -1991) and areas
burned by wildfires.
Source: Dzhamalov et al,, 2017*.

Fig. 4: Water use sectors.

The main water consumers in the Don basin during
last 2 decades are industry and irrigation and the total
volume of water intake is around of 5.4km? per year.
Updated from Dzhamalov et al., 2017°.

Data and drivers

The main drivers of the long-term multi-year drought event
were anomalies in precipitation volume and duration, as well
as a strong positive temperature anomaly, especially in 2010
when the average summer temperature exceeded the norm
by more than 5 degrees. The drought indices shown in Figs.
2 and 3, left were calculated for the Don-Belyaevsky area,
which has a catchment area of 204000km? (total area at the
river's mouth: 422000km?)* and are based on data from 52
meteorological stations® (see Fig. 2, above). The values for
temperature and precipitation were averaged over the area, and
the reference period was defined as 1961-1991, in line with
WMO recommendations from 2010. Groundwater level data
from the "Kamennaya Step" water balance station were also
used (see Fig. 3, above). The drought conditions were reflected
in reductions in precipitation, soil moisture, river discharge and
groundwater levels. As a result, the SPEI for Don-Belyaevsky fell
below -2.5, and the PDSI dropped below -4 between 2007 and
2017 (see Fig. 2, above). Groundwater levels at the "Kamennaya
Steppe" water balance station dropped by 3 metres (see Fig.
1, above). These anomalous conditions compounded the long-
term trends of water regime transformation in the Don basin. The
key characteristics of these changes include the redistribution of
annual runoff, with winter runoff increasing and spring runoff
decreasing (see Fig. 3, above).

Forestry: 1 - 300 bln. $
huge difference in official
and ecological assessment,
total burned area > 2 min.
he, 35000 of wildfires

Agriculture: 7 bln. $
decrease of total yield by
26% (to 2009), lost crops

on 13.3 min. hectares

(17% of total), 25000
households are affected

Total loss in 2010
-2.2% gross domestic
product, 15 bln. $

—

Transport:
river cargo transport 105 min.
t. (+7% to 2009), river
passageway 15.8 min. p.
(-7% to 2009), reduction of
the navigation period by
30-150 days

Fishery:

Basin by 30-80%

-, Fig. 5: Socio-Economic consequences of 2010 drought.
Total loss of economy by 2010 drought in Russia, according to
official estimations, news reports and independent and local
assessments was about -2.2 % of gross domestic product.
Source: Case study authors based on***4*5¢

Consequences

The river system of the Don supports the reproduction of
more than 60 9% of the migratory and semi-migratory fish stocks
of the Sea of Azov, as well as about 709% of Don fish. Over the
past decades, the landscape and hydrographic network of the
Lower Don floodplain have changed due to economic activities
and the filling of the Tsimlyansk reservoir in 1952. The likelihood
of flooding has been altered by 30-35%, with interruptions
sometimes lasting up to nine years®. A strong connection
between water levels and fish populations has been identified
(see Fig. 6, below). In general, total fish biomass depends on
river discharges in an inverse logarithmic relationship (see Fig.
7, below). During the 2007-2017 drought, the ecological
conditions of the Lower Don shifted from mesotrophic to
eutrophic status*®. The concentration of cyanobacteria in the
Tsimlyansk reservoir was so high that the surface occasionally
turmned completely green. Drought conditions deteriorated water
quality and doubled the number of samples exceeding pollution
safety levels, particularly in the Lipetsk and Belgorod regions®.
In addition, according to local news reports, salty water has
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been moving upstream through the main Don riverbed and
occasionally appeared in the tap water of cities like Azov and
Rostov-on-Don'®.

During the 2007-2017 drought, the most severe period
occurred in the summer of 2010. According to official statistics
and calculated rates, the average number of additional deaths
during this heatwave ranged from 20% to more than 509%, with
30% in rural areas and 40 % in cities of the Don basin”*’. Regions
with the highest rates typically experienced wildfires as well (see
Fig. 10, below®). Unfortunately, forest management remains
insufficient. lllegal logging, inadequate protective measures (such
as firestop lines), the lack of equipped barbecue areas and limited
reforestation efforts are the most critical issues.

Data on economic loss is mostly available at the scale of the
entire river basin or the entire countries, as regional reporting is
often unavailable. The main water-related sectors in the Don
Basin are industry (including transport), irrigation, fishery and
domestic water use, with a total water intake of 4.5 km®® (see
Fig. 4, opposite). Total economic loss from natural hazards in
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--. Fig. 8: Crop yield anomaly of selected dry years.
Crop yield anomaly deviating from linear trend in Central
South (including Don Basin) region of Russia during
severe droughts dropped by 14-45%.
Source: Created from data in Strashnaya et al, 2010°.

Multi-year droughts are the most dangerous and

cause the greatest damage in the Don Basin.

2010 (in all Russia) was about 2.2 % of Russia's gross domestic
product, approximately $15 billion (see Fig. 5, above). The
largest economic losses from the 2010 historical heatwave
were in agriculture, with a loss of $7 billion, as the crop vield
anomaly was negative by about 43 % (the highest since 1981,
see Fig. 8, above). The assessments of forestry losses range
from $1 billion to $300 billion depending on the source and
tourism lost $1.2 billion’. Drought affected the fishery industry
and river cargo and passage transport. Populations of several
fish species declined by 30-809%, the navigation period on
the Don in 2010 was reduced by 30-60 days’ and energy
production at the Tsimlyansk hydroelectric power station
decreased by 40% (see Fig. 9, below). In response to these
extreme conditions, the Russian government issued subsidies
to farmers totalling approximately $5.5 billion*? (60% as credit
and 40% as direct donations) and sought to encourage the
insurance process. However, insurance companies deliberately
slowed down or refused to sign contracts with farmers.
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Severe droughts in South Asia | Sri Lanka, India, Afghanistan | 2009, 2016, 2018

South Asia is increasingly vulnerable to droughts, with
climate change exacerbating the frequency and intensity of
these events. This trend has devastating consequences for the
region, including reduced agricultural productivity, economic
hardship, food insecurity and displacement of populations.
Despite the growing threat, drought forecasting in South
Asia remains inadequate due to limitations in data collection
and analysis. This highlights the urgent need for improved
monitoring systems and proactive measures to mitigate the

Sri Lanka

Drought is a recurring natural disaster in Sri Lanka, severely
impacting livelihoods, particularly in regions heavily reliant
on agriculture. Over the past three decades, major droughts
have occurred between 1983 and 2020, causing an estimated
economic loss of around 45 million USD. More than 60% of
Sri Lanka's districts are susceptible to droughts, resulting in
substantial agricultural production losses and adverse effects
attogram on the livelihoods of local populations. The recurring nature
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India

India has been already experiencing widespread droughts,
with a particularly severe one occurring in 2016 in Southern
India. The unprecedented drought was due to exceptionally
low rainfall during both the summer and winter monsoons.
The scarcity of rainfall persisted, leading to the region's most
severe drought in 150 years, as confirmed by researchers
analysing historical rainfall data. This extreme drought,
particularly affecting the Northeast monsoon, resulted in a
deficit of over 45% of the expected rainfall over the three-
year period from 2016 to 2018, causing significant hardship
for the region.

In January 2017, the State of Kamataka (see Map 4,
below) was severely impacted by a drought that affected over
half of its cultivated land, covering 47425 square kilometres
out of a total cultivated area of 118032 square kilometres.

The drought was particularly severe in the districts of
Uttara Kannada, Udupi, Dakshina Kannada, Bidar, Kodagu,
Chikkamagaluru, Bangalore and Kolar. Records indicate that a
total of 162 taluks across the state were severely affected by
this drought.
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-. Map 1: Meteorological drought index for South Asia (2016).

Meteorological drought index using SPI for the 2016 drought
event across South Asia.
Data source: https://dmsdemo.iwmi.org/
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. Map 2: Agricultural drought index for South Asia (2016).
Quantifying the impact of agricultural drought for 2016
using Integrated Drought Severity Index (IDSI).

Data source: https://dmsdemo.iwmi.org/

Map 3: Exposure of agricultural land to
drought in Karnataka, India (2017).

Exposure of agricultural land at the district level
during the 2017 drought in Karnataka, India.
Source: https://dmsdemo.iwmi.org/
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" Map 4: Agricultural drought in
Karnataka, India (2016-2017).
Monthly agriculture drought progression
captured using Integrated Drought
Severity Index (IDSI).

Data source: https://dmsdemo.iwmi.org/
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Afghanistan

Afghanistan is among the world's most exposed countries
to the impacts of the climate crisis, resulting in more frequent
droughts in recent years than previously experienced. The
2018 drought directly affected more than two-thirds of
Afghanistan’, impacting 22 out of the country's 34 provinces
and approximately 10.5 million people impacted out of 17
million in those areas.
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Fig. 1: Standardized Precipitation Index (SPI)
in the Anuradhapura district, Sri Lanka.

Many areas of South Asia are routinely confronted with severe, prolonged and
diverse drought impacts, affecting millions of people and highlighting the critical

urgency of multi-year, multi-country drought monitoring across the region.

Map 6, below, illustrates the spatial distribution of drought
mapped using the Integrated Drought Severity Index (IDSI)
across Afghanistan in 2018, a year recognised as the most
severe drought in a decade for the country. The severe drought,
driven by reduced water availability, lack of snowfall and rising
temperatures, caused widespread crop failures, leaving 13
million people in severe food insecurity. The provinces most
affected are Badghis, Faryab, Kunduz, Sar-e-Pul, Balkh,
Jawzjan and Herat.
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[0 Moderate Map 6: Agricultural drought in Afghanistan (2018).
No drought Drought severity mapped using IDSI in 2018 drought.
/I Source: https://dmsdemo.iwmi.org/
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Fig 2, below presents an analysis of drought conditions
between 2001 and 2019, categorised by the number of
districts and provinces affected, ranging from extreme, severe
and moderate drought to no drought. The analysis clearly
indicates that 2001, 2011 and 2018 were the most severe
drought years, with over 90 % of districts experiencing drought
during these periods.

! Moderate No drought

200
100 I I
o - | | | I - | | -

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Year

*. Fig 2: Number of impacted districts.
Number of drought-impacted districts in Afghanistan
from 2001 to 2019 derived using SPI.
Source: Section authors.
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Droughts reduce staple crop production in Southeast Asia | Southeast Asia | 1970-2019

Uli Fitri Handayani

Global Water Partnership Southeast Asia (GWP-SEA)
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- Drought characteristics across different levels of intensity
strongly vary across the SEA region, identified by the
differences of drought features between the mainland
and the Maritime Continent. Droughts in the mainland are
more frequent and severe with a shorter duration than
droughts in the Maritime Continent. In the last six decades,
droughts have been more widespread and severe in the
two decades of 1990-99 and 2010-19, which were
associated with the strong El Nifio events of 1997/98
and 2015/16. The variability of the drought frequency,
duration, severity and geographic extent across the SEA
region reveals the complexity of the spatial distribution of
drought in the most recent two decades.

- Droughts have increased more substantially in the mainland
than in the Maritime Continent. The increasing trend of
drought was also significant over Sumatra Island. However,
drought slightly decreased or remained unchanged in most
parts of the Maritime Continent and some other areas,
such as the northern part of Laos, the southem part of
Vietnam and in the Philippines. The increasing (decreasing)
drought trends were almost consistent with the decreasing
(increasing) precipitation trends.

- In the context of global warming, droughts are expected
to increase in spatial extent, frequency and severity in
many regions worldwide, including SEA. To cope with these
changes, a solid understanding of the spatial and temporal
variability and trend of drought over SEA is required.

- The correlation between the drought index (SPEI) and
the Cls and SST points to the ability of the drought
forecasting and early waming systems for the area,
especially when some of the large-scale climate drivers
could be predicted in advance such as ENSO. Based on
that, drought prediction models can be developed to
forecast drought characteristics, which provide crucial
information for various socioeconomic sectors, such as
agriculture and water management.
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-. Fig. 1: Climatological drought

characteristics over Southeast Asia.
Climatological drought characteristics over
SEA (averaged over 1960-2019): a. DF
Spells decade™), b. DD Month decade™)
and c. DS Decade™) for drought levels of 1.
moderate, 2. severe and 3. extreme.

Source: Phan-Van et al., 2022*.

Rice production per capita

Maize production per capita

SPEI

Fig. 2: SPEI.

Time series of annual rice and maize
production per capita and SPEI between
1970 and 2019 for (a) 1-month time
scale, (b) 6-month time scale and (c)
12-month time scale.
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". Fig. 3: Scheme illustrating the link between

drought in the subregions of SEA and the large-
scale climate drivers.

Red (blue) indicates El Nino (La Nifia), the warm
(cold) phase of the PDO, the positive (negative)
phase of the 10D, or their impacts. +/- (-/+) indicates
increased/decreased (decreased/increased) drought.
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resilience and ensuring sustainable food security in the face of
global climate change.

- The climatic conditions prevailing in the region are
primarily ~ tropical in the environment exhibiting
elevated temperatures and humidity levels, alongside
substantial seasonal precipitation patterns attributed
to the monsoonal airflow. The prevailing environmental
circumstances in this region are favourable for

Production
(tonnes per capita)

*-. Fig. 4: Drought subregions.
Four drought subregions of the SEA region
classified using K-means with (top) the
optimal cluster number determined by the
silhouette width.
Source: Phan-Van et al,, 2022
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agriculture, albeit accompanied by challenges such as 04 A solid understanding of the spatial and temporal
periodic flooding and sporadic drought. The relationship o . :
between agricultural productivity in Southeast Asia and 03 variability of droughts over SEA is required.
the monsoonal cycles is intricately interconnected, as 02
0.1

evidenced by the significant impact of fluctuations in
the El Nifio-Southern Oscillation on precipitation patterns
and, consequently, crop yields.

- Rice plays a pivotal role in the agricultural landscape
of Southeast Asia, particularly in the Mekong and Red
River deltas, which are globally renowned for their highly
concentrated cultivation of this staple crop. In contrast,
the cultivation of maize, although not as widespread
as that of rice, assumes a pivotal role in regions where
the climatic and soil conditions are less conducive to rice
production. Maize cultivation serves as a vital means to
ensure food security and functions as a lucrative cash crop.
The investigation of the relationship between climate
and agricultural output in Southeast Asian countries is of
great significance due to the pivotal role that agriculture
plays in the region’s economies and cultures.

- The analysis suggests a potential positive correlation
between the two crops and the climatic factors
encapsulated by the SPEI. Especially maize production
is more vulnerable to fluctuations in climate conditions,
as represented by the SPEI. Also, the temporal analysis
of the SPEI and crop productivity from 1970 to 2019
illustrates a repetitive pattern for the entire time series.
This suggests that the pattern of climate oscillations, such
as the El Nifio-Southem Oscillation (ENSO), dominates
agricultural yields in Southeast Asia.
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*. Fig. 5: Average rice and maize production.
The average production per capita for countries in Southeast Asia
during 1970-2019 for (a) rice and (b) maize.
Source: Phan-Van et al., 2022
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Summer flash droughts in the Yangtze River basin | China | 2022

Impact

During the 2022 summer drought, there was noticeably
less water coming from the rivers. The water levels of the main
stem of the Yangtze River and most lakes reached the lowest
levels recorded for this period of the year. The water levels of
Dongting Lake and Poyang Lake, the main lakes in the middle
reaches of the Yangtze River basin, were 4.85 and 6.13 metres
lower, respectively, than their historical averages. The surface
extent of Dongting and Poyang lakes shrank by two-thirds. The
drought affected about 830000 people, damaged agricultural
production, caused hardship for local residents, threatened
ecological security, created electricity imbalances between
supply and demand and increased the risk of forest fires. From
July to November, hydropower generation at the Three Gorges
Hydropower Dam decreased by 24 110 million kilowatt-hours
(44.75%) compared with normal conditions, with the largest
decrease in September.

Map 1: The Yangtze River basin.

The Yangtze River basin (shown with a white

outline) and the locations of Dongting and \
Poyang lakes. BN\
Redrawn from Aerospace Information Research Institute, Chinese N \\
Academy of Sciences (AIR-CAS) based on Tianditu. Watershed ( AN
map sourced from the Resources and Environmental Science ) e [—— |
Data Center, https://www.resdc.cn’. / ‘

Fig. 1: Drought impacts at Poyang Lake.

The water level of Poyang Lake was so low
that the lake bed in the centre of the lake was
exposed, seriously threatening aquatic life.
Photo taken on September 22, 2022.

Source: Yuanbo Liu, Nanjing Institute of Geography and
Limnology, Chinese Academy of Sciences (NIGLAS-CAS).

- Fig. 2: Dongting Lake.
The water surface of Dongting Lake
shrunk dramatically during the 2022
summer drought, as detected by
Chinese satellite GF-1.
Source: AIR-CAS.
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Characteristics

In the context of global warming, influenced by the
persistent La Nifia event, most of the Yangtze River basin in
China has experienced persistently low precipitation and high
temperatures since June 2022, resulting in @ summer flash
drought with a rapid decline in soil moisture and surface water
levels. This was the most severe drought event in the region
since complete meteorological records began in 1961.

Co-authors:

Li Jia Aerospace Information Research Institute, Chinese Academy of
Sciences

Min Jiang Aerospace Information Research Institute, Chinese Academy of
Sciences

Jiu Chen Aerospace Information Research Institute, Chinese Academy of
Sciences

Actions

The China Meteorological Administration has continuously
monitored the development of the drought and issued drought
warning information. At the early stage of the drought in August,
the Ministry of Water Resources of China launched a Level
IV emergency response for drought prevention, dispatching
water resources from rivers and water conservation projects to
mitigate the drought impact. Governments and administrative
departments at all levels took various actions, such as
releasing water resources from rivers and water conservation
projects, giving priority to securing drinking water, making
every effort secure water for agricultural irrigation, allocating
funds from the central government’s reserve funds for drought
relief, and exploring measures to promote late rice harvesting.

Accumulated anomaly of daily precipitation from March to mid-September, 2022
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Fig. 2: Accumulated anomaly of daily precipitation during
summer flash drought.
. Precipitation anomaly in the middle and lower reaches of
Precipitation anomaly lasted ||||||||||||||
\
il

Yangtze River in August 2022, data from GPM satellite product.
more than 2 months

Source: AIR-CAS.

The rapid onset of flash drought in the Yangtze River basin during
summer 2022 highlights the need for continuous monitoring and the

ability to quickly deploy mitigation measures to secure water resources.

*-. Fig. 3: Drought impact.
Dry lake bed exposed during 2022
summer flash drought.
Source: Yuanbo Liu, NIGLAS-CAS.

*-. Fig. 4: Poyang Lake.
The submerged landscape of ancient Chinese architecture -
archways, pavilions, terraces and towers - in the centre of Poyang
Lake near Jiujiang City, Jiangxi Province, East China.
Source: HAIYAN - stock.adobe.com.
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Mountain snow to downstream water | Himalayas, Karakoram and
the upper reaches of the wider Indus Basin | 2013-2024

The mountains of Asia are home to vast expanses of snow
and ice, the source of some of the largest rivers on Earth.
This area includes regions that receive the highest amount
of annual rainfall globally and is still rarely associated with
droughts. However, evidence exists of water deficit in a variety
of contexts, with potentially dire consequences for immediate
mountain as well as downstream livelihoods and ecosystems.
Examples for high and low mountains, respectively, are snow
droughts (in the Western Himalaya and Karakoram) and
socioeconomic drivers of droughts (in agriculturally intensive
mid-reaches of the Indus Basin).

Socioeconomic droughts

Socio-economic droughts occur when water supply does
not meet demand, with a focus on shortages attributed
to poor human decisions. This is common in small reservoir
systems, where hydrological processes are strongly coupled
with anthropogenic factors. Small reservoirs, vital for local
communities, are often overlooked in large-scale studies
despite their significant impact on regional and global
hydrology*. In Pakistan, large reservoirs dominate the
narrative, overshadowing the role of small reservoirs. As a
result, the contribution of small reservoirs to socio-economic
development and environmental evolution is less understood.
The Potohar Plateau in the Pakistan Punjab, covering over 5%
of Pakistan's cultivable land?, saw over 50 small reservoirs
built in the past two decades for agricultural purposes. These
lakes have evolved as multiuse systems facing conflicting
stakeholder interests, leading to suboptimal operations.

Snow day anomalies compared
to a decade earlier

100

Namal Dam (see Figs. 5 & 6, opposite) on the Potohar is
an instructive example. Built in 1913, it irrigates 6000acres in
the Mianwali district and has evolved to support a multitude of
socio-economic activities, in addition to its primary objective
of agricultural water storage. Competing upstream and
downstream interests complicate dam operations, with fishing,
farming and uncoordinated forestation also influencing water
levels in contrasting ways. Adoption of simplistic and outdated
heuristics by reservoir operators, compounded by political
pressures by influential stakeholders, often leads to operational
errors, exacerbated by climate change. The lack of a science-
informed risk evaluation and early warning system leads to
suboptimal (and sometimes disastrous) outcomes, including
floods and droughts (see Figs. 1 & 2, below). Similar issues
affect other small dams in the region.

.. Maps 1 and 2: Snow day anomalies.
Snow day anomalies for the months of November 2023 to
May 2024 compared to the average of the same months in
the preceding decade. Data at ca. 375m resolution.
Data source: MODIS. Hall, et al,, 20167
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Studying small reservoirs is challenging due to their
number, remote locations and limited data®. There is a need to
integrate rainfall patterns, agricultural practices, demographic
changes, socio-economic development and operator biases in
innovative decision support frameworks. Key challenges include
monitoring small reservoirs with limited instrumentation,
modifying hydrological models to capture human factors and
understanding how natural and socio-economic processes still
perpetuate water scarcity despite the presence of many small
reservoirs in the region.

Figs. 1 and 2: Reservoir at Namal Dam
under different conditions.

Left, entrance of the gorge of the Namal
Dam in Pakistan under water abundant
conditions in 2020 and right, water scarce
conditions in 2021.

Source: Case study authors.

Snow droughts

Snow droughts occur when the amount of snow is
well below the average for a certain period. This can be
characterised relatively easily by the number of days per year
aregion is covered by snow, compared to preceding years (see
Maps 1 & 2, left). More difficult to assess regionally is the
amount of water contained in the snowpack, also known as
snow water equivalent (SWE), a function of snow depth and
density. The Western regions of High Mountain Asia (covering
parts of Afghanistan, Pakistan and India) have been subject
to considerable lack of snow cover between 2023 and 2024,
shown here for the Badakhshan province in Afghanistan (ca.
1 million inhabitants) as well as the border regions between
China, India and Pakistan of Ladakh and Baltistan (ca. 1.5
million inhabitants). These regions have seen a reduction in
snow cover days by 8 to 16 days respectively, with some parts
seeing snow cover days reduced by a whole month. The direct
consequences include:

Recommendations and adaptation strategies

Droughts in mountain regions are multifaceted.
Comprehensive data on the issue are rare and scattered and,
while anecdotal evidence of local challenges exist, these have
so far not led to comprehensive adaptation strategies. An
assessment of local experiences and knowledge with respect
to mountain droughts is necessary to define issues, existing
strategies and challenges and required assistance for local
communities and governments. This would complement gaps
with existing data from remote sensing or reanalysis products.
This should also include projections of future developments,
as temperatures, precipitation (including snowfall) and
subsequently also soil moisture and groundwater are expected
to change, with potentially complex effects for droughts. On
the governance side, clear definitions of responsibilities need
to be created, as the issues of droughts affect the ministries
of Agriculture, Water, Environment, Energy and Infrastructure,
while measures are sometimes best coordinated at the local
and sometimes at the federal level.

Lead Authors:
Talha Manzoor

Center for Water Informatics & Technology, Lahore University of

Management Sciences, Lahore, Pakistan

Amrit Thapa

Jakob Steiner

University of Alaska Fairbanks, Fairbanks, Alaska, United States of
America
Himalayan University Consortium, Lalitpur, Nepal and Institute of

Geography and Regional Science, University of Graz, Austria

Despite being considered a wet region, the High Mountain Asia can

experience water deficits (such as snow droughts and socioeconomic
droughts), with implications for ecosystems and human livelihoods.

a.  alack of direct irrigation water in spring before and during
the sowing season for mountain agriculture, threatening
self-subsistence. This water insecurity has already driven
a number of local initiatives for local water supply
including solar powered pumps adjacent to rivers (see
Fig. 4, below) and retention of water during cold periods
as ice reservoirs for spring supply (so called ‘ice stupas™;

b. alack of discharge in downstream regions of the Indus,
where snow melt accounts for 30 to 60% of total
discharge®, potentially problematic for hydropower
generation as well as agriculture;

c. a lack of water supply for rapidly growing urban
environments in the region, with e.q. Skardu, a city at
2200m above sea level (as.l.) and more than 260000
inhabitants, facing serious water scarcity;

early exposure of local flora to cold temperatures, causing
potential damage; and

increased exposure of permafrost, potentially accelerating
its thaw, which in turn has resulted in local drying on the
Tibetan Plateau, affecting food sources for pastoralists
and shifts to their migration patterns®.

+* Figs. 3 and 4: Baltistan, Upper Indus.
Left, arid agriculture at 2800 m a.s.l. with
7000m high peaks in the background and right,
solar powered pumps next to the main branch
of the Indus River at 2300m a.s.l, providing
river water for agriculture with an increasing
lack of overland flow from surrounding slopes.
Source: Case study authors.

--. Figs. 5 and 6: Namal Dam.
Left, upstream Dam and right, downstream
view of the Namal Dam.
Source: Case study authors.
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The Millennium Drought | Australia | 1996-2012

Drought risks and impacts can compound across

sectors and systems to create cascading impacts.

The Big Dry

The millennium drought spanned from the late 1990s to
2010. The drought mostly affected southeastern Australia,
which experienced prolonged dry conditions beginning with a
strong 1997 El Nifio event. Dry periods continued, with 2001
and 2002 marking some of the driest and warmest years on
record, extending drought conditions across the eastern regions
of Australia. The dry conditions persisted despite occasional
rainfall until 2005, without significant recovery. In 2006,
southeastern Australia, for example, faced its second-driest
year on record, profoundly affecting the major agricultural
region of the Murray-Darling Basin, with rainfall 40 to 60%
below normal. This dry period stretched into 2007, despite
initial forecasts of relief, leading to the driest conditions
recorded for the region, although limited rainfall in mid-2007
gave some hope for drought breaking. The situation marginally
improved in 2008 and 2009 with intermittent heavy rain, but
these events were insufficient to break the drought. By late
2007 and 2008, Sydney's water levels improved significantly,
yet other areas like Victoria remained critically dry. For example,
Melboure's consecutive years of below-average rainfall from
1997 to 2009 saw significant drop in water storage, from
97.5% in 1996 to 33 % by 2010.

Economic impact

The economic impact of the millennium drought,
particularly evident in the June quarter of 2003, was severe,
with a 24.3% drop in farm GDP, a 26.6% decrease in rural
exports and a 46.2 % reduction in agricultural income, resulting
in about 70000-100000 job losses in agriculture. Tourism
was also notably affected with, for example, the Murray
River region seeing an estimated $70 million loss in tourism
revenue in 2008. In total, one source (ABC) has estimated
the aid bill for the Millennium Drought to be $AUD 4 billion.
Another important factor is the co-association of drought
and bushfires. For example, towards the conclusion of the
millennium drought in 2009, we saw the tragic Black Saturday
bushfires occurring across Victoria. These fires resulted in 174
deaths and over $AUD 900000 in net damages.

Action

In response to the Millenium Drought, the Murray-Darling
Basin Plan was established to reallocate water entitlements
more equitably and ensure water availability for critical human
needs, cultural needs and the environment. The plan also
addresses long-term climate trends that have resulted in drier
conditions and reduced water availability. A key instrument
of the plan are the water buy backs. An example of a direct
action to address water management was the introduction of
Schedule H into the Murray-Darling Basin Agreement in 2011.
This schedule was introduced to better address management
of the Murray River system in future droughts while ensuring a
conveyance allowance that can be drawn upon when human
water needs are not being met in the Murray River System.

Rainfall decile ranges
- Highest on record
Very much above average

8-9 Above average

Average

2-3 Below average
Very much below average

- Lowest on record

. Maps 1 and 2: Rainfall deciles.

The key climate drivers behind the Millenium Drought include prolonged El
Nifio conditions, several positive Indian Ocean Dipole events and multiple
negative phases of the Southern Annular Mode. They resulted in extended
dry periods, particularly in southeastern Australia (Bureau of Meteorology).
Source: Australian Bureau of Meteorology.
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Dust storms in Australia

In Australia, an estimated 110Mt of dust is eroded by wind storms
each year (see Fig. 1, below), mostly originating from the arid and
semi-arid rangelands. In 2009, the ‘Red Dawn’ dust storm swept
across parts of inland South Australia, Victoria, New South Wales and
Queensland (see Map 3, right). The dust plume grew to 3450km in
length and is estimated to have ejected 2.5 million tonnes of sediment
off Australia's east coast. Most of this topsoil ended up in the Pacific
Ocean and some settled in New Zealand. This was Australia's largest
loss of soil ever reported from a dust storm.

Lead Authors: Christa M. Pudmenzky and Roger C. Stone, University of
Southern Queensland, Australia.

First Nations people

A key work titled "If the land's sick, we're sick:* The impact
of prolonged drought on the social and emotional well-being
of Aboriginal communities in rural New South Wales" by
Rigby et al. 2011, identified three themes that describe the
impact of the Millennium Drought on Aboriginal communities.
These include 1. Impacts on Culture, 2. Socio-demographic
and economic impacts and 3. Loss. The study recognises the
importance of Aboriginal tradition and knowledge in looking
after the lands, for example, in providing support to traditional
custodians who care for Country in the ways they have known

Melbourne water

During the millennium drought, it was estimated that
Melboumne could have run out of drinking water by 2009
had water saving measures not been taken. Storages such
as Thomson Reservoir, which supplies 60% of Melbourmne's
water, had dropped to 16% by mid 2009. Overall, with
measures in place, Melboumne's water supply dropped to
around 25 % of capacity by mid 2009 during the decade long
Millennium Drought. Key to managing the conceming water
levels was reducing water demand through imposing water
restrictions, advertising and subsidising local water storage
such as rainwater tanks and water saving devices. Together,
this resulted in almost halving per capita water use to around
150L per day or an average overall saving of around 100 GL
per year. Or about a 10" of the total capacity or almost half of
the annual average inflow of Thomson Reservoir.

Fig. 1: 1983 Melbourne Dust Storm.
The 1983 Melbourne dust storm was a
meteorological phenomenon that occurred in the
afternoon of 8 February 1983 throughout much of
Victoria, Australia and affected the state capital,
Melbourne. Red soil, dust and sand from Central and
Southeastern Australia was swept up in high winds
and carried southeast through Victoria. The dust
storm was one of the most dramatic consequences
of the 1982 -83 drought, at the time the worst in
Australian history.

Source: Commonwealth of Australia, Credit: Trevor Farrar, Bureau of
Meteorology.

for millennia. Another key recommendation is appreciating the
importance of Aboriginal art in all forms in caring for Country.
Elders of Nations along Murray and Darling Rivers have
watched on as the Murray and Darling rivers 'die" due to
the over extraction and mismanagement of water over
decades. The dire state of rivers during the drought inspired
the concept of "cultural flows" which was endorsed by the
Murray Lower Darling Rivers Indigenous Nations alliance and
the Northern Basin Aboriginal Nations as part of the Echuca
Declaration 2007, which states water is to be allocated "of

Fig. 2: Thomson Reservoir.

Image of the Thomson Reservoir taken in 2008.
609% of Melbourne drinking water is provided by
Thomson Reservoir.

Source: Craig Abraham - Fairfax Media.
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. Map 3: Northwest and Southeast Dust Pathways.

Location map showing Lake Eyre Basin, Channel
Country and Mallee region in Australia and the
general location of the Northwest and Southeast
Dust Pathways.

Source: Bowler, 1976 and Fujioka & Chappell, 20102

sufficient quantity and quality to improve the spiritual, cultural,
environmental, social and economic conditions'. The Murray-
Darling Basin Plan specifically recognises cultural water and
is funding a water investment programme aimed at assisting
First Nations communities in planning and implementing
cultural and economic entitlements. However, there are still
significant hurdles to empowering Aboriginal people to assess
cultural water and incorporating Indigenous knowledge in
managing future droughts®.

... Fig. 3: Water restrictions.
Water restrictions in Victorian towns
during the Millennium Drought.
Source: The State of Victoria Department of
Environment, Land, Water and Planning 2016:
Managing extreme water shortage in Victoria.

1 58 PART 3: Regional perspectives | World Drought Atlas

PART 3: Regional perspectives | World Drought Atlas 1 59




School of Environment, Enterprise & Development, University of
Waterloo, Canada
School of Environment, Enterprise & Development, University of
Waterloo, Canada

Co-ordinating Lead Author and Lead Author (Maldives): Idoroenyen Udoh

Simron J. Singh University of Waterloo, Canada
Lead Authors (Grenada):
Charvi Choudhary

Mashrur Hafiz
School of Environment, Enterprise & Development, University of

Drought in the ocean: the case of Small Island Developing States |
Caribbean Sea and Indian Ocean | 1950-2024

Islands are tightly coupled socio-environmental systems
and must be considered through a systems lens. Small island
developing states (SIDS) face challenges related to climate
change (e.g. sea level rise, saltwater intrusion and erosion)
and economic resilience (e.g. reliance on imports and sectors
like tourism). Traditional climate solutions are highly resource
intensive in terms of water, energy and materials, all of which
are of limited availability for SIDS. These solutions frequently
respond to symptoms rather than core problems, accumulating
greater risk in the long term. Drought impacts are explored
here within this context by considering two contrasting SIDS,
Grenada and Maldives.

Map 1: Small island developing states (SIDS).
Thirty-nine states and 18 dependent territories are
classified as small island developing states (SIDS).
SIDS can be grouped by region: the Caribbean; the
Pacific; and the Africa, Indian Ocean, Mediterranean
and South China Sea (AIMS)°.

Source: Lovell Johns.
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+. Map 2: Grenada.
Grenada is a mountainous Caribbean nation
of approximately 350km?, including the main,
eponymous island and a variety of smaller islands.
Its highest point, Mt. St. Catherine, is 840 m above
sea level. With about 116000 residents, Grenada
has a population density of about 330 people per
km?. Grenada has a relatively diverse economy
comparative to other island states, with tourism
complemented by agricultural exports like nutmeg,
mace, bananas and cocoa’.
Source: Lovell Johns.

Drivers and Pressures

Despite abundant freshwater sources, Grenada faces
significant challenges in its water sector’. Global climate
variability threatens Grenada by changing the length
and intensity of its dry and wet seasons. Arid conditions
substantially reduce surface and ground water stocks, while
erratic precipitation increases surface water runoff and
groundwater contamination*?. Overall, both effects create
a decreased water supply on the island. Rapid urbanisation,
economic and industrial activities and especially tourism are
major contributors to excessive water demand. Centralised
infrastructure that is vulnerable to shocks from extreme
events adds to the conundrum. This disparity between water
availability and demand, both in terms of quantity and quality
and in combination with a vulnerable and centralised water
infrastructure and its governance, exacerbates Grenada’s
social drought risk — together they heighten the "socio-
metabolic risk™ to this small Caribbean nation’s water system
amid ongoing climate changes.

Impacts

Grenada’s current water situation is characterised by
cascading impacts that magnify socio-metabolic risk over time.
Climate variability causes erratic precipitation and saltwater
intrusion from coastal inundation, increasing surface water
runoff and contamination of groundwater sources™? This
affects water quality, raising turbidity and necessitating extra
treatment, which then causes supply delays and interruptions.
Excessive rainfall and flash flooding can damage infrastructure,
reducing its quality and lifespan and requiring (already
scarce) financial resources for maintenance and repair, thus
raising water production costs. Unpredictable rainfall and
water supply can lead farmers to maladaptive practices like
overusing agrochemicals and increasing fertiliser and chemical
concentrations in the environment®, which can negatively impact
watersheds and water quality, ultimately reducing overall
water availability. These interrelated factors impact health and
augment social drought and water security issues”.

Climate variability Distribution delays

-

— Erratic precipitation —— Surface water runoff

Actions

The island's government has begun the "G-crews" project
aimed at improving water governance, infrastructure and
freshwater storage capacity®. While the project focuses on
building rainwater and desalination plants, reservoirs and
better infrastructure, complementary measures are necessary.
Encouraging systemic approaches, such as nature-based
solutions and decentralised water systems, as opposed to
short-term symptomatic solutions, is crucial. For example,
residential rainwater harvesting could reduce reliance
on the central water supply. Urban green spaces provide
environmental benefits and can serve as natural freshwater
sponges to dilute aquifer salinity, which affects parts of
the island®. Additionally, providing innovative financing for
retrofitting homes and businesses, rebate schemes and
progressive water pricing implementation can be leveraged to
foster climate resilience within Grenada’s water sector.

.~ Fig. 2: Systematic and cascading impacts.
Diagram showing the systematic and cascading
impacts associated with water availability in Grenada.
Source: Case study authors.
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. Fig. 3: Water usage by sector.
Sectoral contribution to Grenada’s total water usage.
Data source: UNDESA, 2012,

+. Fig. 4: Water demand and supply in wet and dry seasons.

Discrepancy between the amount of water required and
available during both the rainy and dry seasons. The dry
season encounters a surge in water demand, exceeding the
supply by approx. 10000 m*/day.

Source: Thompson, 2019*2
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. external climate / environmental factors

. Map 3: Maldives.

The Republic of Maldives comprises of 1192 coral
islands in the Indian Ocean spread over an area of
90000km?, of which only 1% (~300km?) is land. With
over 0.5M inhabitants in 2024, Maldives is not only one
of the world's most densely populated countries, but also
the flattest and lowest, with an average elevation of just
1.5 metres above sea level™.

Source: Lovell Johns.

c. 1950

2018

*. Fig. 5: Aerial view of land cover changes.

Land use changes in Malé, the capital of Maldives, from
circa 1950 (top) to 2018 (below) reflect the country's
growing population, which has put increasing pressure on
water resource.

Sources: Top: National Archives of Maldives;

Bottom: A. Shuau Obofili.

Fig. 6: Systematic and cascading impacts in Maldives.
Diagram showing the systematic and cascading impacts
associated with water availability in Maldives.

Source: The Climate Center, Climate Change Impacts on Health and
Livelihoods, Maldives Assessment*®.

Lead Author (Maldives):
Aisha Azfa

University of Melbourne, Australia

Small islands represent tightly coupled socio-ecological systems, making them
especially vulnerable to adverse cascading impacts of drought. Systemic solutions

are needed to reduce “socio-metabolic risks”, which originate from a significant
divergence of critical resources from local sources, the integrity of material
circulation, and the (in)equitable distribution of derived products and services.

Drivers and Pressures

Maldives is facing significant water shortages and
drought issues, exacerbated by climate change. Due to its
unique geography, the only freshwater sources available
in the Maldives are rainwater and groundwater in shallow
aquifers. Rainwater collection is hampered by erratic and
reduced rainfall, while groundwater is limited and is often
contaminated through saltwater intrusion and introduction of
pollutants from anthropogenic activities. Consequently, there
has been increased reliance on desalinated and bottled water.
Desalination, while effective, is costly and energy intensive,
while plastic water bottles overwhelm the waste management
systems of most islands. At the same time, water demand
is rising steeply, with the population increasing nearly six-
fold since 1960* and with ~1.3M tourists visiting the coral
nation each vyear. Inadequate infrastructure and budget,
lack of technical staff and growing reliance on rainwater
and desalination, which are both susceptible to climatic and
technical disruptions, exacerbate water scarcity.

Impacts

Water scarcity and drought impacts are felt differently in
urban and rural areas of the Maldives. In the Greater Malé
Region, where over a third of the population resides, most
households rely almost exclusively on piped desalinated
water, putting them at risk of water disruptions in the event of
technological failure. This was demonstrated by the December
2014 water crisis. In the atolls, rainwater harvesting capacities
differ, putting communities at risk during extended dry periods.
Between 2017 and 2020, 59 islands required emergency
water supplies that were dispatched by the central government
in tankers*“. Women are disproportionately burdened by these
crises, as they are primarily responsible for collecting water,
cooking and cleaning and caring for those who fall sick due
to water-borne diseases. Vulnerable populations in the atolls
frequently report skin diseases and irritation, as well as
intestinal diseases, which are more pronounced in children**.
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Responses

In response to increasing water stress, there has been a
significant shift towards bottled water consumption in the
Maldives over the past two decades. As confidence in the
supply and safety of rainwater decreases, bottled water has
become the primary drinking water source for nearly a third
of the population, despite its high cost. This has cascaded
in an increase in plastic waste, exacerbating groundwater
contamination, particularly in atolls where waste collection
and recycling infrastructure is inadequate. In addition to bottled
water, many residents in the atolls use alternative methods
to purify water, such as chlorination, boiling, filtration, or solar
disinfection*®. From 2017 to 2024, the Ministry of Environment,
with substantial financial backing from the Green Climate
Fund (GCF), implemented a US$25 million initiative titled
"Supporting Vulnerable Communities in Maldives to Manage
Climate Change-Induced Water Shortages."”” The project's
objective was to assist 105000 residents on the outer islands
of the Maldives who face water security challenges due to
climate change. It focused on enhancing the integrated water
supply system, decentralising water supply during the dry
season and improving groundwater quality. According to the
interim evaluation report, the project was only ‘moderately
satisfactory”.*® In addition, the Maldives recently collaborated
with China to inaugurate five seawater desalination plants,
powered by renewable energy sources such as solar and wind.
This US$ 12 million project established desalination facilities
on the islands of Alifushi, Olhuvelifushi, Kelaa, Dhaandhoo
and Kaashidhoo. Each plant has the capacity to produce up
to 200 tonnes of fresh water daily, serving approximately
2000 people per island. The facilities are equipped with
200kW solar panels and the plant on Kaashidhoo includes
a 100kW wind turbine, further enhancing the sustainability
of the water production process*®. The cascading challenges
posed by symptomatic fixes such as use of bottled water and
desalination highlight the ways that short-term solutions only
exacerbate the probability of future and greater risks. Instead,
systemic solutions that address root causes must be prioritised
to mitigate socio-metabolic risks®.
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Rising temperatures and reduced precipitation | Caribbean Sea | 2013-2016

Precipitation deficits related to the El Nifio-Southern Oscillation

and temperature-driven increases in evaporative demand
have contributed to worsening drought since the 1950s.

Characteristics and impacts

Seven of the world's 36 most water-stressed countries are
in the Caribbean, with islands such as Barbados, Antigua and
Barbuda, and St. Kitts and Nevis having less than 1000m?
of freshwater resources per capita and deemed water-
scarce. Until relatively recently, drought was not a hazard that
most authorities in the Caribbean region considered a major
risk beyond seasonal impacts on agriculture. Even within
apparently non-water-scarce islands, local communities and
cities are now experiencing chronic shortages, especially with
drought-related water deficits during key periods of demand,
such as the tourism season and crop growing season (see
Fig. 1, below). Since 1950, the Caribbean has experienced
several significant droughts including multi-year events
in 1976-77, 1986-1987, 1997-1998, 2009-2010,
2013-2016 (see Maps 1, below and 2a-c, opposite) and
2019-2020. Variability within the dry and wet seasons often
results from muilti-scale interactions across the weather to
climate continuum. These interactions result from the gradient
between Atlantic and Pacific sea-surface temperatures
including El Nifio-Southern Oscillation (ENSO)-related impacts,
the North Atlantic Oscillation and North Atlantic high-pressure
decadal fluctuations, the Madden Julian oscillation (MJO), and
the Caribbean low-level jet.

The years 2019 and 2020 further illustrated that not all
droughts in the Caribbean are region-wide or are associated
with strong ENSO signals alone. In 2019, significant impacts
from drought occurred in Belize and Jamaica in the west as
well as the southern portion of the eastern Caribbean island
chain. The onset of the wet season in 2019, though late or
slow to develop in these countries, signaled relief from drought
impacts in these areas. However, lower-than-normal-rainfall
in the wet season in countries like Barbados and Trinidad
and Tobago meant that impacts again increased and spilled
over to 2020. As the wet season subsided towards the end
of 2019, Barbados had completed a 24-month period with
below normal rainfall, with record low rainfall in 2019. This
rainfall deficit in turn resulted in critical depletion of the island’s
underground aquifers.

Collaborative decision making

In recognition of the increasing cascading and compounding
muilti-sectoral impacts of drought in the region, the Caribbean
Institute for Meteorology and Hydrology has pursued formal
agreements across several key public, private and non-
governmental regional institutions responsible for a range of
climate-sensitive sectors for collaboration in the development
and integration of climate services in sectoral decision making.
Fully established in 2017, the Consortium of Sectoral Early
Wamning Information Systems across Climate Timescales
(EWISACTs) Coordination Partners is a multi-agency group
that co-develop and co-deliver user-specific and actionable
drought information products and services. As part of this
effort, the Caribbean Regional Climate Centre in collaboration
with sectoral experts routinely prepares climate bulletins
tailored to three of the climate-sensitive sectors it currently
engages: agriculture, health and tourism. The Caribbean
Agro-Climatic, Health Climatic, and Tourism Climatic Bulletins
(see Fig. 2, right) developed with regional sectors and donor
partners include information on drought with messages aligned
with sectoral decision making. Examples of such initiatives
include the Investment Plan for the Caribbean Regional
Track of the Pilot Program for Climate Resilience (PPCR) and
the Programme for Implementing the Global Framework for
Climate Services (GFCS) at Regional and National Scales.
Specific national training or drought assessment and risk
management have been provided for National Meteorological
and Hydrological Services and partners in St. Lucia, St. Vincent
and the Grenadines, Grenada, Jamaica, Haiti, and Dominica.
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. Fig. 1: Increased food prices and food shortages in Haiti.
Food distribution in the town of Baie de Moustiques, Port-
de-Paix, Haiti. In 2016, following three years of drought
exacerbated by El Nifio, the United Nations World Food

Programme (WFP) launched an emergency operation to
provide food and supplies to one million people in Haiti.

Source: UN/MINUSTAH/Nektarios Markogiannis. https://news.un.org/fr/

story/2016/04/333372

-. Fig. 2: Caribbean Drought Bulletin.
The Caribbean Agro-Climatic, Health Climatic
and Tourism Climatic Bulletins developed with
regional sectors and donor partners include
information on drought with messages
aligned with sectoral decision making.
Source: Caribbean Drought and Precipitation Monitoring
Network, 2015%.
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+. Map 1: 2016 drought outlook for Jamaica.

Standardized Precipitation Index (SPI-12). Accumulated
rainfall deficit over Jamaica during 2016, evidenced by
CHIRPS-derived SPI-12.

Data source: CHIRPSvZ; Funk, C. et al,, 20157,
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Fig. 3: Climate change impacts on drought in the Caribbean.
Climate change is anticipated to impact temperature,
precipitation and sea level in the Caribbean, increasing
vulnerability to unprecedented droughts.

Source: Caribbean Drought and Precipitation Monitoring Network, 2024°.

Lead Author:
Roger S. Pulwarty

National Oceanic and Atmospheric Administration,

United States of America

Maps 2a-c: Annual drought rankings
between 2013 and 2015.

Standardized Precipitation Index (SPI-
12). Accumulated rainfall deficit over the
Caribbean during 2013, 2014 and 2015,
estimated by CHIRPS-derived SPI-12.
Data source: CHIRPSvZ2; Funk, C. et al,, 2015°.

Fig. 4: Jamaican farm worker in
lettuce garden.

Jamaica was impacted by droughts in
both 2016 and 2019 due to limited
and late rainfall. Food shortages were
reported in the country due to strain
on agriculture.

Source: Debbie Ann Powell - stock.adobe.com

Actions

Caribbean communities have clearly identified water
availability and scarcity as the major issue of concem even
when tropical storms are included in the list. Climate change
predictions for the region indicate that the frequency and
intensity of drought willincrease inthe future (see Fig. 3, below).
As a result, addressing drought represents a critical aspect
of the region’s economic and environmental sustainability.
The 2009-2010 event, with exceptional impacts across the
region, was a focusing event, challenging regional decision-
makers to give stronger consideration to drought. Since then,
the Caribbean Drought and Precipitation Monitoring Network
- a regional operational network of national hydrological and
meteorological services (NMHSs) coordinated by the Caribbean
Institute for Meteorology and Hydrology (CIMH) - has been
routinely providing a suite of technical drought early waming
(monitoring and forecasting) tools and products geared
towards multi-sectoral decision-support. The 2014-2016
event, the most severe and extensive period of dry conditions
in the Caribbean and Central America since 1950, illustrated
that the region was better prepared, having improved early
warning information and capacity since 2010.
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Future needs

Significant progress since 2009-2010 has been made
through a range of climate services initiatives. At the
national level, priorities outlining needs for water resources
management and drought planning have been developed but
with limited plans for implementing drought management.
More work needs to be done at community, national and
regional levels in areas such as:

1. the development and implementation of drought policy
and plans linked to water resources,

2. forecasting, early waming and integrative decision-
support systems and

3. stakeholder engagement in the development and use of
integrated drought information for risk reduction.
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Urban drought impacts in Barcelona | Spain, Europe | 2021 -2024

Characteristics

Barcelona and the surrounding areas, home to 5 million
people, are located in the Catalan River Basin District. This
region, characterised by a Mediterranean climate, faces
water scarcity and periodic droughts. The main sources of
urban water supply are the Llobregat and Ter Rivers, which
have five reservoirs.

Catalonia has been experiencing an unprecedented and
persistent drought over the past 40 months, with every season
being extremely dry. Notably, the typical autumn rainfall was
almost entirely absent. The spring of 2024 marked the first
season with normal rainfall during this period.

A Drought Management Plan was debated and

approved in 2020, defining three drought severity levels.
Detailed water use limitations were established for all sectors,
while allowing the most efficient users to request individual
allowances. It has been the main management tool during the
drought, although some minor amendments have been made

+. Fig. 1: Sau Reservoir, September 2021 (left) and
March 2024 (right).
River flows dropped to their lowest levels in 68 years
and reservoirs steadily declined. The church in Sau
Reservoir, typically submerged, became an iconic
symbol of the drought.

Source: Catalan Water Agency.

to relax a few of the toughest restrictions in the last stage of
the drought.

A key strategy in managing the drought has been the
mobilisation of alternative resources, thereby conserving
water in the reservoirs.

La Llosa
del Cavall

Map 1: Reservoirs of the Ter-Llobregat System.
Map of the Ter-Llobregat water supply system which
provides Barcelona with drinking water.

Source: Catalan Water Agency.
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. Fig. 4: Seawater Desalination Plant, Llobregat.
Barcelona-Llobregat Desalination plant is one of the
largest seawater desalination plants in Europe producing
potable water from seawater of Mediterranean Sea, with
maximum capacity of 200000 cubic metres per day.
Source: Aiguies Ter Llobregat.
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-. Fig. 1: Evolution of the water sources for Greater Barcelona's
water supply network.
The graph illustrates the contributions of different water sources
in shades of blue. The very light blue section represents the
contribution of indirect potable reuse (B), while the slightly darker
blue section indicates the contribution of desalinated seawater (A).
The increase in the share of these unconventional sources reveals
their key role in managing this drought event.
Source: Catalan Water Agency.

*. Fig. 5: Water Reuse Scheme from the El Prat de
Llobregat WWTP.
The reclaimed water from the wastewater treatment plant
(WWTP) is used to recharge groundwater to counteract
salt intrusion, for crop irrigation and is reintroduced into
the Llobregat River 8 km upstream of the drinking water
treatment plant (DWTP) for indirect potable use.
Source: Catalan Water Agency.

During 2021, 2022 and 2023, rainfall deficits exceeded
50%, an unprecedented occurrence in a 100-year record.
Additionally, temperatures reached new maximum records in
2022 and 2023.
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Catalan Water Agency

Catalan Water Agency

The drought management plan, with its clearly defined and structured
actions and responsibilities, played a crucial role in mitigating the

severity of the impacts on communities, ecosystems and economies,
while also preventing major conflicts over water allocations.
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**. Fig. 2: Anomaly of annual accumulated precipitation.
Annual mean precipitation expressed as an anomaly in

percentage (%) relative to the reference period 1961 -1990,

recorded at the Fabra Observatory in Barcelona.
Source: Meteorological Service of Catalonia.

Indirect potable reuse in Barcelona

The Drought Plan incorporated the use of reclaimed water
to supplement the flow of the Llobregat River, a primary water
source for Barcelona. This initiative was intended as a 'safety net' 600 +
and was tested in 2019. Due to the severe drought conditions, it
has been in continuous operation since December 2022.

500

What if mitigation actions had not been taken?

After three years of severe drought, the total amount of
water in the reservoirs dropped below the critical threshold of
100hm?, leading to an emergency declaration. However, urban
water shortages have been avoided so far.

Without any drought measures, the reservoirs would have
become completely depleted by the summer of 2023.

The contribution of alternative sources (desalinated water
and potable reuse) was crucial, but the restrictions outlined
in the Drought Plan also played a significant role. Without
these limitations, total depletion would have occurred at the
beginning of 2024.
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-“. Fig. 3: Annual temperature abnormality.
Annual mean temperature expressed as an anomaly
relative to the reference period 1961 -1990, recorded at
Fabra observatory in Barcelona.
Source: Catalan Water Agency.

.............. hypothetical scenario 1: without restrictions (only alternative sources)

hypothetical scenario 2: without any drought measures
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*. Fig. 6: Evolution of the water volume in the reservoirs of the
Llobregat and Ter rivers.
Evolution of water volume in the reservoirs of the Llobregat and Ter
rivers. The blue line represents the real situation, while the dotted
lines illustrate two hypothetical scenarios: one without any drought
measures (yellow) and another relying on additional alternative sources
but without restrictions (black).
Source: Catalan Water Agency.
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Urban drought impacts in Guayaquil | Ecuador, South America | 2023-2024

The influence of climate and El Nifio on droughts in Ecuador

Ecuador, due to its location and geomorphological
features, is exposed to considerable climate variability, which
contributes to the occurrence of droughts. In particular, the
country is influenced by two main meteorological regimes:
the Pacific Regime, which is connected with fluctuations of
El Nifio phenomenon and produces a summer dry season
and the Eastern Regime, which results in a less intense rainy
period between the months of November and February. The
precipitation regimes are influenced by the Amazon and
Andean slopes*.

Between November 2023 and May 2024, Ecuador faced
one of the most extreme droughts in six decades in the
Southern Andes region, particularly affecting the Paute River
basin. During the drought, this basin, which provides the water
source of multiple crucial hydroelectric power plants, witnessed
a drastic decline in water flow from an average of 120 cubic
metres per second to a mere five?.

200km

Map 1: Influence of El Nifio in Ecuador.

Effects of extreme El Nifio events on precipitation
patterns for hydrological basins in Ecuador, calculated
from mean annual (Year 2) SPDI during the 1983 and
1998 extreme events.

Adapted from Thielen et al. 2023°.

Reservoirs, urban power supply and drought
in Ecuador

This unprecedented drought severely affected hydroelectric
production and triggered a nationwide energy rationing
program which in turn led to disruptions in various essential
services across the country.

Over the past two decades, Ecuador significantly increased
its hydroelectric capacity through the construction of several
key reservoirs. Currently, 90 % of the country’s energy demand
is covered by hydroelectric power'. Ecuador's new reliance
on hydroelectric power makes it particularly vulnerable to
negative impacts from drought. Reduced water flow in rivers
can significantly decrease the capacity for hydroelectric power
generation, forcing the implementation of energy rationing
measures. However, impacts of droughts extend beyond water
availability and ecological health.

The 2023-2024 drought severely affected the Mazar
dam, the biggest of the country, which supplies three main
hydroelectric plants for a total production of 657 megawatts.
During the drought period, the Mazar reservoir registered an
operational storage level of 0%, causing nationwide blackouts
affecting most cities in Ecuador. This scenario presents a clear
example of systemic risk where the Mazar hydroelectric plant,
located more than 220km away in a completely different
climatic context, can affect the urban systems of a city like
Guayaquil (see Map 1, above).
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. Map 2: Geographic location of the city of Guayaquil (A) and
the Mazar hydroelectric plant (B).
Adapted from Geoportal https://geoportal.controlrecursosyenergia.gob.ec/

Lead Author:

Angel A. Valdiviezo-Ajila Faculty of Engineering in Earth Sciences (FICT), Polytechnic University

(ESPOL), Ecuador

The multi-faceted impacts of the drought in Guayaquil

With a population exceeding 2.6 million, Guayaquil is the
biggest city in Ecuador and faced a significant challenge
during the 2023-2024 drought. This extreme drought
resulted in multiple impacts in the city, especially on its water
infrastructure, revealing a series of vulnerabilities which also
determined a number of consequential cascading impacts.

The most immediate impact was felt in the energy
sector. Reduced water levels in the critical Mazar
reservoir significantly reduced hydropower generation,
a primary source of electricity for Guayaquil. This
precarious situation resulted in a total energy deficit of 1000
Megawatts within the Ecuadorian electricity system, plunging
parts of Guayaquil into darkness.

The power outages triggered a domino effect, causing
substantial economic losses. Businesses across the city were
forced to reduce their opening times and acquired power
generators. The Guayaquil Chamber of Commerce (CCG)
estimated a staggering $20.6 million in lost sales per hour
due to the power cuts. These disruptions extended beyond
businesses, significantly impacting the daily lives of Guayaquil's
residents. Schools were forced to close, hindering education
and childcare. Traffic congestion worsened as power outages
disrupted traffic signals, creating gridlock on major roads.

Fig. 2: Water deliveries.

Power outages disrupt water pumping stations,
leading to water shortages in the city. Vulnerable
areas are receiving water deliveries by tanker trucks.
Source: Photo by Fernando Luzzaraga, Environmental and Technical
Audits Supervisor at Guayaquil Municipal Water and Sewerage
Company EMPAG 2024.

Lessons learnt for drought risk management

The recent drought has made evident Ecuador's
vulnerability to water shortages. This underscores the urgent
need for a robust and multi-pronged approach to drought risk
management. In particular, a strengthened drought monitoring
(including precipitation, soil moisture and reservair levels) and
early warmning systems would allow for proactive measures to
be taken before droughts reach critical stages. Additionally,
an integrated water resource management approach
could help monitoring and regulating water usage across
sectors (agriculture, industry, domestic). Recent impacts also
highlight the need to prioritise investments in infrastructure;
particular attention should be paid to critical infrastructure like
hydroelectric plants, ensuring they operate with optimal water
usage during drought periods.

The diversification of energy sources could decrease
Ecuador's heavy reliance on hydropower. Diversifying the
energy mix through investments in renewable energy sources
such as solar and wind power can significantly reduce drought
risks on the energy sector for the country.

Implementing comprehensive drought response plans at
both local and national levels is essential. These plans should
outline clear actions and responsibilities for government
agencies, water management entities and citizens in the event
of a drought. Effective communication and public awareness
campaigns are crucial for ensuring coordinated and effective
responses to drought events.

One notable impact of the power rationing on urban
systems in Guayaquil was the disruption of drinking water
access. In fact, this occurred not because of scarcity of water
resources per se, but because of the interruption of power
supply to water pumping stations. These disruptions hindered
daily activities, impacting personal hygiene, food preparation,
sanitation and household cleaning, causing significant
disruptions particularly in high-altitude areas that rely on
these stations for their water supply. Even after electricity
was restored, some areas of the city experienced delays in
distribution systems, leading to public discontent.

Additionally, the impact of the drought extended beyond
Guayaquil's city limits. Ecuadorian exporters estimated losses
of around $400 million due to power outages, highlighting the
ripple effect felt across the entire nation.

- Fig. 1: Traffic congestion due to power outage.

Traffic lights without electricity on Rumichaca Street,
in downtown Guayaquil, on Sep 29, 2024.

Source: Fanny Carolina Moreira , Head of the department of Post
Disaster Recovery from SEGURA EP Guayaquil.

. Fig. 3: Power generators.

Businesses in the city centre are using power
generators to serve their customers.

Source: Courtesy of Miriam Obregon , CEO Department Social Fabric
from SEGURA EP Guayaquil.

Guayaquil shows how a drought occurring more than 200 km away
can have cascading effects on the multiple systems cities depend on,

including health, education, basic services and productive activities.

Fig 4: Hydroelectric plant at Mazar
reservoir, April 2024.

Source: Courtesy of Silvia Naranjo, Head of the
department Disaster Risk Reduction Azogues
Municipality 20/09/2024.
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Day Zero | Cape Town, South Africa and Chennai, India | 2018 and 2019

The looming Day Zero of Cape Town

In the city of Cape Town in South Africa, its ~4 million
inhabitants are dependent on surface water for their water
resources. Over 95% of this water comes from a system of
six large dams (see Map 1, right), which provides water for
Cape Town (58 %), other towns (6 %) and agriculture (26 %; the
remaining 10% evaporates)’. In 2014 these reservoirs were at
full capacity, which is enough to supply water for ~1.5 years.

However, starting from 2015 a drought persisting 3 years
started with rainfall amounts about 50%-759% below the
long-term average. Particularly 2017 was a dry year, breaking
many rainfall records in its recorded history (since 1880s)”. As
a result, reservoir levels dropped dramatically to about 20%
of their overall capacity. Water levels in the largest reservoir —
Theewaterskloof — hit a low of 10.49% in April 2018

When a dam reaches 109% of its capacity, it is considered
to be practically empty, as this last water is very difficult to
access. When overall reservoir capacity would reach 13.5%
piped water in Cape Town would be shut off and people
would need to go to designated points to pick up daily rations
of water (25litres per person). This moment when no water
would come from the tap is called Day Zero. In the end Cape
Town narrowly avoided Day Zero by buying enough time
through extensive water savings until the rainfall in April—June
2018 replenished the reservoirs again.

The response of Cape Town

When the drought was evolving over 2015 and 2016,
reservoir levels were not dangerously low yet. However, some
restrictions were already introduced (e.g. limiting car washing,
gardening) in anticipation of a possible poor rainy season in
2017. The 2017 rainy season turned out to be record low and
Cape Town realised that there was not enough water in the
reservoirs to last until the next rainy season in 20187,

A shortage in water resources can be approached from
two sides: supply and demand. There were little options
on the supply side due to the strong reliability on surface
water of the system. Developing infrastructure for large-
scale groundwater extraction, large-scale water re-use, or
implementing desalinisation was simply not possible on such
a short timescale’. Opposing political parties at the national
and regional level also limited resources mobilisation and
government effectiveness?.

Cape Town focused on reducing demand in an effort
to manage the crisis. This was done through four types of
measures: i) increased tariffs, i) usage restrictions, iii) reducing
water pressure and iv) information campaigns. This resulted in
a staggering 50% decrease in water usage over 3 years, from

Lessons on socio-economic inequalities

The large reduction in demand is generally attributed to
reductions by high- and middle-income households, which
historically were the highest water users. A large saving came
from stopping outdoor water use (the peaks in Fig. 2, right) and at
the height of the drought in early 2018 water use was quite equal
among households in freestanding homes, around the 350litres/
day per household that is considered the ‘lifeline’” amount?.

Nevertheless, the drought was experienced markedly
different between socio-economic groups. Notably, informal
dwellers (not connected to piped water) live under chronic
water shortage, where ‘every day is a Day Zero™. In contrast,
upper- and middle-class households were able to adopt
coping strategies such as rainwater tanks, efficient appliances,
bottled water and drilling wells for groundwater, to supplement
their tap water®. Moreover, wealthier households may be
smaller, meaning less water is needed per household. This
also resulted in disparities with water use restrictions, as these
were set per residential unit (350 litres per unit), based on 6-7
people. However, in townships multiple households (8-15
people) in one stand share facilities, such as water taps,

. Fig. 1: Steenbras reservoir, Cape Town.

View of Steenbras reservoir, one of six main

reservoirs around Cape Town.

Source: Hansueli Krapf, CC BY-SA 3.0, via Wikimedia Commons.

on average 183 litres per person per day, to on average 84
litres per person per day (see Fig. 2, right)®.

Whilst measures always came in packages, it stands out
that information campaigns seemingly had a large impact
(see Fig. 2, right). A campaign in February 2017 publishing
the top 100 water users accompanied by sending them
letters threatening the installation of water restriction devices
significantly reduced water usage. A considerable effect
was also seen in October 2018 after the announcement
of a Disaster Plan which garnered a lot of media attention.
The largest reduction was seen in January 2018 when the
possibility of reaching Day Zero in April was announced and
a reduction in water pressure was implemented and a Water
Map was published showing which households complied
to the restrictions and which didn't. Tariffs seem to have
had less of an impact as high income households indicated
that they were more motivated by social pressure and civic
duty®. Overall, open data publication, along with a relentless
campaign raising the alarm and giving residents responsibility
to avert crisis, had a big impact.

meaning they were actually restricted to less water per person
than intended®. On top of this, poorer households were much
more impacted by tariff increases, even up to 15%-209% of
their income®. The drought and corresponding measures may
thus have exacerbated existing inequalities. This persists after
the drought as the wealthiest households enhanced their
resilience due to the investments in (permanent) measures
they had taken (e.g. wells and tanks) whilst poorer households
remain in water scarce situations and may actually be worse
off® (see Fig. 3, right).

Fig. 3: Stylised water (in)security trajectories for
different socio-economic groups.

Stylised water (in)security trajectories for different
socio-economic groups based on qualitative
investigations. Note that higher income groups
recovered quicker and increased their water security
after the drought. Lower income groups took longer
and some even decreased their water security, or
remained at critical low levels.

Adapted from Savelli et al,, 2021°.
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. Map 1: Cape Town's 6 dams.
Map showing the location of the six main
reservoirs around Cape Town.
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<. Fig. 2: Water demand in Cape Town.
Average water use (per household) and timing of measures.
Adapted from Bruhl and Visser, 2021°.
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The actual Day Zero of Chennai

Chennai is located in the south-east of India and on paper
is not a dry city having an average annual precipitation of
about 1400mm. In this region, the Northeast Monsoon (NEM,
during October—December) is critical for water availability as
it brings about 60% of annual rainfall and precedes a dry
period from Jan-May*. To overcome this, water is stored in four
main reservoirs, supplying 60% of the city’s requirements?.
Moreover, groundwater is extracted a lot for domestic and
industrial use in Chennai.

Over the year 2016-2018, the 3-year accumulated NEM
rainfall was the lowest in 150 years® (see Fig. 4, right). 2018
was particularly dry, leading to reservoirs depleting completely
(see Map 2, below). Groundwater levels dropped, resulting in
household groundwater wells running dry?. On the 19" of June
2019 Day Zero was declared and water stopped coming from
the taps of the municipal network.

As a result, many people become even more reliant on
water imported from elsewhere through emergency trains and
private water tankards bringing water in from outside the city
(see Fig. 5, right). Prices of such tankards (which were already
~509% more expensive than municipal water) tripled in price
over the course of a few months®. Overall, the story of Chennai
is about urban and water management, making the growing
city susceptible to water scarcity and droughts.

June 2018

. Map 2: Red Hills Lake, 2018 and 2019.
Satellite imagery of one of the four main reservoirs of Chennai (Red
Hills Lake), contrasting June 2019 when it was empty, with June 2018.

Source: Copernicus imagery.

A cocktail of drivers

A large variety of factors determined the Day Zero in
Chennai. The city has always had a large amount of lakes and
resenvoirs to store the monsoonal rainfall water. However, many
lakes have disappeared over time, such as the famous ‘Long
Tank’ (see Fig. 6, right), a huge reservoir which was drained
and developed into what is now known as Theyagaroya Nagar
neighborhood in the 1920s°. But also in more recent decades
reservoirs, lakes and wetlands have been encroached by urban
development. In addition, the capacity of the reservoirs (with
the last one, at the time, being build in 1944) decreased over
time due to poor siltation maintenance®. This is in a city with a
growing population and thus high water demand.

There are also many groundwater wells, either for
private residents, industry, or private tankard companies that
supply water year-round to residents not connected to the
municipal network. However, the overall rate of extraction is
approximately 1.3 times more than it is replenished due to
rainfall’, resulting in falling groundwater levels, particularly
during drought.

Contributors:
Johanna Briihl
Martine Visser

Fig. 4: Monsoon precipitation anomaly.
North-eastern Monsoon precipitation anomaly,
showing the extent and exceptionality (worst in 150
years) of the 2016-2018 drought in South India.
Adapted from Mishra et al., 2019°

June 2019

Anchor Environmental Consultants, South Africa
School of Economics, University of Cape Town, South Africa

~". Fig. 5: People filling water from tankards.
People filling water from tankards in Chennai, India.
Source: Alamy Stock Photo, V. Muthuraman.

The threat of not being able to supply tap water

In order to combat falling groundwater levels, the state of
Tamil Nadu introduced in 2001 legislation that required new
buildings form 2003 onwards to have rainwater harvesting
structures in place®. Through them, water is either stored for
use on the surface, or infiltrated into the ground to replenish
groundwater resources. Whilst this policy has resulted in many
new rainwater harvesting structures, its implementation has
also been hampered by non-compliance, with many buildings
still not having rainwater harvesting systems or insufficient
ones (e.g. due to poor maintenance or design) in 2019°.

Fig. 6: The Mylapur Tank or Long Tank.
Map of the presidency town of Madras from

Imperial Gazetteer of India, volume 26, Atlas, Oxford

University Press, 1908, showing large reservoir
(Mylapur Tank or Long Tank) which is was drained
and developed for housing in the 1920s.

Source: J. G. Bartholomew, Edinburgh, Public domain, via Wikimedia

Commons.

(Day Zero) has been a reality for various cities.
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PART 4
Managing and
adapting to
drought risks

Understanding and characterising the complexity of drought risks

is only one part of the challenge in adequately preparing for and
responding to drought. Comprehensive drought risk management
and adaptation that is forward looking, inclusive and prospective is
needed, especially to mitigate the worst impacts of climate change
and to realise the UN Sustainable Development Goals. This requires
comprehensive and coordinated decision making to implement diverse
drought risk management and adaptation pathways that provide
benefits across multiple sectors. When combined, different mitigation
and adaptation options and pathways can create synergies and have
positive cascading effects, strengthening the resilience of human and
more-than-human systems.

An aerial view of restored land in Mauritania, part of the Great Green Wall initiative to combat
desertification and build resilience to drought.
Source: Great Green Wall Accelerator / UNCCD,
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4.1 Managing and adapting to drought risks

The effects of drought are wide-ranging and highly diverse,
involving complex socio-economic and ecosystem interactions
(see Chapter 2). Risks and impacts cross systems, sectors,
borders and regions and cascade into other, interconnected
systems (see Fig. 1, Chapter 1.3). Drought risks vary from
region to region depending on local social, economic and
ecological contexts. This means that drought risk management
and adaptation require collaborative action and cross-sectoral
decision making in policy, research and implementation from
the individual to the international level.

Given the interconnectedness of the systems in which
drought risks emerge, targeted interventions can benefit
multiple sectors and systems affected by drought at the
same time, as well as tackle related issues such as flooding,
pollution, land degradation and desertification. Comprehensive
management of drought risks can have cascading benefits for
soil, water, climate and biodiversity, strengthening the resilience
of land and water for the people and communities who depend
on them. Beyond environmental benefits, such interventions
can reduce poverty, inequality and water injustices. Forward-
looking drought management and adaptation may require
initial financial investments and policy efforts but will be less
costly and avoid impacts in the long term compared with
reactive management in the future.

What is drought risk management and
adaptation?

Drought risk management and adaptation encompass
plans, actions and policies aimed at reducing the adverse
effects of droughts. Drought risk management covers a large
suite of measures designed to prevent, mitigate, prepare,
respond and recover from drought impacts for human and
ecological systems. Drought risk adaptation measures involve
adjustment to actual or expected drought and its effects in
order to moderate harm or exploit beneficial opportunities.
These could be, for example, technical measures such
as improving water retention infrastructure, governance
measures such as community-based water resource
management, nature-based and land-management measures
such as land regeneration and agroforestry or finance-based
measures such a micro-insurance for farmers. Measures
come with additional co-benefits as well as trade-offs, all
of which should be considered to avoid maladaptation and
to strenghten resilience while being equitable towards those
in more vulnerable and marginal situations (see Section 4.4,
pages 158-161.

UNCCD’s Drought Resilience, Adaptation and Management Policy (DRAMP) Framework

UNCCD’s Drought Resilience, Adaptation and Management
Policy (DRAMP) Framework! brings together drought
management and adaptation considerations across three
pillars of drought risk reduction (see Fig. 1, below). While
each pillar (indicated by the colours in the figure) is relevant
to their specific sections, they are not mutually exclusive but
cross over and inform the others. Here, we have adjusted the
DRMAP framework, bringing in also the systemic nature of
drought risks and impacts. Each pillar should be considered in
policy planning if nations are to shift from reactive drought
impact management to proactive and prospective drought risk
management and adaptation (see Fig. 2, opposite for more
information).

Strengthen systemic
resilience’to drought
risksand impacts

Prepare, respond to
and recover from
systemic drought
risks and impacts

« &

reactive —» proactive

and prospective
drought risk

management and
adaptation ~

Reduce systems’
vulnerabilities to
drought

Reduce systems’
exposure to drought

Address root causes
and systems’
transformation

The framework calls for a joint and continuous science-
policy effort to co-construct a thorough understanding of
the shared impacts, drivers and root causes of drought risks
and their interconnections and cascading effects within wider
socio-ecological systems. This includes collecting data and
establishing monitoring systems that support mainstreaming
risk decision-making into planning and anticipating future
scenarios to prepare for potential impacts, as well as designing
just and equitable solutions that consider multiple systemic
risks in connection to other compounding hazards, to achieve
resilience for economies, societies and ecosystems. The
framework is designed to guide practical actions for countries
to implement their drought policy and management plans (see
Section 4.3 for more information on drought management
and adaptation plans for countries).

. Key pillar #1

Collect data and
implement monitoring
and early warning
systems for
mainstreaming risk
decision-making

. Key pillar #2

Assess systemic
drought risks and
impacts

. Key pillar #3

Implement proactive
and prospective
measures to reduce
drought risks and avoid
developing new
disaster risks in the
future

Transfer and share
systemic drought

risks

.. Fig. 1: Drought Resilience, Adaptation and Management Policy
(DRAMP) Framework.
Adapted and redrawn by LJ for the World Drought Atlas, based on Crossman (2018).

Drought risk decision-making under uncertainty

Drought risk management and adaptation planning is an
inherently uncertain process. Sources of uncertainty include
the availability and accuracy of data needed to forecast or
monitor drought (data/monitoring uncertainty), how systems,
including society and human systems, will respond to
drought events (modelling uncertainty) and how to balance
conflicting objectives and manage trade-offs (decision
making uncertainty)?. Uncertainty in drought risk management
is further aggravated by ongoing and dynamic ecological and
socio-economic changes, including but not limited to climate
change, which are altering the frequency, intensity and duration
of drought risks faced by many regions. Increasing drought
risks also create conditions for complex human behavioural
responses that can further exacerbate drought impacts. For
example, drilling of illegal wells or water theft during droughts
can alter both immediate and longer-term impacts.

While uncertainties around drought can be partly reduced
with improved data and knowledge®*®, the scale and
interconnectedness of climate, human and water systems imply
that uncertainty is an inherent part of drought risk management
and adaptation planning®. Uncertainty usually increases
when droughts affect transboundary areas, where different
datasets, indicators, measures, institutions and sectoral and
stakeholder preferences drive decision-making processes for
risk management, all interacting and competing to influence
outcomes’. Managing uncertainty is critical to design effective
drought risk management and adaptation plans.

Under uncertainty, decision-making only on probability
models of future conditions and model optimisation is no
longer appropriate, since it may artificially reduce uncertainty
and risks providing unrealistically precise information that can
lead to maladaptation. For example, a combination of data
and modeling issues (biased agronomic parameterisation of
the staple crop maize) led the African Risk Capacity drought
insurance model to underestimate losses in the 2015 Malawi
drought by more than two orders of magnitude. This led insurers
to conclude that Malawi's drought was mild, with an estimated
affected population of around 21000 people, and no payout
was triggered. However, ground-truthing by aid organisations
estimated the population affected to be 6.5 million. This could
have been averted by a more thorough uncertainty quantification
to avert the vulnerabilities of the model.

Addressing uncertainty in drought risk and adaptation
planning calls for a thorough 1) quantification of uncertainty
(in monitoring and modelling) and 2) adequate decision-
making methods to interpret and manage uncertainty, thus
balancing trade-offs (decision making uncertainty). Tools to
quantify uncertainty have been progressively expanded and
improved in recent years. Sensitivity analyses, for example,
assess how different values of inputs affect model outputs®®,
while ensemble experiments that use the same inputs but a
range of models help assess how different model structures
impact outputs®®,

Appropriate decision-making under uncertainty relies on
careful interpretation of available data and model outputs.
For example, the oversimplification of human agency by water
resources managers may assume that farmers will take the
same decisions after policy/technological change as before,
which has proven to be wrong (see Section 2.2.10, pages
54-55). Starting from uncertainty quantification, tools such
as information-gap decision theory*!, decision scaling*?,
scenario-neutral approach®®, robust optimisation, real
options analysis*® and robust decision-making' can be used.
These decision-making tools can support the development of
pathways where risk management and adaptation decisions
can be progressively implemented depending on future
drought risk scenarios, avoiding lock-in and balancing sectoral
and stakeholder water needs.

Reactive, proactive and prospective drought risk
management and adaptation

Drought risk management and adaptation can be
characterised as reactive, proactive or prospective.

- Reactive drought management involves plans, actions
and policies that are taken to react to drought
impacts, in order to alleviate negative effects
that have already occurred or are occurring, and
to recover from them to restore the impacted systems
functions. This does not involve adaptation as it
primarily focuses on emergency response.

- Proactive drought risk management and adaptation
involves plans, actions and policies that are taken before
the onset of a drought, in order to reduce drought
risks by preparing for and mitigating any potential
negative impacts that may occur and to strengthen the
resilience of system functions.

- Prospective drought risk management and adaptation
involves plans, actions and policies designed to avoid
the development of new or increased disaster
risks in the future. These span beyond drought
risks exclusively and take a systemic perspective
towards disaster risk reduction.

Proactive vs Prospective drought risk
management and adaptation -
What's the difference?

The terms ‘'proactive” and ‘'prospective’ both describe
forward-looking approaches to drought risk management and
adaptation. The approaches overlap, particularly concerning the
actions that are taken and the benefits and co-benefits that
can arise. However, they focus on different aspects of the risk
management process. Proactive risk management involves
taking anticipatory actions to identify, assess, and manage
risks before they escalate into impacts or disasters. Prospective
risk management is an emerging concept that specifically
refers to the process of seeking to avoid the development of
new or increased disaster risks in the future. This goes beyond
drought risks specifically and involves mainstreaming risk
decision making into planning and policies, by anticipating
future scenarios and analysing and preparing for the likelihood
and potential impacts from all risks before they materialise,
including from responses and for systemic risks*®.

Nature-based solutions for drought

Nature-based solutions (NbS) are strategies to sustainably use and
manage ecosystem functions and services in a targeted way to
address environmental, social and economic challenges. They mitigate
risks associated with natural hazards by leveraging the capabilities of
ecosystems to absorb and adapt to these events, and simultaneously
contribute to biodiversity conservation, climate regulation and the
enhancement of human well-being through improved ecosystem
services. To ensure good practice in the selection and implementation
of NbS, the International Union for Conservation of Nature (IUCN)
provides an NbS standard framed by eight criteria, including net gain
for biodiversity; economic viability; and inclusive, transparent and
empowering governance processes’.

The effectiveness of NbS for drought risk reduction is still not well
understood*®, however, there is clear evidence that many types of
ecosystems can provide sustainable and multifunctional approaches to
disaster risk reduction, including droughts*®. In the context of drought
risk, NbS can prevent or mitigate the incidence and severity of drought
hazard through influencing hydrological processes both above ground,
e.g. through changing evapotranspiration or surface run-off and below
ground, e.g. through modifying water infiltration and soil moisture®°.
Thus, NbS can accumulate ground and soil water over time through
targeted management of ecosystems in drought prone regions. In
addition, NbS can reduce vulnerability and help communities through
providing ecosystem services. While provisioning and cultural services
mainly reduce vulnerability of people through increasing their coping
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- Fig. 2: Understanding reactive, proactive and
prospective drought risk management and adaptation.

capacities, health and well-being, regulating and habitat or supporting
services mainly reduce vulnerability through maintaining ecosystems
intact and healthy and with this enable ecosystems to provide
services?!. Against this background, NbS support prospective drought
risk management and adaptation.

NbS encompass a variety of approaches that harness natural
processes to mitigate the impacts of water scarcity and drought
related impacts. Solutions can be applied across different sectors,
such as agriculture, water management and conservation, ecosystem
restoration, biodiversity conservation and urban planning, and can
be implemented at different scales, from local to regional. Some
examples of NbS for drought risk reduction are measures such as
agroforestry, soil management, restoration of forests and wetlands,
or urban green infrastructure. A good overview of sustainable land
management practices to reduce drought risk can be found at the
World Overview of Conservation Approaches and Technologies
(WOCAT) database for sustainable land management technologies
(https://wocat.net/en/global-slm-database/). NbS for drought risk
should be considered as an integral part of an overall adaptation
strategy and have a huge potential to address multiple goals of
international frameworks and conventions at the same time?2.
. Fig. 3: Wetland.
Restoring and regenerating wetlands strengthen
resilience to floods and droughts, and are a critical

ecosystem for many plant and animal species.
Source: Roman Biernacki via Pexels Stock Photos.
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4.2 Success stories from around the world: from local to global

Sharing knowledge and experiences from
success stories showcases how different

approaches to drought risk management and
adaptation can reduce impacts and improve
livelihoods of individuals and communities.

Story 2: National Drought Management Plans

Story 1: International cooperation

Regional and global initiatives enhancing cooperation

Drought represents a global threat and as such it needs  support actions on achieving drought resilience an in-
global actions and efforts. In 2013, after the High Lev-  ternational coalition was also launched: IDRA - Interna-
el Meeting on Drought Policy, the World Meteorological  tional Drought Resilience Alliance. IDRA aims at building
Organisation and the Global Water Partnership launched  political momentum, exploring innovative ways to mo-
the Integrated Drought Management Programme bilise resources, enhance knowledge sharing and effec-
(IDMP) to have a broad global partnership working on tive sustainable actions. In the European Union, the im-
drought monitoring and forecasting, drought risks and  portance of enhanced cooperation, knowledge sharing,
impacts in all different socio-economic sectors as well communities' engagement was well recognised and led
as ecosystems, effective drought mitigation and re- to the establishment of the EU working group on water
sponse. After more than 10 years, the IDMP commu-  scarcity and drought as well as the EDORA initiatives to
nity has been growing and moving its vision towards build an EU Drought Risk Atlas and an EU Drought Im-
achieving a drought resilient future for all. In 2022, to  pact Database.

Establishing National Drought Management Plans, lessons from the Dominican Republic

The Dominican Republic, which shares the island of Hispaniola (also
known as Quisqueya or Bohio by the Taino Indigenous peoples) with
Haiti in the Caribbean, faces significant challenges due to recurrent
droughts. Impacts are widespread across the nation's agricultural and
water resource systems, which cascade into the economy. Decreased
crop yields during past drought events have threatened food security
and the livelihoods of farmers, who make up 14 % of the country’s work-
force. Droughts strain the availability of clean drinking water, exacerbat-
ing health issues and creating conflicts over water usage. These impacts
have prompted the need for better drought management plans across
the country. In 2018, the Government of Dominican Republic devel-
oped a National Drought Management Plan with support from UNCCD’s
drought initiative (see Section 4.3 for more). The objective of the planis
to "achieve water security to supply the population and meet the needs
of users and productive sectors, and mitigate the effects of water scar-
city and the social, economic and environmental impacts of droughts”.

To achieve this, three areas of work have been identified which are:
1. Enhancing drought preparedness,
2. Increasing regional efforts to reduce drought vulnerability and risks,
and
3. Developing a toolbox to increase the resilience of people and
ecosystems to drought.

To develop this comprehensive plan, an eight-step flexible methodology
was followed:

1. Appoint a Working Group for the National Drought Plan
Define the Goals / Objectives of the Drought Plan
Seek stakeholder involverment

Inventory / situational analysis

Prepare / write the National Plan

Identifying unmet needs and filling institutional gaps

N O uvAsWN

Communicate / Educate
8. Evaluate the Plan

The published plan details the results of a drought risk assessment, fo-
cusing notably on agricultural impacts across different regions, as well
as how current and new drought management measures can align with
existing plans and policies. A stakeholder assessment details organisa-
tional responsibilities of different private and public actors to carry through
different measures and hazard monitoring and early warning communi-
cation plans are given to ensure timely responses when drought occurs.
Institutions across the country have agreed to implement drought risk
management and adaptation measures. These include protecting natural
water systems (rivers, lakes, aquifers), land regeneration measures such
as reforesting river banks, protecting agricultural soils and natural parks,
improving irrigation efficiency and increasing the regulation capacity or
volume stored by reservoirs or dams, among others. Through developing
their National Drought Management Plan with support from the UNCCD
Drought Initiative, the Dominican Republic will shift from reactive impact
management and response to a more comprehensive approach that fos-
ters proactive and prospective drought risk management and adaptation.

Story 3: Adapting to reducing rainfall in Kenya

The role of Farmer Managed Natural Regeneration

Nancy is a smallholder farmer living in in Baringo County, Kenya. This is an area where
rainfall patterns are becoming more erratic due to climate change, resulting in pro-
longed, multi-year droughts which mean insufficient food, pasture and water for com-
munities and their livestock. In such extreme climatic conditions, livestock starve and
die. However, Nancy has been able to withstand these challenges. During periods of
severe drought, her livestock may become weak, but none of them die. She attributes
this to practicing Farmer Managed Natural Regeneration (FMNR), a low-cost practice
for regenerating trees and fostering land restoration that involves using a system of
pruning sprouting tree saplings to encourage rapid tree-growth.

World Vision Kenya has been successfully working with farmers like Nancy to help
them adapt to climate change for over ten years now. The primary approach for doing
this is supporting communities to restore the health of their landscapes using low-cost
restoration approaches like FMNR. This is supplemented by community committees
who make proactive plans for how they will respond to potential disasters. As with
all of World Vision’s work, the aim is for communities to lead the restoration of their
environment. In Nancy’s case she has been able to opt into which practices are most
appropriate for her farm - from FMNR to farm ponds. Nancy now generously shares
her time and wisdom with her community by running demonstrations in FMNR and
the other practices she uses. She is also working alongside Kenya Forestry Research
Institute to use research to validate and share findings about the power of FMNR.

‘Before practicing the farmer-managed natural regeneration approach, this land was
bare. The soil was eroded and we used to walk for long distances to get firewood. Now,
with the regenerated trees, we have a beautiful environment, shade, herbal medicine,
fresh air, soothing sounds of birds chirping, increased pasture yields and fodder from
trees,” Nancy says.

In preparation for the dry season, Nancy usually harvests surplus pasture. She then
dries and grinds it and proceeds to store the pasture for use during the dry season.
During long dry spells or in times of drought, the pasture may be depleted. In such
situations, Nancy usually uses the leaves and barks of trees on her farm to supple-
ment the animal feed. The over 30 species of regenerated acacia trees on her farm,
as well as other tree species, offer a diversified source of nutrition for her livestock.
The regenerated trees have also provided a favourable environment for beekeeping to
thrive, thus enabling Nancy to gain extra household income from selling honey. From
these proceeds, she can buy additional animal feed for her livestock in the dry season.

In March 2023, she hosted guests from 11 countries who represent the first cohort of
World Vision staff that has been trained on the organisation’s Regreening Communi-
ties Project Model. This is @ community-led environmental restoration project model
based on the work of communities and individuals like Nancy. It provides opportuni-
ties for communities to actively restore and protect their landscapes using various
regreening approaches such as FMNR.

Fig. 1: Nancy usually pounds pruned
branches using a stone to peel their
barks. These peelings (in her left hand)
are used as animal feed in dry periods
while the peeled branches are used as
firewood.

Source: © World Vision Photo/Hellen Owuor.

Story 4: Community water stewardship

Maharashtra State and beyond, India

Maharashtra has faced repeated droughts which are escalating
due to climate change, resulting in a water crisis across the state.
Despite implementing the Maharashtra Groundwater Develop-
ment and Management Act in 2014, groundwater resources are
still rapidly depleting due to unsustainable agricultural extraction.
This has led to dependence on water tankers for drinking and ag-
ricultural use in some villages and is driving outward migration in
search of income. Women disproportionately feel the effects of
these impacts. One barrier to effective management of ground-
water is that it is considered private property and the lack of local
water governance among communities. Recognising the urgent
need for localised water management strategies, the Watershed
Organisation Trust (WOTR) launched its Water Stewardship Initi-
ative in 2015. The Initiative fosters climate-smart water govern-
ance through community engagement, viewing local water users
as 'water stewards' rather than mere beneficiaries. The work aims
to build capacities among communities to understand drivers of
water scarcity and create agency to adopt efficient water har-
vesting practices through participatory water governance mecha-
nisms. It adopts three key focuses:

- Community-led Water Budgeting: empowering community
members to lead in the creation of annual water budgets,
detailing water availability and usage patterns to inform
decision-making about water conservation and allocation.

- Capacity Building: providing training in water-efficient
agricultural practices, rainwater harvesting techniques and
sustainable groundwater management.

- Stakeholder Engagement: promoting dialogue between
diverse water users (farmers, households, industries) to
establish equitable water use guidelines.

Fig. 2: Community members of one
of the 356 participating villages in
the Water Stewardship Initiative in a
capacity building workshop learning
about sustainable groundwater
management.

Source: WOTR India.

The Water Stewardship Initiative also tackles the gendered di-
mension of water scarcity in the region. Trainings are given to
volunteering women, equipping them with the knowledge and
agency to actively participate in water management. One of those
volunteers is Janki Maravi, a 21-year-old from Karhaiya village in
Madhya Pradesh's Mandla district. Having to walk long distances
to fetch water, Janki was driven to act, becoming a water stew-
ard in 2021. Inspired by the success of neighbouring Kamariya
village, she rallied her own community — a task initially met with
resistance. With WOTR’s support, she established a Village Devel-
opment Committee and launched water management initiatives.
With the backing of the committee, she has effectively motivated
local farmers to adopt sustainable practices, including methods
for improving rice cultivation, multi-layer farming and organ-
ic farming practices. Under Janki's leadership, 30 families have
initiated kitchen gardens, 35 farmers have adopted System of
Rice Intensification techniques and 21 farmers have engaged in
multi-layer farming. Furthermore, Janki has measured eight wells
to establish a water budget, demonstrating proactive efforts to
assess the village's water situation. Her success has transformed
her family's life; her father who used to migrate now works locally
and she supports her sister's university education.

Due to the efforts of Janki and others like her, the Water Steward-
ship Initiative has now been introduced to 100 villages in Maha-
rashtra State, and has been scaled out to a further 356 villages
across seven Indian states feeling the effects of drought, benefit-
ting more than 73000 households. This demonstrates the model's
scalability and adaptability to diverse local conditions.

Story 5: Intersectionality in drought risk management and adaptation

Good practices from Nuwakot, Nepal

In many low- and middle-income countries women still have a
disproportionate share of responsibilities for household water and
food security. These responsibilities involve having to travel long
distances, often on foot, to collect water. These efforts are un-
der-acknowledged, go unpaid and affect health and social net-
works as they take time away from other community activities.
During drought periods, these responsibilities are made harder,
as competition for access to water sources increases, making it
necessary to cover longer distances. Despite being responsible for
household water security, women are often not involved in de-
cision-making spaces around water resource management. It is
important to acknowledge the critical role that women and other
marginalised groups play in drought risk management and adap-
tation. One community that has been doing this is Charghare VDC,
situated in the upper Gandaki River Basin in mid-hills of Nuwakot
District, Nepal. Springs are the main source of water for commu-
nities in the mid-hills, with around 80% of people depending on
them for drinking, domestic and agricultural uses. The drying up of
springs due to climate change and the shifting of spring locations
due to seismic activity after the 2015 earthquake have resulted
in water scarcity for many communities. More wealthy individu-
als and companies have been purchasing spring-immersed land,
which has aggravated competition for water resources. People
have been forced to walk longer distances to fetch water, which
has been particularly burdensome for women. Furthermore, there
has been increased discrimination against Dalit communities, a
marginalised caste in Nepal, when using communal spring taps.

To overcome these challenges, the International Centre for Inte-
grated Mountain Development (ICIMOD), with its partners, devel-
oped a "6-step spring revival protocol" to map spring hydrogeol-
ogy and facilitate community governance of springs in Nuwakot,
placing emphasis on building capacity for women and Dalits. From
the protocol, risk management and adaptation measures have
been undertaken by communities, including afforestation, clean-
ing campaigns, construction of ponds and repair of water tanks
and pipes around springs and locals have been trained to keep a
log of bi-monthly spring discharge and daily rainfall data. Durga
Khadka, a representative for the female community in Charghare
VDC explained to ICIMOD researchers, "with sufficient access to
water in nearby springs, women don’t have to travel as far a dis-
tance to fetch water, even during night". Kamala Paneru, another
female community representative, said, "we formed a women's
water management committee and have carried out conservation
measures, such as planting trees and digging trenches and pits
to collect water and promoted a sanitation campaign, for which
we have received a conservation award from local government”.
According to Dhanmaya Sunwar, a Dalit community representa-
tive, these activities have reduced competition and waiting times
for accessing springs in Charghare VDC. Ambika Sunuwar, a local
government representative, told ICIMOD, "we have targeted a one
household/one tap policy under government schemes to ease wa-
ter access. The community has come forward with concerns and
wants to carry out more spring revival activities in the area’, high-
lighting the successful upscaling of the protocol.

154 PART 4: Managing and adapting to drought risks | World Drought Atlas

PART 4: Managing and adapting to drought risks | World Drought Atlas 155




4.3 National drought management plans: How UNCCD and UNFCCC can help

Number of countries engaged
in developing National Drought
Management Plans with UNCCD

Number of countries with
National Adaptation Plans
validated by UNFCCC

Number of countries engaged in both processes

(National Drought Management Plans with
UNCCD & National Adaptation Plans

validated by UNFCCC)

National drought management plans can support least-developed, low-

and middle-income countries in strengthening drought resilience.

Effective drought risk management requires national and
regional plans and policies. However, many countries that
are affected by drought do not have comprehensive drought
management and adaptation plans in place. This has been
acknowledged by UN organisations, including UNCCD and
UNFCCC, which have made considerable efforts to support
countries  establishing drought management and climate
adaptation plans. Against this backdrop, UNCCD has established
the Drought Initiative to support countries in developing and
implementing National Drought Management Plans, which
include strengthening of comprehensive drought monitoring,
preparedness and early waming systems. In addition, UNFCCC
has established the National Adaptation Plan (NAP) process,
which supports countries to identify medium- and long-term
priorities and implement plans for adapting to climate change.
Both these processes aim to reduce vulnerability to the impacts of
climate change (including drought) by building adaptive capacity
and resilience. These processes have primarily been set up to
support least-developed, low- and middle-income countries in
establishing drought risk management and adaptation plans, but
provide useful guidance for all countries who are experiencing or
projected to experience drought impacts.

UNCCD Drought Initiative

The objectives of the Drought Initiative of the UNCCD are:
- Setting up drought preparedness systems, particularly
national drought plans
- Working together at the regional level to reduce drought
vulnerability and risk
- Providing a toolbox that stakeholders can use to boost
the drought resilience of both people and ecosystems.
Countries that express interest in developing a national drought
plan under the Drought Initiative receive assistance from the
UNCCD secretariat. The secretariat provides a drought expert who
assists in reviewing current drought management plans, ensuring
they are proactive and comprehensive and capture the needs of
vulnerable populations most affected by drought. These experts
help parties prepare a national drought plan that identifies gaps
in the current national drought preparedness and planning and
indicates measures to be implemented as soon as the possibility
of drought is signaled by meteorological services. A central part
of the Drought Initiative is the Drought Toolbox , which countries
can use to develop and strengthen their national drought plans.
The Toolbox developed by the UNCCD, together with its partners
(including the Food and Agriculture Organization of the United
Nations, Global Water Partnership and World Meteorological
Organization) features a number of technical and policy options.
Another key component of the Drought Initiative is the regional
strategic framewaorks, which facilitate data sharing, early warning,
monitoring, vulnerability and impact mapping as well as drought
risk mitigation measures across regions.

Shared solutions for droughts and other hydrological extremes

Fig. 1: Number of countries with National Drought
Management Plans and National Adaptation Plans, developed
in support with and validated by UNCCD & UNFCCC.

At the time of accessing the data (Oct 2024), 29 countries have
capitalised on both of these processes (the Drought Initiative

& NAPs), which can be highly useful for strengthening national
drought resilience and adaptation.

Data source: https://www.unccd.int/land-and-life/drought/drought-initiative & https://
napcentral.org/about (accessed 08/10/2024).

UNFCCC National Adaptation Plans

The objectives of National Adaptation Plans are to:
- Reduce vulnerability to the impacts of climate change by
building adaptive capacity and resilience
- Facilitate the integration of climate change adaptation,
in a coherent manner, into relevant new and existing
policies, programmes and activities, in particular
development planning processes and strategies, within
all relevant sectors and at different levels, as appropriate.
Countries that express interest in formulating and
implementing National Adaptation Plans receive technical
support. This includes analysing current and future climate
change scenarios, assessing climate risks, and setting up
systems across key sectors to make adaptation an integral
part of a country’s development planning, decision-making
and budgeting. Support is provided by the least-developed
country expert group, other bodies under the UNFCCC, United
Nations organisations and bilateral and multilateral agencies.

Financial support for establishing National
Drought Management Plans and National
Adaptation Plans

As well as gaining support in expert technical guidance,
countries establishing National Drought Management Plans
and National Adaptation Plans can access new domestic and
international finance streams from public and private sources for
implementing drought management and adaptation measures.
The Global Mechanism of the UNCCD and the Green Climate
Fund play an important role in accessing finance for Drought
Management Plans and National Adaptation Plans, respectively.

While drought is one extreme in the continuum of the hydrological
cycle, flooding also poses severe risks to lives and livelihoods across
the world. During and after a drought, extreme rainfall events and/or
floods can become more likely due to drier and more compacted soils,
dead vegetation's inability to absorb water and increased evaporation.
Additionally, drought responses such as storing early-season stream
flows in reservoirs can increase flood risks’. Floods and drought
management create feedbacks and response risks that affect both? This
highlights how single-hazard approaches are not comprehensive and
why a systemic perspective for managing risks is needed®.

Many of the drought risk management and adaptation measures
provided in the Table in Section 4.4, pages 158-161 have co-
benefits that are also effective for flood regulation. For example,
effective management of storage capacity in lakes and reservoirs
and preserving or creating new blue infrastructure that retains
water, such as wetlands, can reduce both flood and drought risks.
Land regeneration and agroforestry measures reduce runoff and
increase stormwater retention, improving soil quality, providing
shade for livestock and reducing evapotranspiration, which
strengthens vegetation's resilience to drought. Risk management

and adaptation measures that are effective for floods and droughts
should not be seen as a ‘silver bullet’ for hydrological extremes and
still require careful, context-specific planning. However, if the right
measures are implemented in the right place and robust monitoring,
evaluation and learning is followed to ensure that benefits are being
provided as designed, risk management and adaptation can reduce
feedback effects and response risks, strengthening resilience to both
hydrological extremes.

Drought forecasting, early warning systems and tailored climate services

The main goal of drought Early Warning Systems (EWS) is to provide
actionable data and information on the onset of droughts and their
evolution in space and time to allow different stakeholders to prepare,
act and become more resilient to the impacts across all phases of
drought. Forecasting, a key aspect of EWS, is fundamental to managing
and planning water resources to minimise impacts on natural and
human systems reliant on water availability. Drought forecasting
systems depend on a wide range of modelling approaches that vary
from dynamical, statistical, machine learning to hybrid methods®.
Typically, drought forecasts provide information on the future
evolution of a given hazard indicator (e.g. standardised precipitation
index). This information may cover a wide range of temporal scales,
from weeks to decades and can be provided with varying degrees
of anticipation, from a week to a year®. Novel seamless prediction
frameworks are envisaged to address the complexity of drought as
it evolves across the different time scales, building on seamless sub-
seasonal, seasonal and decadal climate forecasts. The longer the
forecast the less it focuses on single events and the more it focuses
on changes in likelihood of occurrence of a certain type of event.

There is a growing awareness that, in order to make warnings more
informative and effective in triggering early actions on the ground,
data and information on drought hazards needs to be complemented
by information on exposure and vulnerability. This would facilitate the
shift in not only warning about when and where to expect a drought,
but also what the impacts could be by moving from hazard-based
forecasts to impact-based forecasts and early warnings. These novel
EWS should be built around multi-sectoral/ecosystem integrated
drought risk approaches to effectively reach the whole spectrum of
stakeholders (see Fig. 2, below).
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Knowing in advance the drought risk for the months or years ahead
makes it possible to apply dynamic strategies such as the sowing of
crop varieties having an optimal growing period length related to the
estimated risks for the season ahead, or the implementation of water-
saving strategies to avoid disruptions on public water supply. These
services can provide important benefits and alleviate the negative
effects of climate change, especially when coupled with economic
and financial tools reducing volatility’. Cooperation is essential at
the regional and global scale to identify and use common methods
enabling fast comparisons, integrations, and cross-borders response
in all key socio-economic sectors.

To address the need to provide impact-based early warnings to
everyone on the planet, the United Nations initiative “Early Warning for
All” or EW4AIl was launched in 2022 to “guarantee people’s access to
effective, risk-informed, gender-responsive and people-centred EWS”
by 20278, The EW4All initiative is built around four pillars, namely:

@ pillar 1: disaster risk knowledge, led by UNDRR,

@ pillar 2: detection, observations, monitoring, analysis and
forecasting of hazards, led by WMO,

© pillar 3: warning dissemination and communication, led by the
International Telecommunication Union (ITU) and

® pillar 4: preparedness to respond, led by the International
Federation of Red Cross and Red Crescent Societies (IFRC).
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- Fig. 2: Conceptual representation of a multi-hazard EWS.

Adapted from WMO, 2020.

Examples of drought-related EWS

There are numerous operational drought EWS across various
regions of the World. For example, the European and Global Drought
Observatories (EDO and GDO, respectively), part of the Copernicus
Emergency Management Service (CEMS) and the Anomaly hotSpots
of Agricultural Production (ASAP) are drought-related EWS managed
by the European Commission’s Joint Research Centre.

ASAP focuses on the agricultural impact of droughts by identifying
cropland and rangeland areas with sub-optimal agro-meteorological
conditions and/or biomass development problems to inform multi-
stakeholder global agricultural monitoring (like the GEOGLAM Crop
Monitor for Early Warning) and food security analysis (like the
Integrated Food Security Phase Classification). Within-season agro-
meteorological and Earth Observation based biomass data are also
used to forecast the impact of drought on croplands (i.e. crop yield
forecasting) using data-driven machine learning models.

EDO and GDO are drought monitoring and forecasting web-based
tools designed to provide near real-time information to stakeholders
with different needs, for example from local farmers to regional water
authorities. Although primarily targeted to monitor agricultural drought,
EDO and GDO also provide drought indicators from a wealth of sources,
designed to monitor other drought types (e.g. hydrological). At the
same time, EDO and GDO products incorporate available information
on vulnerability and exposure to better characterise drought risks for
informed decision making.

--. Fig. 3: The ASAP Warning Explorer.
The ASAP Warning Explorer, a web GIS providing automatic agricultural drought
conditions warnings every 10 days at the 1%t and 2" sub-national level globally and a
dashboard for the detailed analysis of agro-meteorological and Earth Observation data.
Source: https://agricultural-production-hotspots.ec.europa.eu/wexplorer

*. Fig. 4: The GDO web service.
Displayed in this picture are the forecasts of unusually wet and dry conditions, which
provide early warning of persistent extreme dry and wet precipitation events over
the world based on the Standardized Precipitation Index for 1, 3 or 6 months and
derived from the contributing centres to the Copernicus C3S probabilistic multi-
system seasonal forecast ensemble. The values displayed represent the forecasts for
September-November 2024.
Source: https://drought.emergency.copermicus.eu/tumbo/gdo/map/
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4.4 Drought management and adaptation measures

For drought risk management to be proactive and
prospective, diverse sets of management and adaptation
measures are needed. Diversity of measures is important to
realise the direct benefits and co-benefits across different
sectors, thus strengthening systemic resilience of economies,
ecosystems and society. No single agronomic, ecological
or economic practice can be universally applied or ensures
significant advantages in all contexts. Rather, approaches,
combining different practices are more promising. To achieve
more sustainable agriculture, different integrated approaches
have been proposed. Some, for example are inspired by

nature-based solutions and input reduction (e.g. agroecology
and circular agriculture) while others leave more space for
technological innovation (e.g. climate-smart agriculture,
sustainable intensification and conservation agriculture).

In the following table, twelve drought risk management and
adaptation measures are presented. This table is not meant
to be exhaustive, or cover all possible drought management
and adaptation measures, but is included to give inspiration
and a broad overview of various types of actions that can be
implemented. The measures in the table are not mutually
exclusive. They canand should be part of integrated approaches

- Enablers: Conditions or actions that support and ease
implementation of the measure

- Barriers: Conditions or actions that may reduce
supporting the implementation of the measure

- Scalability and transfer: The ability to effectively
expand and implement measures across different scales
and contexts, ensuring that successful approaches can be
replicated and adapted.

(e.g. soil conservation, water conservation, crop diversification
and agroforestry are all part of an agroecological approach).
The table also provides information about each measure on:

- Co-benefits: Additional positive outcomes of the
implemented measure beyond the direct intended benefit
(i.e. the main purpose or objective of the measure)

- Trade-offs: Intended or unintended negative outcomes
of an implemented measure, for example, by transferring
the risk to another sector, community, ecosystem, or
individual (i.e. the negative spill-over effect)

Drought risk management & Main sectors

Co-benefits Trade-offs Enablers Barriers

Scalability and transfer

Description

adaptation measures affected

Managed groundwater recharge
& conservation

Improved water retention
infrastructure (green, blue &

®
arey)

Lake, reservoir & wetland
management

4 Wastewater reuse &
desalination

5 Improved irrigation efficiency

6 Land regeneration &
agroforestry measures

The process by which water is intentionally directed
into, or not abstracted from, aquifers to replenish
essential groundwater resources

Green and blue infrastructures are multi-functional
and use natural or semi-natural systems for water
retention (e.g. green spaces in cities or wetlands).
Grey infrastructures are in human-built systems for
water retention (e.g. dams or drainage systems). The
three can be engineered in combination with each
other

Maintaining and improving the water quality,
quantity and ecological health of these aquatic
ecosystems

Water reuse reclaims used water, for example from
a sewerage, and treats it to remove impurities so
that it can be used again. Desalination removes
impurities from brackish or saltwater to produce
potable water. These processes can provide a
stable source of useable water during droughts.
Desalination is particularly important in arid and
semi-arid climates, coastal cities and small island
states

Practices and technologies that aim to minimise the
amount of water used and wasted to sufficiently
irrigate crops

LLand regeneration involves restoring degraded
land to its natural state. Agroforestry is a land-use
management measure combining trees and shrubs
with crops and livestock. Successful agroforestry
restores degraded land

- Agriculture

« Ecosystems
- Water supply
- Hydropower

+ Ecosystems

- Agriculture

- Water supply

- Inland navigation
- Hydropower

« Ecosystems

- Agriculture

- Water supply

- Inland navigation
- Hydropower

- Water supply
- Agriculture
- Ecosystems

- Agriculture

- Water supply
- Hydropower
+ Ecosystems

« Ecosystems
- Agriculture
- Water supply

- Preserves a key source of drinking water for 2 billion people
- |s a key enabler for many other measures including land

regeneration & agroforestry, wetland management & irrigation
efficiency

- Critical for achieving land degradation neutrality
- Improves water quality and reduces salinity in coastal areas
- Increases long term irrigation capacity and thus yield, productivity

and income for farmers

- Also effective for groundwater recharge

- Habitat creation for species (green & blue)

- Regulates flooding through reducing runoff & stormwater retention
- Can enhance water and air quality

- Also effective for groundwater recharge

- Regulates flooding

- Improves water quality

- Wetlands provide climate change mitigation benefits

- Other social benefits including income diversification, recreation

health and cultural benefits

- Habitat preservation & creation for species

- Consistent and reliable water source
- Can reduce pollution at the source by removing contaminants from

wastewater

- Recovers valuable by-products for agricultural use such as nitrogen,

phosphorus and potassium

- High potential for expansion with population growth in urban areas

- Increased yield, productivity and income for farmers
- Supports poverty alleviation for poor farmers

- Enhances soil-water infiltration

- Cooling effects & reduction of extreme heat reported

- Effective for achieving land degradation neutrality

- Climate change mitigation benefits

- Regulates flooding through reducing runoff & stormwater retention
- Improves water & air quality

« Erosion control

- Habitat creation for species

- Low cost compared to infrastructural measures

- Short-term economic losses from reducing

extraction

- Not effective in regions with low precipitation
- Can damage biophysical and hydrological

processes if implemented incorrectly

- Possibility to seal soils and bury natural

streams

- Large-scale infrastructure can use a lot of

land

- Reduces waterflow downstream

- Can reduce waterflow downstream
- Possible to exacerbate flood risk if too much

water is retained during wet periods

- Potential risk to public health if not properly

treated

- High electricity use, which currently not from

renewable sources

- High projected increase in carbon emissions if

not coupled with renewable energy

- Desalination produced high amounts of

polluting waste product

- Agriculture can cover more area due to

increased efficiency, reducing return flows,
giving no change in water depletion or raising
it via increased evapotranspiration (irrigation
efficiency paradox)

- Potential for more groundwater depletion

due to increased pull factor for farmers to
irrigate (and maladaptation) if over extracted
(irrigation efficiency paradox)

- Limitations to expansion in some regions due

to a lack of renewable water resources

- Currently limited evidence of effectiveness in

highly sensitive ecosystems

- Choice of location to be restored will

influence other economic activities in that
area

- Need close management to ensure trees do

not encroach into other biomes

- Improved irrigation efficiency
- Improving water retention infrastructure, including

wetland regeneration and diverting rainwater

- Government regulation on extraction
- Pricing, caps and quota trading schemes to

incentivise sustainable extraction

- Groundwater monitoring and hydrological

understanding of basins

- Urban planning to integrate water retention

infrastructure into building regulations

- Government investment and subsidies for both

new constructions and integrating with existing
infrastructure

- Enhanced coordination on sharing best practice

across sectors

- Blending finance from different sources

- Capacity building and recruitment of staff with

knowledge of how to maintain aquatic systems

- Regulation on water use, pollution control and

land use practices

- Water quality and ecosystem monitoring

- Strengthening regulatory standards
- Funding research & development for technological

advancements

- Investment in sewage infrastructure and

processing plants

- Public awareness campaigns to increase

acceptance

- Irrigation is already one of the most widely

applied adaptation responses in agriculture

- Groundwater monitoring to avoid response risks/

maladaptation

- Public and private (blended) investment

programmes

- Cross farm support through sharing of equipment

and best practice

- Protection of land from large scale agriculture and

deforestation

- Securing land tenure rights for farmers and

communities to incentivise longer-term land
management

- Market incentivisation for agroforestry products
- Investment for provision of saplings and tools for

planting and management

- Institutional support to provide technical

knowledge for farmers & land managers

- Fragmented legal standing if groundwater is a

public or private resource

- Short term planning often takes priority
- Difficulty to stimulate behaviour change from

status quo if there will be short term negative
effects

- Gaps in governance and socio-economic

factors of successful schemes

- Can have high construction costs and

environmental costs if water flow is
fragmented, particularly for grey infrastructure

- Currently a lack of best practice knowledge

exchange

- More research is needed on effectiveness

under different conditions and their potential
co-benefits compared with other measures

- Fragmented water management and land

ownership landscape

- Competing actor interests and conflict on

water usage

- Prioritisation of development near urban

areas

- High operational costs
- Requires accurate water quality monitoring

which is expensive to implement at larger
scales

- Public acceptance for using recycled water as

a source of supply

- Uncertainties in regional climate projections

and agricultural models limit understanding of
potential expansion

- Needs good water quality
- Financial barriers for access to equipment
- Lack of institutional support to provide

technical knowledge for farmers

- Diversity of techniques and the differences in

effects across regions are often underreported

- Limited availability of fresh water sources

- Difficult to monitor and evaluate all benefits

High: Given the global scale

extraction of groundwater, recharge
and conservation will be critically
needed in many regions, but will
require significant adaptation across
water using sectors. Recharge and
conservation schemes can range from
the village to transnational scale

Moderate to High: Costs dependent on
scale of infrastructure, not effective in
low precipitation regions

Moderate to High: Many countries and
regions already have policies in place.
Stakeholder agreement and shared
goals are important for effective
implementation

Moderate: High cost, effective for
urban, industrial and coastal areas

High: Irrigation is already widely
adopted and improving efficiency
is highly applicable across many
agricultural settings

High: If regulatory and capacity building
enablers are taken, measures can be
low cost when considering co-benefits
if they are well implemented
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4.4 Drought management and adaptation measures (cont'd)

Main sectors
affected

Drought risk management &

Barriers

Scalability and transfer

adaptation measures Description

)

10
(a

Drought resistant crop varieties
& adjusting cropping & livestock
patterns

Drought monitoring & early
warning systems

Micro-insurance for smallholder
farmers

Community-based water
resource management

Pricing & trading schemes for
water usage

Migration away from drought-
impacted area

Integrating crop types into agricultural practices

that are better at withstanding periods of low water
availability, and creating flexible farming patterns to
change the types, combinations and timings of crops
and livestock during drought periods

Tracking, assessing and delivering relevant
information concerning climatic, hydrologic and
water supply conditions and trends

A direct insurance for crop damage in which
farmers pay an insurance premium (that can also
be subsidised) to the insurer and directly receive
payouts in case the crops are damaged

Building capacities and creating agency for local
communities to manage and adapt to their own
water resources risks, tailored to their specific needs
emphasising local context, knowledge and values

Assigning direct and indirect costs to water
extraction and use and enabling an exchange of
water use between actors until a cap is reached
with the aim of ensuring an affordable 'water for all
baseline which then exponentially increases in price
for higher use

The movement of people away from a drought
affected area, relocating to avoid adverse impacts
on living conditions, livelihoods or safety

- Agriculture

- Agriculture

- Water supply

- Inland navigation
- Hydropower

- Ecosystems

- Agriculture

- Agriculture
- Water supply
+ Ecosystems

- Water supply
- Hydropower
- Agriculture

- Agriculture
- Water supply
- Inland navigation

- Increased vyield, productivity and income for farmers

- Reduction in irrigation water usage, which also saves on water and

energy costs

- Can encourage use of local crops in arid and semi-arid areas
- Adoption of more flexible practices beneficial for adapting to other

climatic changes and reduces vulnerability to pests and diseases

- Key enabler for proactive drought risk management
- Indicators used for monitoring provide useful information for other

management and adaptation practices such as land degradation,
desertification and dust storms

- Alleviates poverty
- Enhances coping, adaptive capacity and recovery from other

climate-related disasters

- Can enable micro-insurance to cover other assets and supports

establishing social protection schemes

- Acknowledges need for localised strategies which are more flexible

to changing climate conditions

- Builds capacities and creates agency for local communities
- Increased yield and income for farmers
- Often includes gender dimensions and reduces intersectional

inequalities

- Key enabler for many other risk management and adaptation

measures

« Low cost with minimal trade-offs

- Balances negative externalities on other water users in the

catchment (internalises costs for extractive actors)

- Removes imbalances in access determined by location (i.e. up

streamers)

- Creates financial capital which can be used for other measures

- Increase in remittances to beneficiaries
- Reduced income inequalities
- Can be transformational for individuals and remittance beneficiaries

« Poorer and small-scale farmers have less
access and adaptability, which widens gap in
inequality

- May be more vulnerable to other hydrological

extreme (i.e. flooding and extreme
precipitation)

- Nuances and difficulty in interpreting the

data

- Forecasting does not always equate to

impacts

- Lack of customisation can fail to address

specific on farm needs

- Can lead to overreliance on external support

and dependency

- Can be influenced by local power dynamics

and upstream communities

- Risk that richer actors hold more purchasing

power and can simply buy more, which does
not manage drought impacts and exacerbate
access imbalances

- Environmental costs often not accounted for

in many contexts

- Is not available to everyone - age,

gender, health attachment to place and
socioeconomic status play a significant role
in chances of successful migration

- Can be seen as a substitute for investing in

adaptive capacity through other adaptation
measures

- Potential integration challenges for inward

migrating people to new communities

« Public and private (blended) investment

programmes (including insurance) to provide
access to new varieties

- Creating market incentives for new drought

resistant products

- Implementing with agricultural organisations can

facilitate farmer to famer scalability

- Cross border/ regional collaboration
- Following the UNCCD Drought Resilience,

Adaptation & Management Policy (DRAMP)
framework

- Making data open access and easily accessible

- Public and private subsidies for coverage
- Regional cooperation and combining funds for ‘risk

pooling'

- Supporting countries and sectors to create an

enabling environment

- Embedding insurance schemes with wider

comprehensive risk management strategies

- Trust between local communities and other

capacity building partners

« Understanding of the local context, needs, culture

and values of community

- Co-creation and inclusive decision-making

processes

- Strong understanding of basin scale hydrological

dynamics

- Robust governmental policy frameworks
- Platforms and agencies that ensure fair oversight
+ Research to understand and price both direct

and indirect costs of water use across sectors
(including environmental impact)

- Economic capital for those migrating
- Bilateral government agreements to integrate

migrants into formal and informal labour markets

- Proactive investments in health, social and

physical infrastructure for migrating communities
to strengthen social networks

- Effective government-backed planned relocation

schemes

- Lack of institutional support to provide

technical knowledge for farmers & land
managers

- Can be expensive to access drought resistant

varieties

- Market acceptance of different varieties

- Complexity of indicator and indices

development that is relevant for the local
context

- Timing of warning information does not

always align with decision making timing
(particularly in agriculture)

- Data limitations
- Lack of trust in messaging

- Requires up front capital for farmers, may not

reach the poorest unless subsidised

- Lack of farmer awareness or capacity to

capitalise on schemes

- Not understanding who/what is at risk, where

and why

- Lack of recognition for the informal economy

- Lack of coordination across multiple

communities at the basin scale

- Lack of consideration of the power dynamics

between communities and other partners

- Lack of time

- Units of water in the system greatly vary

which complicates pricing

- Strict regulation and monitoring needed
- Can create an incentive for illegal/unregulated

abstractions

- Stricter migration laws between countries
- Vulnerable populations can become trapped

due to lack economic and social capital

- Lack of consideration towards attitudes of

residents in migrant-receiving areas when
formulating policies

Moderate: Requires provision of
resources, technical knowledge and is
regionally specific. Large agricultural
organisations and government
incentives present an opportunity to
outscale

High: the Early Warning 4 All initiative,
the DRAMP framework and support
from UNCCD help countries in
establishing monitoring and early
warning systems

High: Useful tools exist to facilitate
the enabling environment and
intergovernmental funding pools are
established for micro-insurance

High: Communities can pass on
knowledge and skills learned to others
in surrounding areas

Moderate: Requires strong regulatory
and legal frameworks and government
oversight to ensure fair implementation

Moderate to High: Highly dependent

on international cooperation and
regulatory frameworks. In many
contexts forced migration (i.e.
displacement) will not become a choice
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4.5 Pathways towards tackling systemic drought risk

Risk management and adaptation measures can have

positive cascading effects across systems and sectors. 8

In order to successfully adapt to systemic drought risks,
which are uncertain and non-linear (see Fig. 1, Chapter 1,
pages 14-15), flexible decision-making is needed that
is anticipatory to climate change as well as societal and
environmental water demand. Single management and
adaptation measures that are implemented with a focus on
one sector alone are not sufficient to address the challenges.
Cross-sectoral collaboration that synergises efforts, maximises ) )
co-benefits and provides a full picture for understanding trade- 9 Micro-insurance
offs are more effective. Pathways are a planning approach
that can support these needs, through the identification
and progressive implementation of risk management and
adaptation measures, supporting decision making under
uncertainty?. Pathways incorporate flexibility and muiltiple
perspectives into planning and are considered a useful tool
to stimulate longer-term, more aspirational and collaborative
thinking among decision makers and wider stakeholders®.

Here we show how different risk management and
adaptation measures can cluster and be effective solutions for
more than one sector impacted by drought (see Fig. 1, right).
We then demonstrate how different clusters of measures can
combine in a pathways approach, facilitating joined-up and
cross-sectoral decision making that can take societies further
in adapting under conditions of increasing drought risks and
unc%r]tainty (;eebFi?(.jZ, pa?]es 164- 165)‘l — 1 0 Community-based water

is graphic builds on the cross-sectoral conceptual model
(see Section 2.6), aiming to demonstrate that, while a risk resource management
management or adaptation measure may be designed for a “ B
specific system or sector, it can have positive effects across
different systems and sectors. This is in part because a measure
can have positive impacts on shared risk drivers (third ring from
the outer) and root causes (central ring) and because when
combined, measures can synergise, becoming more effective.
For example, while improved irrigation efficiency (no. 5) may
initially be designed to reduce inefficient irrigation methods
in rainfed and irrigated agricultural systems, the measure has
further positive impacts beyond that original purpose through
influencing shared drivers. Synergies can be created, further
propagating positive impacts across different sectors and
systems when measures are not taken in isolation. For example,
improved irrigation efficiency (no. 5), drought resistant crop
varieties and adjusting cropping and livestock patterns (no. 7)
and community-based water resource management (no. 10), ‘o i
could tackle root causes of inequality in access to resources 1 1 PFICII’](_Z] & tradlng scheme
if cross-sectoral and comprehensive planning is taken. Taking for water usage
this perspective can inform more joined-up thinking about the
positive systemic effects of risk management and adaptation.

Fig. 1: Positive cross-sectoral effects of risk management
and adaptation measures.
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4.5 Pathways towards tackling systemic drought risk (cont'd)

Many different measures and tools exist for managing drought

risks. A pathways approach, as demonstrated here, can be one
effective tool for managing uncertainty and systemic risks.

Pathways approaches require customisation to the decision
and drought risks context. Integrating risk management and
adaptation measures through a pathways approach allows
for more robust decision-making and progressive, flexible
implementation®. When measures are implemented, in how far
they will be effective under increasing drought risks and global
warming and when a shift to a new pathway is needed should
all be informed through a continuous and iterative process of
monitoring, evaluation and learning®. This is a critical factor
that informs the pathways process. Engaging with values and
aspirations of stakeholders affected by drought risks informs
more equitable decision making around pathways. Individual
efforts in one sector alone will not be enough to manage
drought risks in a world affected by climate change. Joined-
up, cross-sectoral decision making is needed for systemic
drought risk management, and a pathways approach presents
a promising option to synergise these needs.

Legend:
C2D Measures combined together

Longer lead time for measure
to become effective
- — = Slower start time to be implemented

o @ @ o Uncertainty of the measure’s effectiveness
under increased risks

I Measure limit reached

Systems:
TERRESTRIAL & AQUATIC ECOSYSTEMS
-1 WATER SUPPLY SYSTEMS
RAINFED AND IRRIGATED AGRICULTURAL SYSTEMS
INLAND NAVIGATION
=8  HyprOPOWER

Fig. 2: Risk management and adaptation pathways for
increasing drought risks.

Source: Chapter authors (Inspired by Muccione et al.,, 2024. https://doi
0rg/10.1002/wcc.883)

Different measures exist to reduce drought risks:

There are many different measures that can be effective for
managing droughts, each having benefits, co-benefits and
trade-offs in different ways and for different components
and drivers of drought risks and impacts (see Fig. 1,

Section 1.3). Which measures will be effective and if they can
be implemented is highly dependent on local biophysical and
socio-economic factors. Here we have clustered the twelve
measures into water resource management (further divided
into water supply and water use), land-use management and
governance based measures. Below each measure indicated
by the number and icon are the main sectors which they are
used in and have positive affects for.

1 Managed groundwater
recharge & conservation

., Water 2 Improved water retention infrastructure
supply (green, blue & grey)
B | [ E |
3 Lake, reservoir & wetland
management
| B | | E |

Wastewater reuse &
4 desalination

Water
— resource —
management
Different
measures | Land-use
exist to reduce management
drought risk
— Governance

L, Water
use

5 | Improved irrigation efficiency

6 Land regeneration &
agroforestry measures

7 Drought resistant crop varieties &
adjusting cropping & livestock patterns

2N -
., / &> 8 Drought monitoring &
E_/ early warning systems
| B | | E |

9 Micro-insurance for
smallholder farmers

Community-based water
resource management

Pricing & trading schemes
for water usage

Migration away from
drought impacted area

Measures can and should be combined and implemented together:
With modest warming, measures can be taken individually to manage
drought depending on local conditions. However, with increased
warming certain measures will not continue to be effective, and

will reach limits sooner (see no. 1). When combined, synergies can

be created and co-benefits of measures can be capitalised upon
which can take us further in managing and adapting to drought risks.
Different combinations of measures can be more synergistic, for
example managed groundwater recharge and conservation and land
regeneration and agroforestry (see nos. 1 & 6). Combining measures
and creating synergies can occur both sooner and later in the pathway
depending on how sacioeconomic and climate conditions change,
allowing for more flexible planning that avoids lock-in. However,
measures will still reach limits even when combined (see nos. 1, 2,
3,5,7 &9), yet at the present day, it is hard to know when this will
happen due to uncertainty of their effectiveness under increased risks
(here indicated by the coloured dotted lines).

INCREASING DROUGHT RISKS

The timing of when measures should be
considered for implementation will vary:
Some measures should be considered now
or soon while drought risks are less (see nos.
1-10), while some may be taken later when
drought risks are higher (see nos. 11 & 12,
indicated by the grey dashed line). These
measures may be less desirable, or taken
only after others have been implemented
first, for example forced migration away
from a drought impacted area. Some
measures will also have a longer lead time
to become effective (see nos. 1, 2, 3 & 6).

In a highly warmed and drought risk affected
future, prospective risk management and
adaptation will be necessary to avoid the
most severe impacts:

Most or even all measures may have to be
combined and implemented in consideration
of one another and risk decision making

must be mainstreamed into planning and
policies. However, some locations will run into
adaptation limits and unavoidable losses and
damages will occur regardless, and trade-offs
will need to be made, for example regarding
water allocation choices for irrigation.

>
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Drought hazard computation methodology

Numerical hydrology models are critical tools for simulating
and understanding the evolution of hydroclimatic conditions
on Earth on different timescales. Hydrology models are
forced by meteorological conditions to directly simulate the
terrestrial water cycle, which includes surface and sub-surface
processes (e.g. evapotranspiration, runoff, river discharge,
soil and groundwater flows). They also consider the role of
vegetation (e.q. forests, crops) as key components of land
surface hydrology. These numerical models fill the gap in
regions with sparse or no ground-based observations and can
also help project future changes in the water cycle. For these
reasons, they are suitable to understand past, present and
future drought hazards.

Hazard metrics during recent droughts were calculated
based on existing PCR-GLOBWB*? hydrology model
simulations forced by past meteorological conditions from
ERAS and are representative of the period 2000—-2019. The
same hydrology model has been used to simulate possible
future conditions, forced by an ensemble of five bias-corrected
climate model simulations (see Fig. 1, right) that represent
both an intermediate- and a high-greenhouse gas emission
scenario®. From each climate model/scenario combination, 30~
year slices in which the global climate reaches 2°C, 3°C and
4°C above pre-industrial levels were selected to compute a
variety of indicators, covering meteorological, agricultural and
hydrological droughts, depending on the targeted sector. In
total, five model simulations from the intermediate-emission
scenario were selected for the 2°C and 3°C warming levels,
respectively, while a total of three model simulations from the
high emission scenario were selected for 4°C warming level.
Only three simulations were used in the 4°C warming level
because two climate models do not reach that warming level
before 2100. All drought indicators for the recent past events
(2000-2019) and future 30-year periods defined by the
warming levels are relative to 1985-2014 conditions.

For more information on the models, experimental setup
and technical details see:

https://geo.public.data.uu.nl/
vault-pcrglobwb-cmip6/research-
pcrglobwb-cmip6%5B1690540205%5D/
original/hypflowsci6_v1.0/

Bias Corrected CMIP6 30-year period chosen - 30-year period chosen - 30-year period chosen -
models used as input 2°C warming level 3°C warming level 4°C warming level
Socioeconomic scenario SSP3-7.0 SSP3-7.0 SSP5-8.5
gfdl-esm4 2042-2071 2068-2097 Not reached
ipsl-cmba-Ir 2019-2048 2041-2070 2051-2080
mpi-esm1-2-hr 2037-2066 2065-2094 Not reached
mri-esm2-0 2031-2060 2059-2088 2069-2098
ukesm1-0-ll 2017-2046 2035-2064 2045-2074

Hazard indicators for water supply (2.1.3)

The chosen indicator for the drought characterisation in
the water supply sector was the Standardized Precipitation-
Evapotranspiration Index (SPEI) for all consecutive 12-month
periods. Water supply is generally reliant on freshwater
resources, either from surface water (e.g. reservoirs) or
groundwater. Both depend on long-term excess water being
stored, thus justifying a 12-month accumulation period for SPEI
(precipitation minus evaporation). The SPEI-12 is estimated
by standardising the difference between precipitation and
evapotranspiration in PCR-GLOBWB. The standardisation
was done fitting a 3-parameter gamma function with the
[-moment method.

Hazard indicators for agriculture (2.2.3)

The chosen indicator for drought characterisation in the
agricultural sector was the Standardized Soil Moisture
Index (SSMI) in the boreal winter (Dec—Feb) and summer
(Jun-Aug). These periods represent the peak growing season
in the extratropical regions of each hemisphere. The SSMI-
3 is estimated by standardising the saturation degree
in the uppermost layer of soil from PCR-GLOBWB. The
standardisation was done by fitting a beta function with
the maximum likelihood estimation method. Dry areas with
average (1985-2014) saturation below 3% were masked
out to avoid issues with the standardisation calculation.

- Fig. 1: List of bias-corrected climate model output used
to force the hydrological model PCR-GLOBWB, and the
respective periods chosen from each simulation to
represent 2°C, 3°C and 4°C warming levels.

Data source: Van Beek et al, 2008 and Sutanudjaja et al.,, 2018

Hazard indicators for hydropower (2.3.3)

The chosen indicator for the drought characterisation in the
hydropower sector was the Standardized Discharge Index
(SQl) for all consecutive 6-month periods. Because hydropower
is dependent on streamflow but is frequently mediated through
the use of reservoirs, a medium-long accumulation period (6
months) was chosen. The SQI-6 is estimated by standardising
the discharge in PCR-GLOBWB. The standardisation was done
by fitting a 3-parameter gamma function with the [-moment
method. Rivers with mean discharge below 5m?®/s were
masked, as very small rivers were assumed to be less relevant
for hydropower generation.

Hazard indicators for inland navigation (2.4.3)

The chosen indicator for the drought characterisation in
the inland navigation sector was the Low Flow Index (LFI).
Specifically, the duration of consecutive months below the
(monthly) fifth percentile was determined for the historical
period to illustrate past low-flow events. For future changes,
the change in the number of months below the fifth percentile
thresholds was used, indicating how much more frequently
low flow conditions may occur. Rivers with mean discharge
below 50m?*/s were masked for visual clarity.

Hazard indicators for ecosystems (2.5.3)

The chosen indicator for the drought characterisation
for ecosystems was the Standardized Precipitation-
Evapotranspiration Index (SPEI) for the 6-month period
between April and October (i.e. the boreal hemisphere growing
seasan). This provides one example of a period during which
water availability and demand is of paramount importance
for ecosystems across most of the world's land surface. The
SPEI-6 is estimated by standardising the difference between
precipitation and evapotranspiration in PCR-GLOBWB. The
standardisation was done by fitting a 3-parameter gamma
function with the l-moment method.

Glossary

Please refer to the UNCCD (https://www.unccd.int/data-
knowledge/unccd-terminology) and the IDMP (https://www.
droughtmanagement.info/find/glossary/) glossary webpages
for definitions of drought-related terminology.
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--. Every drop matters.
Lokoyo, Turkana Central, Kenya.
Source: Pape Mamadou Camara / UNCCD.
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Low water levels at Lake Shasta Reservoir,
Shasta, California, United States.
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