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Abstract

Advances in impact modeling and numerical weather forecasting have allowed

accurate drought monitoring and skilful forecasts that can drive decisions at

the regional scale. State-of-the-art drought early-warning systems are currently

based on statistical drought indicators, which do not account for dynamic

regional vulnerabilities, and hence neglect the socio-economic impact for initi-

ating actions. The transition from conventional physical forecasts of droughts

toward impact-based forecasting (IbF) is a recent paradigm shift in early

warning services, to ultimately bridge the gap between science and action.

The demand to generate predictions of “what the weather will do” underpins

the rising interest in drought IbF across all weather-sensitive sectors.

Despite the large expected socio-economic benefits, migrating to this new

paradigm presents myriad challenges. In this article, we provide a comprehen-

sive overview of drought IbF, outlining the progress made in the field.

Additionally, we present a road map highlighting current challenges and limi-

tations in the science and practice of drought IbF and possible ways forward.

We identify seven scientific and practical challenges/limitations: the contextual

challenge (inadequate accounting for the spatio-sectoral dynamics of vulnera-

bility and exposure), the human-water feedbacks challenge (neglecting how

human activities influence the propagation of drought), the typology challenge

(oversimplifying drought typology to meteorological), the model challenge
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(reliance on mainstream machine learning models), and the data challenge

(mainly textual) with the linked sectoral and geographical limitations. Our

vision is to facilitate the progress of drought IbF and its use in making

informed and timely decisions on mitigation measures, thus minimizing the

drought impacts globally.

This article is categorized under:

Science of Water > Water Extremes

Science of Water > Methods

Science of Water > Water and Environmental Change
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1 | INTRODUCTION

Widely known as a complex natural hazard, drought greatly shapes society, which in turn shapes the main characteris-
tics of drought as part of a closely intertwined feedback mechanism (Di Baldassarre et al., 2017; Wang et al., 2022).
While humans have long faced droughts throughout our history (Haile et al., 2019; Van Loon, Stahl, et al., 2016b), sci-
entific evidence shows that drought was either a primary cause or a significant contributor to the collapse of several
great empires and ancient civilizations (Lucero, 2002). Today, drought threatens the livelihood of 40% of the world's
population which directly rely on agriculture as their primary source of income; while others suffer the consequences
of food insecurity (Ding et al., 2011) and other indirect social, economic, and environmental impacts.

In recent years, large-scale intense droughts have been observed on all continents, affecting vast areas in Europe,
Africa, Asia, Australia, South America, Central America, and North America (Hanel et al., 2018). Among them,
European countries have been recently hit by exhausting droughts for several successive years in 2003, 2007, 2010–
2013, 2015, 2017–2022 (Caloiero et al., 2021), with a predicted increase in the number and severity of such events
(Caloiero et al., 2018; Cook et al., 2020). This is further reinforced by the latest IPCC report, which warns that the fre-
quency and intensity of agricultural and ecological drought will increase rapidly as climate warming intensifies. The
report also highlights the need to improve both our understanding of drought propagation and our ability to predict the
impacts of droughts (IPCC, 2021). Such information is especially valuable in supporting drought early-warning systems
(DEWSs) to make informed and timely decisions on adaptation measures and minimize impacts of droughts.

The United Nations World Meteorological Organization (WMO) has recently launched the Early Warnings for All
initiative, envisioning to safeguard every person on Earth with (multi-hazards) early warning systems by 2027
(WMO, 2022). While the current coverage stands at only two-thirds of the world's wealthiest population (WMO, 2022),
this vital plan, if successful, will go a long way in saving lives. The main challenge, however, lies not only in providing
early warnings, but in accurately predicting the impacts of hazards to allow for taking timely action to minimize them.
This task becomes even more complex when dealing with slow-onset and multifaceted hazards, such as droughts.

Substantial progress has been made in hydro-climatic forecasting of droughts, with advancements in detection, cau-
sation, prediction, and climate change attribution (AghaKouchak et al., 2022; Fung et al., 2020; Sutanto, Wetterhall,
et al., 2020a). However, the gap between predicting drought as a hydro-meteorological event and understanding its
real-world impact on the society and the economy hinders effective response measures (WMO, 2015). Existing drought
indices primarily focus on hydro-climatic aspects and lack direct links to impacts, impeding integration into drought
early warning systems (Kreibich et al., 2020; Sutanto et al., 2019; Wanders et al., 2017). To address this, the emerging
field of impact-based forecasting (IbF) of droughts aims to develop methods that target the forecasting of impacts rather
than hazards, thus providing more actionable information for better preparedness and response (AghaKouchak
et al., 2023).

In this article, we provide an overview of the burgeoning field of drought IbF, review the progress in drought IbF
from both scientific and practical perspectives, and present a road map outlining the current challenges and limitations
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and related needs to advance this emerging field. We further provide an outlook to facilitate the practical implementa-
tion of IbF within DEWS, while ensuring local representation and targeted adaptation actions for drought mitigation.

2 | THE EVOLUTION OF THE EMERGING FIELD OF IbF OF DROUGHTS

Progress in the hydro-climatic forecasting of drought is mainly driven by advances in process-based impact modeling,
numerical weather prediction systems, postprocessing methods, and machine learning (ML) algorithms (Dasgupta
et al., 2023; White et al., 2022). However, every year drought events cause unnecessary severe damages and fatalities.
This failure can be partly explained by the existing gap between predicting drought as a hydro-meteorological event
and understanding its potential impact felt on the ground affecting the society and economy (WMO, 2015).

In response to this challenge, IbF has emerged as an approach that specifically focuses on predicting and communi-
cating the potential impacts and consequences of weather events, such as droughts, on various sectors and systems
(UN ESCAP & WMO, 2021). It aims to provide actionable information to decision-makers and the public, emphasizing
the potential effects on human lives, infrastructure, agriculture, and other vulnerable sectors. The ultimate goal is to
drive early action that minimizes damages and loss of life caused by these hazards (UN ESCAP & WMO, 2021). The
motivation behind impact forecasting is rooted in the understanding that individuals are more likely to heed warnings
when they are provided with specific information regarding the potential impacts and accompanied by behavioral rec-
ommendations (Weyrich et al., 2018). Combining this approach with the identification of various risk levels, which con-
siders the probability and magnitude of harm resulting from exposure and vulnerability to hazards as shown in
Figure 1 (UN ESCAP & WMO, 2021; WMO, 2015), enables the issue of tailored warnings. These warnings, in turn,
prompt appropriate responses from relevant users (UN ESCAP & WMO, 2021). This holistic and targeted approach is
crucial in effectively managing drought risks.

The key difference between the traditional drought forecasting and IbF lies in the scope and focus. Traditional
(or physical) drought forecasting mainly focuses on predicting the onset, severity, and duration of drought using indica-
tors derived from hydroclimatic variables such as precipitation, soil moisture etc. Calculated based on these indicators,
indices of drought as a hazard (e.g., Standardized Precipitation Index, SPI (McKee et al., 1993), and Standardized Precipi-
tation Evapotranspiration Index, SPEI (Vicente-Serrano et al., 2009)) are primarily hydro-climatic in nature and not
directly linked to drought impacts. This is because the spatio-temporal dynamics of vulnerability to droughts and impacts,
that are multi-sectorial and socio-economic, are unknown or difficult to characterize (Kreibich et al., 2020). Correspond-
ingly, the drought indices used to predict drought conditions do not directly translate hazard into impacts (Sutanto,
Van Der Weert, et al., 2020b). This impedes the integration of drought impacts information into DEWSs, which employ
these physical indices as explicit drought impact indices are still lacking (Wanders et al., 2017). Thus, there is an urgent
need to develop new methods for targeted forecasting of impacts rather than hazards. IbF expands the scope to include
detailed contextual knowledge (UN ESCAP & WMO, 2021) with a wide range of factors (e.g., information on exposure

FIGURE 1 Components of an impact-based approach to forecasting (redrawn after UN ESCAP & WMO, 2021).
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and/or vulnerability) and their potential impacts (Figure 1), providing a comprehensive and actionable understanding of
drought events (Merz et al., 2020).

Owing to its novelty and broad scope, the risk theory-based concept of IbF permits the use of different methods
across different disciplines and facilitates close cooperation among the numerous actors involved (Robbins et al., 2022).
The most common approach to IbF is to develop drought impact functions using hazard indices of different drought
types as predictors and their associated impacts as predictands (Boult et al., 2022; Sutanto et al., 2019). The choice of
predictors and predictands depends on data availability and end users' requirements. Several methods have been intro-
duced to derive impact functions, as summarized in Sutanto et al. (2019):

• top-down approach: dynamic climate models combined with deterministic impact models to predict crop yields or
navigation on rivers (e.g., (Cantelaube & Terres, 2005; Meissner et al., 2017)).

• bottom-up approach: statistical models to assess the relationship between crop yield and hydroclimatic variables
(e.g., linear regression approach from (Bayissa, 2018)).

• hybrid: ML approaches (e.g., logistic regression and Random Forest (RF)) to translate drought hazard into the likeli-
hood of drought impact occurrence (LIO) as implemented by (Sutanto et al., 2019). The hybrid approach based on
machine-learning methods has shown high predictive performance and, therefore, proved to be valuable in develop-
ing drought impact functions (Sutanto, Van Der Weert, et al., 2020b).

IbF further inputs to other natural hazard mitigation and adaptation measures, including forecast-based action and
forecast-based financing, namely actions to be taken based on forecast (humanitarian action forecasts) and funding
mechanisms to be activated in anticipation of impacts of droughts (financial impact forecast) (Van Aalst et al., 2015).
These concepts were developed by the International Federation of the Red Cross (IFRC) and partners to enable national
societies to access funds in anticipation of hazards through a peer-reviewed early action protocol (EAP) (Boult
et al., 2022; Heinrich & Bailey, 2020). Several African countries, including Kenya, Niger, Zimbabwe, and Ethiopia
(Figure 2), have already established their EAPs and initial IbF systems for droughts. Other countries, such as Uganda,
Mozambique, Namibia, Zambia, Mali, Philippines, Pakistan, the Democratic People's Republic of Korea, and those in
the Latin America and the Caribbean region, are currently in the process of developing or considering the development
of their systems with the intention of implementing IbF (Heinrich & Bailey, 2020). The outputs of IbF have proven
valuable in addressing real-world challenges by providing actionable information to decision-makers and users. For
instance, the ForPAc IbF project, implemented in Kenya, focuses on monitoring biophysical indicators and
vulnerability-related indicators such as food security and livelihood zones (Robbins et al., 2022). This project provides
information on drought impacts and supports actions in anticipation of normal, alarm and emergency conditions,
rather than in response to them (Robbins et al., 2022).

The progress in development of IbF models can be seen from the two perspectives of science and practice: (i) the
development of impact functions in scientifically-oriented literature and (ii) practice-oriented literature targeting early-
warning actions and forecast-based finance initiatives. There is a clear consensus between the scientific and practical
sides that IbF possesses greater value than physical drought forecasts in making forecasts and early warnings actionable
and in supporting the allocation of drought relief funds. Hence, both sides strongly advocate for IbF and provided
guidelines (RCCC, 2020; UN ESCAP & WMO, 2021; WMO, 2015, 2021) for its development and implementation.
Despite having different immediate goals and targeted beneficiaries (e.g., local farmers, national authorities, and scien-
tific community), the ultimate goal of both bodies of literature is to alleviate drought impacts.

To identify relevant scientific studies that have assessed the hazard-impact link, we conducted a systematic review
on Google Scholar using the keywords “drought,” “impact,” and/or “forecasting.” Additionally, practical reports on
establishing drought IbF were obtained by searching the websites of various international and humanitarian agencies,
such as the Anticipation Hub (https://www.anticipation-hub.org/). As a result of our search, we identified 14 scientific
articles and 3 practical reports. For a comprehensive list, refer to Note 1.

Figure 2 illustrates the evolution of both the science and practice of drought IbF based on literature across multiple
criteria (geographical distribution, temporal scale, sectors, IbF methods, drought indices). The upper panel of the
Figure provides a timeline displaying all the included articles and reports, starting from the first publication by
Gudmundsson et al. (2014). Each study is represented by specific symbols on the timeline to indicate the sectors ana-
lyzed: wildfire, agriculture and livestock, water-related aspects such as water supply, quality, and freshwater ecosys-
tems, and energy & industry. The name of the first author for each study and the countries focused on in the research
are indicated on the left side of the timeline. On the right side of the timeline, information is provided regarding the
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drought indicators used in the analysis and the methods employed to establish the relationships between drought indi-
cators and impacts. The lower panel displays the geographical distribution of the literature, with the number of publi-
shed articles and reports per country distinguished between scientific and practical literature.

As can be seen in Figure 2, the literature on drought IbF started quite recently and its development in the two bod-
ies of literature has followed different methodological and conceptual paths. The spatial focus of the scientific literature
appears to be mostly limited to Europe, whereas the practical literature focuses on developing areas, especially in
Africa. Further key differences are discussed below in detail.

3 | SEVEN CHALLENGES AND LIMITATIONS FACING THE IbF OF
DROUGHTS AND THE WAY FORWARD

Despite encouraging results in terms of good forecasting performance achieved by recent IbF models (Sutanto et al., 2019),
there are a number of challenges and limitations still being faced in the drought IbF field. Challenges here refer to the
broad, overarching research difficulties encountered related to the drought phenomenon and its inherent characteristics;

FIGURE 2 The evolution of the drought IbF in scientific and practical literature across multiple criteria (geographical distribution,

temporal scale, sectors, IbF methods, and drought indices). For further details, see Note 1.
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while limitations arise from shortcomings or lack of currently adopted practices. The main ones are conceptualized in
Figure 3, followed by a broader discussion of potential solutions to address each challenge and limitation.

3.1 | Contextual challenge: Account for multi-sectoral, spatially heterogeneous, and
dynamic vulnerability and exposure

The process of establishing an indicator-impact relationship faces the challenge of defining and integrating multi-
sectoral spatial complexities of vulnerability and exposure to droughts, as such relationships are nonlinear with delays
and feedback loops (Boult et al., 2022; Hagenlocher et al., 2019). Additionally, the vulnerability is a time-variant vari-
able due to adaptation and preparedness measures and needs to be incorporated as such, particularly for slow-onset
hazards such as drought (Merz et al., 2020). Further, water scarcity is usually not distinguished from drought and is not
included as a relevant component or factor in relation to drought vulnerability (De Stefano et al., 2015).

Most scientific studies (Bachmair et al., 2017; Parsons et al., 2019; Stagge et al., 2015) used annual impact occurrence
as a proxy for trends in vulnerability and to account for seasonality. This allows seeing the general trend assuming that
if a system was affected it was vulnerable (Blauhut et al., 2016). However, it fails to grasp sectoral heterogeneity and epi-
sodic changes in resilience, such as those triggered by the drought events themselves.

Recent findings demonstrate that a drought index linked to a given impact can be combined with exposure and vul-
nerability factors (Blauhut et al., 2016; De Stefano et al., 2015) and other socio-economic and environmental data to

FIGURE 3 List of challenges and limitations in the context of drought IbF and needs/ways forward.
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provide enough inputs for reliable and robust drought impact forecasting (Heinrich & Bailey, 2020; Stagge et al., 2015).
As such, some practically-implemented IbF projects (ForPAc in Kenya and REAP in Niger) monitor livelihood zones
and use specific vulnerability-related indicators of production (market food prices, loss of crops and livestock) as well as
access and use (milk consumption, cost of water, malnutrition risk) to understand socio-economic coping strategies
(Heinrich & Bailey, 2020). Additional area-dependent factors, as pointed out by IbF practitioners (Robbins et al., 2022),
can include socio-economic indicators as poverty, literacy levels, population density, household income and other cop-
ing strategies (children school attendance, forced marriage and rural migration), all of which preferably need to be inte-
grated in a quantitative format as qualitative data in this case lacks sufficient granularity. Overlaying these indicators as
input data layers can allow identifying the distribution of entities of interest (exposure) and the evolving state of those
entities (vulnerability) (UN ESCAP & WMO, 2021).

Furthermore, a range of methods (from statistical to system dynamics modeling and hybrid approaches) can be
applied to select specific vulnerability (Gonz�alez T�anago et al., 2016; Hagenlocher et al., 2019; Martin et al., 2016) and
exposure factors for each study (e.g., depending on climatic hotspot, drought type explored, etc). For example, to char-
acterize the vulnerability of pastoral households to different driving forces of variability intrinsic in semi-arid regions
(namely severe droughts, natural rainfall variability, and oscillations induced by resource–consumer interactions), Mar-
tin et al. (2016) took an exploratory modeling approach to study the system dynamics. They employed a spatially-
explicit social-ecological model for systematic vulnerability assessments of pastoral households by scenario comparison.
The selected vulnerability and exposure factors can further be weighted by the expert knowledge in the field (Stephan
et al., 2023; Zebisch et al., 2021). To account for dynamics and move toward a “non-static” IbF, Boult et al. (2022) sug-
gest incorporating real-time expert decision making into operational systems and assessing the emerging drivers of vul-
nerability at different stages of system exploitation. This contrasts the widely used predefined forecast threshold triggers
for preagreed actions. Being more reliable and transparent, this predefined option helps to avoid the real-time subjectiv-
ity and extra costs; however, even predefined systems can allow for flexible elements to be included to account for vul-
nerability dynamics (Boult et al., 2022). This is further reinforced by the latest GAR2021 report (UNDRR, 2021), which
emphasizes that iterative learning is a must when modeling an action in response to a threat as complex as drought.

3.2 | Human-water feedbacks challenge: Consider how human activities influence the
propagation of drought

In today's human-dominated world, which some scholars refer to as the Anthropocene (Lewis & Maslin, 2015), societies
have increasingly influenced the frequency, severity and spatio-temporal distribution of drought (AghaKouchak
et al., 2021; Di Baldassarre et al., 2017; Van Loon, Gleeson, et al., 2016a). This is illustrated in Figure 4, showing how
the propagation of drought from the atmosphere (climate variability) to its potential impacts (energy or food crisis) is
substantially altered by: (i) changing land-use (e.g., deforestation or urbanization), (ii) diverting water flows for irriga-
tion or other purposes, and (iii) building and operating water infrastructure (e.g., dams and reservoirs).

While altering the propagation of droughts, societies respond to drought impacts. Humans respond (and potentially
adapt) through a combination of informal processes and deliberate strategies, including changing agricultural practice,
revising social contracts, as well as temporary or permanent migration (Ward et al., 2020). Water infrastructure, such as
reservoirs, can also be planned, built or revised after the drought occurrence, and this will in turn (again) change the
frequency, magnitude and spatial distribution of agricultural and hydrological droughts (Figure 4).

An increasing number of (socio-)hydrological models have been developed over the past decade to account for the
role of humans as agents of change in the propagation of extremes, however these models are still to be refined and
tested for being applied in the context of drought IbF (Vanelli et al., 2022).

3.3 | Typology challenge: Avoid oversimplification of drought typology to
meteorological drought

Droughts are commonly categorized into meteorological (precipitation deficit), agricultural (soil moisture deficit) and
hydrological (streamflow and groundwater deficit). The connection between these drought types, known as “drought
propagation,” denotes a chain of processes that describes the transformation of the drought signal through the terres-
trial hydrological cycle (Figure 4). This involves the interaction between precipitation, soil moisture, runoff, recharge,
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groundwater, discharge and feedback with the human system. Traditionally, the concept of drought propagation in the
literature has been depicted as a unidirectional flow, progressing from meteorological through agricultural to hydrologi-
cal drought (Figure 4). However, in reality, when accounting for complexity of the water cycle and interlinked human
activities (Human-water feedbacks challenge), the propagation does not always complete the entire cycle (Tijdeman
et al., 2021), or could even progress in the opposite direction (Figure 4). In view of the growing complexity of drought
processes, and increasing interactions with the human systems, several scholars have recently introduced the term
anthropogenic drought (AghaKouchak et al., 2021).

Detected by a range of various drought indices, different drought types can lead to different impacts with various
response times across multiple affected sectors (Lam et al., 2022; Wanders et al., 2017). Meteorological drought typically
manifests earlier, while agricultural drought requires time to propagate and visibly affect crops or ecosystems (Stagge
et al., 2015). Despite considerable variety in drought indicators, there is a tendency to simplify the complex phenomenon
of drought down to meteorological drought only that can be easily tracked with, for example, precipitation-based SPI
(Bachmair et al., 2016; Kchouk et al., 2021). A single index is certainly easier to compute across a large area, communicate,
and use to motivate aid. However, it has been well studied that drought monitoring based on a single drought index sel-
dom captures the full complexity of the multifaceted drought phenomenon (Bachmair et al., 2016; Wanders et al., 2017).
There is, hence, a clear need to identify a suitable region- and sector-specific indicator to characterize each drought type
separately (Sutanto et al., 2019). Another suggestion is to break down the current IbF approach into 2 stages and consider
a clear separation between the conventional physical and impact-based forecasting. This way, the physically measurable
variables (e.g., precipitation, soil moisture, and streamflow) can be forecasted first and incorporated into impact models,
rather than forecasting drought indicators which are unobservable quantities (e.g., SPI or SPEI), thus adding uncertainty
to the physical forecasts due to, for instance, to distribution fittings necessary for calculating indicators.

3.4 | Model challenge: Go beyond mainstream ML approaches to establish functional
indicator-impact relationships, focusing on robustness for data-limited applications

ML approaches are widely used to establish the drought statistical indicator-impact relationship since they bypass the
need to explicitly define process-based (causal) relationships between hazards, exposure, vulnerability, and impacts
(Bachmair et al., 2015; Carrão et al., 2016; Naumann et al., 2014; Sutanto, Van Der Weert, et al., 2020b). However, such

FIGURE 4 Examples of human alterations of (and responses to) drought (redrawn after Van Loon, Gleeson, et al., 2016a).

8 of 19 SHYROKAYA ET AL.

 20491948, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1698 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [06/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



methods are data-hungry as they rely heavily on the accuracy and availability of long time series of impact data of
extreme events. Extreme events are by definition “rare at a particular place and time of year” (IPCC, 2021), which poses
significant challenges in acquiring the necessary data. This also means that ML methods are limited in their ability to
simulate events that have not been observed in the training data, despite having access to a lengthy historical training
dataset. ML methods are also prone to exhibit “overfitting,” which impedes the extrapolation beyond the training data
in both space and time. This data sensitivity makes their application to IbF challenging and calls for process-based
models which in turn require process understanding.

A review of the scientific (vs. practical) literature of drought IbF highlights the prevalence of RF functions among
the ML family of methods. This can be explained by their relative simplicity, low computational demands and effective-
ness while working in a data-limited context. However, no systematic inter-comparison has been performed (to the best
of authors' knowledge) on the performance or fidelity of ML models for drought IbF. Future research should therefore
focus on systematic benchmarking of ML models for IbF. Within ML, deep learning approaches are considered to be
more powerful than RF to capture the spatio-temporal characteristics of droughts, but are even more reliant on data
availability (Hobeichi et al., 2022). Apart from ML, a recently proposed methods include applying storyline-based con-
cepts to disentangle a physical process leading to the event of interest (van der Wiel et al., 2021) and develop impact-
based drought prediction models based on logical rationale of this approach (AghaKouchak et al., 2022). Regardless of
the chosen method, introducing an impact model for developing areas implies high costs, which should be accounted
for to make IbF practically feasible for implementation (WMO, 2021).

3.5 | Data challenge: Standardize impact data collection (agriculture being the
exception); moving away from intrinsically biased impact, textual impact data that varies
greatly depending on spatial and temporal scale

It is the complex, multifaceted (Van Loon, Stahl, et al., 2016b) and elusive (Kchouk et al., 2021) nature of drought that
challenges detecting, quantifying and collecting the information on impacts of droughts. There has been an ongoing
debate about the operational needs for drought monitoring (Lam et al., 2022), which constantly results in an urgent call
to gather the information of impacts of droughts in a systematic and uniform way. This “missing piece” of information
on impacts in drought monitoring affects greatly the capacity to decrease vulnerabilities, anticipate and respond in a
timely fashion to droughts and their impacts (Lackstrom & Crimmins, 2013).

The process of establishing an indicator-impact relationship is sensitive to data availability (Bachmair et al., 2017;
Sutanto et al., 2019). The available real-time and retrospective impact data typically do not rest on standardized data col-
lection methods (except for the US DIR and agricultural statistics) and vary greatly depending on the spatio-temporal res-
olution and scale (Bachmair et al., 2016; Merz et al., 2020). Despite their relative accessibility, agricultural statistics pose
challenges in terms of aggregation format (e.g., annually or by administrative units), but also in attributing observed
changes specifically to droughts rather than other associated hazards like heatwaves, hail, pests, fires, or windstorms.

Alternative methods for extracting impact data include widely used text mining with manual (Stahl et al., 2016) or
automatic (de Brito et al., 2020) classification and novel automatized detection methods that surpass the need to
develop manual or automatic classification (Sodoge et al., 2023). These methods can be applied to diverse sources,
including newspaper articles, impact reports and academic texts. Despite the ability to capture the range of drought
impacts, textual impact monitoring also presents a number of challenges (Bachmair et al., 2016; Lam et al., 2022; de
Brito et al., 2020; Stahl et al., 2016):

1. Media reporting bias on what types of impacts are reported, where they are reported and how regular the reporting
is depending on other unrelated local, national, or global events;

2. Human factors affecting perception of impacts over time;
3. Inconsistency in search keywords (except for the automatized detection methods), the selection of relevant texts,

and the choice of information channels for retrieving articles (especially for different languages);
4. Difficulty in extracting specific geographical information from textual data that directly links to drought-related

impacts; and
5. Challenging to merge qualitative and quantitative data and/or use as quantitative data only and incorporate into

DEWSs;
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These challenges hinder a systematic monitoring and evaluation of drought impacts and their links to drought indica-
tors. It is especially crucial to be able to create standardized and long-term impact data records (e.g., US DIR records
start in 2005). Promoting low-cost citizen science initiatives while developing methods to coordinate and connect data
collection efforts may be a step toward utilizing local knowledge in high-tech drought crowdsourced monitoring
(e.g., using cell phones to report drought impacts in Ethiopia and Somalia). The key challenge here lies in engaging citi-
zens over an extended period to ensure continuous collection of impact data, while also ensuring the accuracy of the
gathered information. Another readily available proxy of impact severity is the amount of humanitarian aid expended;
however, its uneven distribution and underlying complex political process make it an inaccurate reflection of the sever-
ity of the impact (Boult et al., 2022).

Further research efforts should consider developing an improved impact database in terms of higher spatial and tem-
poral resolution, differentiating between sectors and regions to alleviate reporting bias and enable systematic
and standardized collection of quantitative impact information (Kreibich et al., 2020; Lam et al., 2022). One way to achieve
this is to employ enhanced data processing tools to collect and merge such quantitative data from validated governmental
impact reports in combination with alternatives like insurance data or citizen science that has capacity to be maintained
over the long term. Many parties would benefit from negotiating with the insurance industry free use of aggregated loss
data for noncommercial purposes, similar to the current conditions for accessing weather forecasts (very expensive for
commercial use, free for research use albeit released with some temporal delay). Exploring this together with efforts
toward achieving common cross-border agreements and data policies on how impact data is collected and stored (Robbins
et al., 2022) should lead to a better understanding of the link between drought drivers and their impacts and, ultimately,
to a better management of drought risks (Van Loon, Stahl, et al., 2016b).

The following two limitations are emerging from the data challenge discussed above, but address different aspects
of current data collection practices. These limitations stem from the sector-specific and geographical focus of data col-
lection practices, and we discuss them separately.

3.6 | Sectoral limitation: Overcome sectorial constraint in the scientific literature,
which chiefly focuses on agriculture

The prevailing data collection practices contributed to a significant limitation in drought research in general, and spe-
cifically within IbF, as it tends to be highly agriculture-centric. Indeed, agriculture bears a significant burden of the
impact, particularly in economically developing countries where it is the most vulnerable sector, experiencing up to
80% of all direct impacts (FAO, 2017; King-Okumu, 2021). Yet, this focus is further associated with the utilization of
data from various sectors, depending on the intended course of action. Ad-hoc data collection among other data collec-
tion methods is essential for food security monitoring, and the quantification and tradability of crops makes agricultural
statistical data the most accessible resource in this regard.

Consequently, several scientific studies assessed the link between drought statistical indices and agricultural impact
indicators (Bachmair et al., 2016; Bayissa, 2018; Parsons et al., 2019; Ribeiro et al., 2019; Vicente-Serrano et al., 2012),
due to the availability of consistent, long-term statistical data on crop yields. Similarly, the practically-applied literature
of IbF has mostly focused on the drought impact on agriculture and food (in)security, particularly in the humanitarian
sector by UN agencies such as FAO and WFP (Heinrich & Bailey, 2020). The scientific literature has additionally
focused on forecasting impacts on the water sector, indicated by the high numbers of water-related reports in the
European Drought Impact Report Inventory (EDII) database (Stahl et al., 2016).

Despite the extensive literature on droughts and their impacts on other sectors, such as forestry (Brun et al., 2020;
Luce et al., 2016; Mcdowell et al., 2020; Schuldt et al., 2020), ecosystem and vegetation stress (Bastos et al., 2020; Khazaei
et al., 2019; Wu et al., 2022; Zhang et al., 2021), tourism (Dube et al., 2022; Koutroulis et al., 2018; Smith &
Fitchett, 2020), energy (Byers et al., 2020; Herrera-Estrada et al., 2018), and health (Charnley et al., 2021; Mora
et al., 2022; Salvador et al., 2020), more attention should be devoted to exploring the potential of drought IbF for these sec-
tors. Following recent advances in terrestrial monitoring and modeling, the number of studies on droughts and their
broad ecosystem impacts has grown exponentially (Bastos et al., 2020, 2021; Wu et al., 2022; Zhang et al., 2021); however,
the sensitivity of terrestrial ecosystems and vegetation response to extreme dry conditions requires further research
(AghaKouchak et al., 2015; Xu, 2021). In addition, hot and dry conditions that lead to human discomfort and a high risk
of wildfires can result in decreased visitations and shortened or shifted seasons for all recreational activities. This, in turn,
reduces revenues in the tourism sector and affects the livelihood of dependent communities that have limited resources to
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cope with the financial burden of drought. Some studies (Koutroulis et al., 2018) have revealed that climatic changes are
projected to affect the existing European tourist regime. Finally, a greater understanding of the relationships between
drought events and their direct and indirect repercussions on human health (Haile et al., 2019) and livelihoods can sup-
port public health authorities and emergency managers to prepare for drought-associated health impacts and save lives.

Droughts further tend to have a cascading effect and indirect consequences within and across sectors (de Brito
et al., 2020; Vogt et al., 2018). This cross-sectoral interaction occurs when outputs from one sector serve as inputs for
another sector (Ding et al., 2011). In case of agriculture, the impacts are not solely borne by farmers; rather, a portion
of the losses is passed on to consumers through increased prices of agricultural commodities (Ding et al., 2011). This, in
turn, has implications on other interrelated sectors as cascading impacts are often nonlinear (AghaKouchak
et al., 2020) and require specific methods to unravel impact interdependencies (de Brito, 2021). To be more effective,
drought IbF should account for multiple hazards that can co-occur with droughts and lead to cascading impacts across
several of the aforementioned sectors (AghaKouchak et al., 2023; WMO, 2021).

3.7 | Geographical limitation: Ensure comprehensive geographical coverage: The
scientific literature focuses predominantly on Europe; the practically-applied literature
on Africa

Another limitation arising from the data challenge is the heterogeneous availability of data across the globe. This het-
erogeneity extends beyond drought research and can be attributed to varying capacities in monitoring systems and
infrastructure. Regions with more advanced monitoring systems and infrastructure in place tend to have more compre-
hensive and easily accessible data. In contrast, economically developing countries often encounter limitations in data
collection due to factors such as financial constraints, technological gaps, limited institutional support and data sharing
practices (Bachmair et al., 2016; Lam et al., 2022).

Spatially, scientific IbF studies have mostly focused on Europe (Bachmair et al., 2015, 2017; Parsons et al., 2019;
Stagge et al., 2015; Stephan et al., 2021; Torell�o-Sentelles & Franzke, 2021), and only have recently expanded to China
(Wang et al., 2020), the United States (Hobeichi et al., 2022), and Africa (Busker et al., 2022; Lam et al., 2022). Some stud-
ies (Bachmair et al., 2016; Lam et al., 2022) pointed to a lack of drought impact information in areas outside of Europe
and the United States, such as the Horn of Africa, where there is an urgent need for effective drought monitoring. This
can explain the European focus in the scientific literature and urges the need to collect the impact data in other drought-
prone regions following the recommendations provided in Data challenge above. In contrast to the scientific literature,
the practical literature has applied IbF methods in economically developing areas only, particularly in Africa. This is
partly driven politically and socio-economically (e.g., higher reliance on water irrigation in Africa among other factors
leads to severe famines and loss of lives (Merz et al., 2020)), and partly due to the fact that different regions are governed
by different drivers of predictability, which gives a higher drought forecast skill in the lower latitudes and makes it more
feasible to implement IbF initiatives there. By focusing on economically developing areas, practical literature has
ensured a relatively comprehensive geographical focus there with a good institutional support (e.g., drought EAPs).

4 | IMPLICATIONS AND ACTIONS TO IMPROVE IbF DEWS

The severity and frequency of droughts are modulated by changes in climate, with the available projections indicating
an increase in both statistical properties in the mid-century (IPCC, 2021; Krysanova et al., 2017; Pechlivanidis
et al., 2017). As exposure and vulnerabilities are anticipated to rise, socio-economic impacts are consequently expected
to increase in space and time, including intensified detrimental consequences from compound and cascading effects
affecting various sectors simultaneously (Br�as et al., 2021; de Brito, 2021; Schumacher et al., 2022). This highlights the
urgency for targeted adaptation actions that can lead to drought mitigation, including for instance the implementation
of accurate impact-based DEWS (Göber et al., 2023). Improvements in the accuracy in drought IbF can specifically be
achieved through the recent evolution of the ML field and increased availability of impact datasets to train the data-
driven models (Torell�o-Sentelles & Franzke, 2021). We previously highlighted that the existing literature on drought
IbF is “biased” toward mainstreamed ML-based approaches. We further argue that the opportunities that can be found
in the emerging ML field are twofold. One, to enhance the forecast skills of traditional ML approaches by developing or
using novel ML algorithms. The higher forecast skills would serve as upper benchmarks for the performance of
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process-based (causal) models of drought impacts—also known as model benchmarking predictions and which often
focus solely on optimizing predictive accuracy on specific sets of test data without providing explicit explanations for
their predicted impacts (Roscher et al., 2020). Novel ML methodologies can bridge the gap between the accuracy of the
predicted socio-economic and environmental consequences and the capacity to provide transparency and interpretabil-
ity (Belle & Papantonis, 2021). Two, statistical including ML methods can be used toward process understanding: to
identify both scale dependent and scale independent casual relationships (or dominant processes) from drought hazard
to drought impacts. This would be a crucial steppingstone for developing process-based models of drought impacts that
are required for natural resources planning and decision making in the face of future droughts.

Furthermore, forecasting the impact of drought events can identify which areas are most vulnerable and prioritize
the aid from an emergency responder. However, the limited knowledge on interpreting uncertain/probabilistic drought
forecasts, the lack of their rigorous impact assessments, and the lack of clear and effective communication practices are
factors that limit the adoption of an essential IbF-based risk management. Therefore, the transferability of IbF knowl-
edge and techniques for improving decisions across local studies is crucial to drive mitigation actions. Knowledge needs
to be regionalized and transferred across geographical locations, allowing the evolution of scientific and technical devel-
opments particularly in vulnerable areas with limited local resources. The enhancement of IbF DEWS includes
advancements in information collection from different data types (i.e., Earth Observations) and incorporation of feed-
back from stakeholders. Innovative proactive actions should focus on enhancing the understanding of the complex
interactions between meteorological, hydrological, and socio-economic factors across the globe, and further translate
science to practice by integrating impact models into DEWS (Cammalleri et al., 2022).

To stimulate the implementation of IbF DEWS, we urge the need to co-develop prototypes for local IbF driven by a
strong user engagement. Existing DEWS-based impact assessments are limited by coarse process representation and
spatial differentiation, despite their advantage of geographically covering national or continental areas (i.e., Copernicus
EDO evolution plan). This limits the accuracy of the impact evaluation, which is a requirement for local applications
and actions. We need to overcome the spatial scale limitation and calculate impacts at the administration unit levels,
incorporating factors such as impacted area, exposed population, land cover type, and so on, to build risk matrices rele-
vant for decision-making. Engagement with different local users is a key need for co-developing services for local IbF
and assessments for droughts. This effort can create a continuous communication link with local users and practi-
tioners, foster trust and lead to enhanced decision-making by considering the likely consequences and trade-offs associ-
ated with different actions (mitigation strategies, resource management and emergency response planning).

5 | CONCLUSION

While considerable progress has been made to date within the science and practice of drought IbF, we identified their
challenges and limitations in this work. Namely, the contextual challenge (inadequate accounting for the spatio-sectoral
dynamics of vulnerability and exposure), human-water feedbacks challenge (neglecting how human activities influence
the propagation of drought), typology challenge (oversimplifying drought typology to meteorological drought), model
challenge (mostly reliant on mainstream ML models), data challenge (mainly textual and lacking collection protocols
for all sectors) with the linked sectoral limitation (mainly agriculture in the scientific literature), and geographical limi-
tations (mainly Europe for the scientific literature, and economically developing regions in the practical literature).

The scientific and practical perspectives have often developed in parallel, yet there is a clear advantage to bridging
the gap. An example could be applying scientifically robust impact functions to highly vulnerable areas and/or at cli-
matic hotspots, while leveraging the findings from the past practical implementation of IbF in these regions. This is a
highly sophisticated but feasible step that requires significant multidisciplinary research to consider all the aspects dis-
cussed above as well as strong intersectoral collaboration. Successful IbF indeed requires continuous cooperation
between researchers, forecast providers, such as national hydro-meteorological services, and disaster management
authorities. Collaboration with local communities (often referred to as indigenous knowledge) could bring further bene-
fits, such as knowledge on missing exposure and vulnerability aspects and understanding local coping strategies and
types of early actions to be taken. An additional challenge with IbF warnings is that they are probabilistic in nature, but
need to be communicated in a specific and precise fashion since they require taking concrete actions and should be
designed for agencies and the general public in an easily accessible and comprehensible way. This is a problem common
to several weather-related forecasting products, such that communication advances achieved in IbF could be applied
more broadly. Similarly, different forecast uncertainties at different lead times require different communication practices
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and actions to be taken. Further, to support the conceptual and financial interest in cost-efficient IbF and increase public
trust in its forecasts and warnings, a cost–benefit analysis (or other evaluation methods) should be applied to evaluate
the added value brought by facilitating early action based on IbF. Ultimately, such evaluation should be conducted as an
ongoing, iterative process that allows modification and factoring in additional aspects into IbF systems.

Ensuring the coverage of the aforementioned aspects while developing and operationalizing drought IbF systems
will allow to overcome current challenges. As the new impact-based paradigm emerges and evolves, it is equally impor-
tant to progress scientifically in terms of methodology in impact forecasting while securing its practical feasibility for
better informed and timely drought risk management. This article emphasizes the urgent need to further develop and
integrate IbF practices into DEWSs, highlighting the critical importance of global scientific efforts to better assess local
impacts amidst the ongoing challenge posed by the rising threat of droughts.

AUTHOR CONTRIBUTIONS
Anastasiya Shyrokaya: Conceptualization (lead); data curation (lead); formal analysis (lead); investigation (lead);
methodology (lead); visualization (lead); writing – original draft (lead). Florian Pappenberger: Conceptualization
(supporting); investigation (supporting); methodology (supporting); supervision (supporting); writing – review and
editing (lead). Ilias Pechlivanidis: Conceptualization (supporting); methodology (supporting); supervision
(supporting); writing – original draft (supporting); writing – review and editing (supporting). Gabriele Messori: Con-
ceptualization (supporting); funding acquisition (lead); methodology (supporting); supervision (supporting);
writing – review and editing (supporting). Sina Khatami: Conceptualization (supporting); methodology
(supporting); visualization (supporting); writing – review and editing (supporting). Maurizio Mazzoleni: Conceptuali-
zation (supporting); methodology (supporting); writing – review and editing (supporting). Giuliano Di Baldassarre:
Conceptualization (supporting); funding acquisition (supporting); methodology (supporting); supervision (supporting);
visualization (supporting); writing – review and editing (supporting).

ACKNOWLEDGMENTS
The authors further wish to thank Hannah Cloke, Elisabeth Stephens, Riccardo Biella, and Ferran L�opez Martí for use-
ful discussions that shaped this article.

FUNDING INFORMATION
Anastasiya Shyrokaya, Giuliano Di Baldassarre, and Gabriele Messori received funding from the European Union's
Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement No. 956396
(EDIPI project). Gabriele Messori further acknowledges support from the Swedish Research Council Vetenskapsrådet
(proj. no. 2022-03448) and the European Research Council (ERC) under grant agreement no. 101112727 (ICE-MOT).
Giuliano Di Baldassarre further received funding from the European Research Council (ERC) for his consolidator grant
agreement No. 771678 (HydroSocialExtremes). Sina Khatami was supported by the same ERC grant, as well as Man-
nerfelt fond and Ahlmanns fond. Ilias G. Pechlivanidis was funded by the EU Horizon 2020 project I-CISK (Innovating
climate services through integrating scientific and local knowledge) under Grant Agreement 101037293, and by the EU
Horizon 2020 project CLINT (Climate Intelligence: Extreme events detection, attribution and adaptation design using
machine learning) under Grant Agreement 101003876. Maurizio Mazzoleni was partially supported by ERC Project
perfectSTORM, Grant agreement 948601, and by the EU Horizon 2020 project CLIMAAX (Climate Risk Assessments
for Every European Region) under Grant Agreement 101093864.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available in the Notes section of this article.

ORCID
Anastasiya Shyrokaya https://orcid.org/0000-0002-0492-7407
Ilias Pechlivanidis https://orcid.org/0000-0002-3416-317X
Sina Khatami https://orcid.org/0000-0003-1149-5080
Maurizio Mazzoleni https://orcid.org/0000-0002-0913-9370

SHYROKAYA ET AL. 13 of 19

 20491948, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1698 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [06/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-0492-7407
https://orcid.org/0000-0002-0492-7407
https://orcid.org/0000-0002-3416-317X
https://orcid.org/0000-0002-3416-317X
https://orcid.org/0000-0003-1149-5080
https://orcid.org/0000-0003-1149-5080
https://orcid.org/0000-0002-0913-9370
https://orcid.org/0000-0002-0913-9370


RELATED WIREs ARTICLES
Drought indicators revisited: The need for a wider consideration of environment and society
Drought: Progress in broadening its understanding

FURTHER READING

Notes
Note 1: A list of scientific and practical IbF literature from Figure 2.

Practical reports
Kenya (ICPAC: ForPAc Project) ForPAc: Co-producing approaches to forecast-based early action for drought and floods in Kenya. https://

futureclimateafrica.org/coproduction-manual/book/text/case-study-20.html#lessons-to-learn-from
Niger (WFP: REAP Project) REAP: Forecast-based financing (FbF) system for drought. https://www.anticipation-hub.org/Documents/Case_

Studies/REAP_Case_Study-Niger-FINAL.pdf
Zimbabwe and Ethiopia (Red Cross Netherlands) IBF: Drought impact-based trigger warning model. https://www.510.global/ibf-drought-

trigger-warning-model/

Scientific papers
Bachmair, S., Kohn, I., & Stahl, K. (2015). Exploring the link between drought indicators and impacts. Natural Hazards and Earth System

Science, 15(6), 1381–1397. https://doi.org/10.5194/nhess-15-1381-2015
Bachmair, S., Svensson, C., Hannaford, J., Barker, L. J., & Stahl, K. (2016). A quantitative analysis to objectively appraise drought indicators and

model drought impacts. Hydrology and Earth System Sciences Discussions, 12(9), 9437–9488. https://doi.org/10.5194/hessd-12-9437-2015
Bachmair, S., Svensson, C., Prosdocimi, I., Hannaford, J., & Stahl, K. (2017). Developing drought impact functions for drought risk manage-

ment. Natural Hazards and Earth System Sciences, 17(11), 1947–1960. https://doi.org/10.5194/nhess-17-1947-2017
Blauhut, V., Gudmundsson, L., & Stahl, K. (2015). Towards pan-European drought risk maps: quantifying the link between drought indices

and reported drought impacts. Environmental Research Letters, 10(1), 014008. https://doi.org/10.1088/1748-9326/10/1/014008
Busker, T. S., de Moel, H., van den Hurk, B., & Aerts, J. C. Impact-based seasonal rainfall forecasting to trigger early action for droughts.

Available at SSRN 4247666. https://doi.org/10.2139/ssrn.4247666
Gudmundsson, L., Rego, F. C., Rocha, M., & Seneviratne, S. I. (2014). Predicting above normal wildfire activity in southern Europe as a func-

tion of meteorological drought. Environmental Research Letters, 9(8), 084008. https://doi.org/10.1088/1748-9326/9/8/084008
Hobeichi, S., Abramowitz, G., Evans, J. P., & Ukkola, A. (2022). Toward a robust, impact-based, predictive drought metric. Water Resources

Research, 58(2), e2021WR031829. https://doi.org/10.1029/2021WR031829
Lam, M. R., Matan�o, A., Van Loon, A. F., Odongo, R., Teklesadik, A. D., Wamucii, C. N., van den Homberg, M. J. C., Waruru, S., &

Teuling, A. J. (2022). Linking reported drought impacts with drought indices, water scarcity, and aridity: the case of Kenya, EGUsphere.
https://doi.org/10.5194/egusphere-2022-458

O'Connor, P., Murphy, C., Matthews, T., & Wilby, R. L. (2022). Relating drought indices to impacts reported in newspaper articles. Interna-
tional Journal of Climatology, 43(4), 1796–1816. https://doi.org/10.1002/joc.7946

Parsons, D. J., Rey, D., Tanguy, M., & Holman, I. P. (2019). Regional variations in the link between drought indices and reported agricultural
impacts of drought. Agricultural Systems, 173(September 2018), 119–129. https://doi.org/10.1016/j.agsy.2019.02.015

Stagge, J. H., Kohn, I., Tallaksen, L. M., & Stahl, K. (2015). Modeling drought impact occurrence based on meteorological drought indices in
Europe. Journal of Hydrology, 530, 37–50. https://doi.org/10.1016/j.jhydrol.2015.09.039

Sutanto, S. J., van der Weert, M., Wanders, N., Blauhut, V., & Van Lanen, H. A. J. (2019). Moving from drought hazard to impact forecasts.
Nature Communications, 10(1), 1–7. https://doi.org/10.1038/s41467-019-12840-z

Torell�o-Sentelles, H., & Franzke, C. (2021). Drought impact links to meteorological drought indicators and predictability in Spain. Hydrology
and Earth System Sciences Discussions, 26(7), 1821–1844. https://doi.org/10.5194/hess-2021-209

Wang, Y., Lv, J., Hannaford, J., Wang, Y., Sun, H., Barker, L. J., Ma, M., Su, Z., & Eastman, M. (2020). Linking drought indices to impacts to
support drought risk assessment in Liaoning province, China. Natural Hazards and Earth System Sciences, 20(3), 889–906. https://doi.
org/10.5194/nhess-20-889-2020

Van Loon, A. F. (2015). Hydrological drought explained. WIREs Water, 2(4), 359–392. https://doi.org/10.1002/wat2.1085

REFERENCES
AghaKouchak, A., Chiang, F., Huning, L. S., Love, C. A., Mallakpour, I., Mazdiyasni, O., Moftakhari, H., Papalexiou, S. M., Ragno, E., &

Sadegh, M. (2020). Climate extremes and compound hazards in a warming world. Annual Review of Earth and Planetary Sciences, 48,
519–548. https://doi.org/10.1146/annurev-earth-071719-055228

AghaKouchak, A., Farahmand, A., Melton, F. S., Teixeira, J., Anderson, M. C., Wardlow, B. D., & Hain, C. R. (2015). Remote sensing of
drought: Progress, challenges and opportunities. Reviews of Geophysics, 53(2), 452–480. https://doi.org/10.1002/2014RG000456

AghaKouchak, A., Huning, L. S., Sadegh, M., Qin, Y., Markonis, Y., Vahedifard, F., Love, C. A., Mishra, A., Mehran, A., Obringer, R.,
Hjelmstad, A., Pallickara, S., Jiwa, S., Hanel, M., Zhao, Y., Pendergrass, A. G., Arabi, M., Davis, S. J., Ward, P. J., … Kreibich, H. (2023).

14 of 19 SHYROKAYA ET AL.

 20491948, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1698 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [06/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/wat2.1154
https://doi.org/10.1002/wat2.1407
https://futureclimateafrica.org/coproduction-manual/book/text/case-study-20.html#lessons-to-learn-from
https://futureclimateafrica.org/coproduction-manual/book/text/case-study-20.html#lessons-to-learn-from
https://www.anticipation-hub.org/Documents/Case_Studies/REAP_Case_Study-Niger-FINAL.pdf
https://www.anticipation-hub.org/Documents/Case_Studies/REAP_Case_Study-Niger-FINAL.pdf
https://www.510.global/ibf-drought-trigger-warning-model/
https://www.510.global/ibf-drought-trigger-warning-model/
https://doi.org/10.5194/nhess-15-1381-2015
https://doi.org/10.5194/hessd-12-9437-2015
https://doi.org/10.5194/nhess-17-1947-2017
https://doi.org/10.1088/1748-9326/10/1/014008
https://doi.org/10.2139/ssrn.4247666
https://doi.org/10.1088/1748-9326/9/8/084008
https://doi.org/10.1029/2021WR031829
https://doi.org/10.5194/egusphere-2022-458
https://doi.org/10.1002/joc.7946
https://doi.org/10.1016/j.agsy.2019.02.015
https://doi.org/10.1016/j.jhydrol.2015.09.039
https://doi.org/10.1038/s41467-019-12840-z
https://doi.org/10.5194/hess-2021-209
https://doi.org/10.5194/nhess-20-889-2020
https://doi.org/10.5194/nhess-20-889-2020
https://doi.org/10.1002/wat2.1085
https://doi.org/10.1146/annurev-earth-071719-055228
https://doi.org/10.1002/2014RG000456


Toward impact-based monitoring of drought and its cascading hazards. Nature Reviews Earth and Environment, 4(August), 582–595.
https://doi.org/10.1038/s43017-023-00457-2

AghaKouchak, A., Pan, B., Mazdiyasni, O., Sadegh, M., Jiwa, S., Zhang, W., Love, C. A., Madadgar, S., Papalexiou, S. M., Davis, S. J.,
Hsu, K., & Sorooshian, S. (2022). Status and prospects for drought forecasting: Opportunities in artificial intelligence and hybrid
physical-statistical forecasting. Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 380
(2238), 20210288. https://doi.org/10.1098/rsta.2021.0288

AghaKouchak, A., Mirchi, A., Madani, K., Di Baldassarre, G., Nazemi, A., Alborzi, A., Anjileli, H., Azarderakhsh, M., Chiang, F.,
Hassanzadeh, E., Huning, L. S., Mallakpour, I., Martinez, A., Mazdiyasni, O., Moftakhari, H., Norouzi, H., Sadegh, M., Sadeqi, D., Van
Loon, A. F., & Wanders, N. (2021). Anthropogenic drought: Definition, challenges, and opportunities. Reviews of Geophysics, 59(2), 1–23.
https://doi.org/10.1029/2019RG000683

Bachmair, S., Kohn, I., & Stahl, K. (2015). Exploring the link between drought indicators and impacts. Natural Hazards and Earth System
Sciences, 15(6), 1381–1397. https://doi.org/10.5194/nhess-15-1381-2015

Bachmair, S., Stahl, K., Collins, K., Hannaford, J., Acreman, M., Svoboda, M., Knutson, C., Smith, K. H., Wall, N., Fuchs, B.,
Crossman, N. D., & Overton, I. C. (2016). Drought indicators revisited: The need for a wider consideration of environment and society.
Wiley Interdisciplinary Reviews: Water, 3(4), 516–536. https://doi.org/10.1002/wat2.1154

Bachmair, S., Svensson, C., Prosdocimi, I., Hannaford, J., & Stahl, K. (2017). Developing drought impact functions for drought risk manage-
ment. Natural Hazards and Earth System Sciences, 17(11), 1947–1960. https://doi.org/10.5194/nhess-17-1947-2017

Bastos, A., Ciais, P., Friedlingstein, P., Sitch, S., Pongratz, J., Fan, L., Wigneron, J. P., Weber, U., Reichstein, M., Fu, Z., Anthoni, P.,
Arneth, A., Haverd, V., Jain, A. K., Joetzjer, E., Knauer, J., Lienert, S., Loughran, T., McGuire, P. C., … Zaehle, S. (2020). Direct and sea-
sonal legacy effects of the 2018 heat wave and drought on European ecosystem productivity. Science Advances, 6(24), 1–14. https://doi.
org/10.1126/sciadv.aba2724

Bastos, A., Orth, R., Reichstein, M., Ciais, P., Viovy, N., Zaehle, S., Anthoni, P., Arneth, A., Gentine, P., Joetzjer, E., Lienert, S., Loughran, T.,
McGuire, P. C., Sungmin, O., Pongratz, J., & Sitch, S. (2021). Vulnerability of European ecosystems to two compound dry and hot sum-
mers in 2018 and 2019. Earth System Dynamics, 12(4), 1015–1035. https://doi.org/10.5194/esd-12-1015-2021

Bayissa, Y. A. (2018). Developing an impact-based combined drought index for monitoring crop yield anomalies in the Upper Blue Nile Basin,
Ethiopia (1st ed.). (Issue December). CRC Press. https://doi.org/10.1201/9780429399510

Belle, V., & Papantonis, I. (2021). Principles and practice of explainable machine learning. Frontiers in Big Data, 4(July), 1–25. https://doi.
org/10.3389/fdata.2021.688969

Blauhut, V., Stahl, K., Stagge, J. H., Tallaksen, L. M., De Stefano, L., & Vogt, J. (2016). Estimating drought risk across Europe from reported
drought impacts, drought indices, and vulnerability factors. Hydrology and Earth System Sciences, 20, 2779–2800. https://doi.org/10.
5194/hess-20-2779-2016

Boult, V. L., Black, E., Saado, H., Bailey, M., Harris, C., Kilavi, M., Kniveton, D., Macleod, D., Mwangi, E., Otieno, G., Rees, E., Rowhani, P.,
Taylor, O., & Todd, M. C. (2022). Towards drought impact-based forecasting in a multi-hazard context. Climate Risk Management, 35,
100402. https://doi.org/10.1016/j.crm.2022.100402

Br�as, T. A., Seixas, J., Carvalhais, N., & Jagermeyr, J. (2021). Severity of drought and heatwave crop losses tripled over the last five decades in
Europe. Environmental Research Letters, 16(6), 065012. https://doi.org/10.1088/1748-9326/abf004

Brun, P., Psomas, A., Ginzler, C., Zappa, M., & Zimmermann, N. E. (2020). Large-scale early-wilting response of central European forests to
the 2018 extreme drought. Global Change Biology, 26, 7021–7035. https://doi.org/10.1111/gcb.15360

Busker, T., de Moel, H., van den Hurk, B., & Aerts, J. C. J. H. (2022). Impact-based seasonal rainfall forecasting to trigger early action for
droughts. Available at SSRN 4247666. https://doi.org/10.2139/ssrn.4247666

Byers, E. A., Coxon, G., Freer, J., & Hall, J. W. (2020). Drought and climate change impacts on cooling water shortages and electricity prices
in Great Britain. Nature Communications, 11(1), 1–12. https://doi.org/10.1038/s41467-020-16012-2

Caloiero, T., Caroletti, G. N., & Coscarelli, R. (2021). IMERG-based meteorological drought analysis over Italy. Climate, 9(4), 1–13. https://
doi.org/10.3390/cli9040065

Caloiero, T., Veltri, S., Caloiero, P., & Frustaci, F. (2018). Drought analysis in Europe and in the Mediterranean basin using the standardized
precipitation index. Water, 10(8), 1–13. https://doi.org/10.3390/w10081043

Cammalleri, C., McCormick, N., & Toreti, A. (2022). Analysis of the relationship between yield in cereals and remotely sensed fAPAR in the
framework of monitoring drought impacts in Europe. Natural Hazards and Earth System Sciences, 22(11), 3737–3750. https://doi.org/10.
5194/nhess-22-3737-2022

Cantelaube, P., & Terres, J.-M. (2005). Seasonal weather forecasts for crop yield modelling in Europe. Tellus A: Dynamic Meteorology and
Oceanography, 57(3), 476–487. https://doi.org/10.3402/tellusa.v57i3.14669

Carrão, H., Naumann, G., & Barbosa, P. (2016). Mapping global patterns of drought risk: An empirical framework based on sub-national esti-
mates of hazard, exposure and vulnerability. Global Environmental Change, 39, 108–124. https://doi.org/10.1016/j.gloenvcha.2016.04.012

Charnley, G. E. C., Kelman, I., Green, N., Hinsley, W., Gaythorpe, K. A. M., & Murray, K. A. (2021). Exploring relationships between drought and
epidemic cholera in Africa using generalised linear models. BMC Infectious Diseases, 21, 1177. https://doi.org/10.1186/s12879-021-06856-4

Cook, B. I., Mankin, J. S., Marvel, K., Williams, A. P., Smerdon, J. E., & Anchukaitis, K. J. (2020). Twenty-first century drought projections in
the CMIP6 Forcing Scenarios. Earth's Future, 8(6), 1–20. https://doi.org/10.1029/2019EF001461

Dasgupta, A., Arnal, L., Emerton, R., Harrigan, S., Matthews, G., Muhammad, A., O'Regan, K., Pérez-Ciria, T., Valdez, E., van
Osnabrugge, B., Werner, M., Buontempo, C., Cloke, H., Pappenberger, F., Pechlivanidis, I. G., Prudhomme, C., Ramos, M.-H., & Sala, P.

SHYROKAYA ET AL. 15 of 19

 20491948, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1698 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [06/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/s43017-023-00457-2
https://doi.org/10.1098/rsta.2021.0288
https://doi.org/10.1029/2019RG000683
https://doi.org/10.5194/nhess-15-1381-2015
https://doi.org/10.1002/wat2.1154
https://doi.org/10.5194/nhess-17-1947-2017
https://doi.org/10.1126/sciadv.aba2724
https://doi.org/10.1126/sciadv.aba2724
https://doi.org/10.5194/esd-12-1015-2021
https://doi.org/10.1201/9780429399510
https://doi.org/10.3389/fdata.2021.688969
https://doi.org/10.3389/fdata.2021.688969
https://doi.org/10.5194/hess-20-2779-2016
https://doi.org/10.5194/hess-20-2779-2016
https://doi.org/10.1016/j.crm.2022.100402
https://doi.org/10.1088/1748-9326/abf004
https://doi.org/10.1111/gcb.15360
https://doi.org/10.2139/ssrn.4247666
https://doi.org/10.1038/s41467-020-16012-2
https://doi.org/10.3390/cli9040065
https://doi.org/10.3390/cli9040065
https://doi.org/10.3390/w10081043
https://doi.org/10.5194/nhess-22-3737-2022
https://doi.org/10.5194/nhess-22-3737-2022
https://doi.org/10.3402/tellusa.v57i3.14669
https://doi.org/10.1016/j.gloenvcha.2016.04.012
https://doi.org/10.1186/s12879-021-06856-4
https://doi.org/10.1029/2019EF001461


(2023). Connecting hydrological modelling and forecasting from global to local scales: Perspectives from an international joint virtual
workshop. Journal of Flood Risk Management, e12880. https://doi.org/10.1111/jfr3.12880

de Brito, M. M. (2021). Compound and cascading drought impacts do not happen by chance: A proposal to quantify their relationships.
Science of the Total Environment, 778, 146236. https://doi.org/10.1016/j.scitotenv.2021.146236

de Brito, M. M., Kuhlicke, C., & Marx, A. (2020). Near-real-time drought impact assessment: A text mining approach on the 2018/19 drought
in Germany. Environmental Research Letters, 15(10), 1040a9. https://doi.org/10.1088/1748-9326/aba4ca

De Stefano, L., Tanago, I. G., Ballesteros, M., Urquijo, J., Blauhut, V., Stagge, J. H., & Stahl, K. (2015). Methodological approach considering
different factors influencing vulnerability—pan-European scale. Technical report No. 26. https://www.researchgate.net/profile/Veit-
Blauhut/publication/331919810_Methodological_approach_considering_different_factors_influencing_vulnerability_-_pan-European_
scale/links/5d5fb94a299bf1f70b05e126/Methodological-approach-considering-different-factors-influencing-vulnerability-pan-European-
scale.pdf

Di Baldassarre, G., Martinez, F., Kalantari, Z., & Viglione, A. (2017). Drought and flood in the anthropocene: Feedback mechanisms in reser-
voir operation. Earth System Dynamics, 8(1), 225–233. https://doi.org/10.5194/esd-8-225-2017

Ding, Y., Hayes, M. J., & Widhalm, M. (2011). Measuring economic impacts of drought: A review and discussion. Disaster Prevention and
Management, 20(4), 434–446. https://doi.org/10.1108/09653561111161752

Dube, K., Nhamo, G., & Chikodzi, D. (2022). Climate change-induced droughts and tourism: Impacts and responses of Western Cape prov-
ince, South Africa. Journal of Outdoor Recreation and Tourism, 39(August 2020), 100319. https://doi.org/10.1016/j.jort.2020.100319

FAO. (2017). Drought and agriculture.
Fung, K. F., Huang, Y. F., Koo, C. H., & Soh, Y. W. (2020). Drought forecasting: A review of modelling approaches 2007–2017. Journal of

Water and Climate Change, 11(3), 771–799. https://doi.org/10.2166/wcc.2019.236
Göber, M., Christel, I., Hoffmann, D., Mooney, C. J., Rodriguez, L., Becker, N., Ebert, E. E., Fearnley, C., Fundel, V. J., Geiger, T.,

Golding, B., Jeurig, J., Kelman, I., Kox, T., Magro, F., Perrels, A., Postigo, J. C., Potter, S. H., Robbins, J., … Williams, H. (2023). Enhanc-
ing the value of weather and climate services in society. Bulletin of the American Meteorological Society, 104(3), E645–E651. https://doi.
org/10.1175/BAMS-D-22-0199.1

Gonz�alez T�anago, I., Urquijo, J., Blauhut, V., Villarroya, F., & De Stefano, L. (2016). Learning from experience: A systematic review of assess-
ments of vulnerability to drought. Natural Hazards, 80(2), 951–973. https://doi.org/10.1007/s11069-015-2006-1

Gudmundsson, L., Rego, F. C., Rocha, M., & Seneviratne, S. I. (2014). Predicting above normal wildfire activity in southern Europe as a func-
tion of meteorological drought. Environmental Research Letters, 9(8), 084008. https://doi.org/10.1088/1748-9326/9/8/084008

Hagenlocher, M., Meza, I., Anderson, C. C., Min, A., Renaud, F. G., Walz, Y., Siebert, S., & Sebesvari, Z. (2019). Drought vulnerability and
risk assessments: State of the art, persistent gaps, and research agenda. Environmental Research Letters, 14(8), 83002. https://doi.org/10.
1088/1748-9326/ab225d

Haile, G. G., Tang, Q., Li, W., Liu, X., & Zhang, X. (2019). Drought: Progress in broadening its understanding. Wiley Interdisciplinary Reviews:
Water, 7(2), 1–25. https://doi.org/10.1002/wat2.1407

Hanel, M., Rakovec, O., Markonis, Y., M�aca, P., Samaniego, L., Kyselý, J., & Kumar, R. (2018). Revisiting the recent European droughts from
a long-term perspective. Scientific Reports, 8(1), 1–11. https://doi.org/10.1038/s41598-018-27464-4

Heinrich, D., & Bailey, M. (2020). Forecact-based financing and early action for drought.
Herrera-Estrada, J. E., Diffenbaugh, N. S., Wagner, F., & Craft, A. (2018). Response of electricity sector air pollution emissions to drought

conditions in the western United States. Environmental Research Letters, 13(12), 124032. https://doi.org/10.1088/1748-9326/aaf07b
Hobeichi, S., Abramowitz, G., Evans, J. P., & Ukkola, A. (2022). Toward a robust, impact-based, predictive drought metric. Water Resources

Research, 58(2), e2021WR031829. https://doi.org/10.1029/2021WR031829
IPCC. (2021). Climate change 2021 the physical science basis.
Kchouk, S., Melsen, L., Walker, D., & van Oel, P. (2021). A review of drought indices: Predominance of drivers over impacts and the impor-

tance of local context. Natural Hazards and Earth System Sciences Discussions, 1–28. https://doi.org/10.5194/nhess-2021-152
Khazaei, B., Khatami, S., Alemohammad, S. H., Rashidi, L., Wu, C., Madani, K., Kalantari, Z., Destouni, G., & AghaKouchak, A. (2019). Cli-

matic or regionally induced by humans? Tracing hydro-climatic and land-use changes to better understand the Lake Urmia tragedy.
Journal of Hydrology, 569(December 2018), 203–217. https://doi.org/10.1016/j.jhydrol.2018.12.004

King-Okumu, C. (2021). Integrated drought management—A rapid review of drought risk mitigation measures. FAO. https://doi.org/10.4060/
cb7085en

Koutroulis, A. G., Grillakis, M. G., Tsanis, I. K., & Jacob, D. (2018). Mapping the vulnerability of European summer tourism under 2�C global
warming. Climatic Change, 151(2), 157–171. https://doi.org/10.1007/s10584-018-2298-8

Kreibich, H., Blauhut, V., Aerts, J. C. J. H., Bouwer, L. M., Van Lanen, A. J., Mejia, A., Mens, M., & Van Loon, A. F. (2020). How to improve attri-
bution of changes in drought and flood impacts. Hydrological Sciences Journal, 64(1), 1–18. https://doi.org/10.1080/02626667.2018.1558367

Krysanova, V., Vetter, T., Eisner, S., Huang, S., Pechlivanidis, I., Strauch, M., Gelfan, A., Kumar, R., Aich, V., Arheimer, B., Chamorro, A.,
Van Griensven, A., Kundu, D., Lobanova, A., Mishra, V., Plötner, S., Reinhardt, J., Seidou, O., Wang, X., … Hattermann, F. F. (2017).
Intercomparison of regional-scale hydrological models and climate change impacts projected for 12 large river basins worldwide—A syn-
thesis. Environmental Research Letters, 12(10), 105002. https://doi.org/10.1088/1748-9326/aa8359

Lackstrom, K., & Crimmins, M. (2013). The missing piece: Drought impacts monitoring report from a Workshop in Tucson, AZ MARCH.
Lam, M. R., Matan�o, A., Van Loon, A. F., Odongo, R., Teklesadik, A. D., Wamucii, C. N., Van Den Homberg, M. J. C., Waruru, S., &

Teuling, A. J. (2022). Linking reported drought impacts with drought indices, water scarcity, and aridity: The case of Kenya.

16 of 19 SHYROKAYA ET AL.

 20491948, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1698 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [06/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/jfr3.12880
https://doi.org/10.1016/j.scitotenv.2021.146236
https://doi.org/10.1088/1748-9326/aba4ca
https://www.researchgate.net/profile/Veit-Blauhut/publication/331919810_Methodological_approach_considering_different_factors_influencing_vulnerability_-_pan-European_scale/links/5d5fb94a299bf1f70b05e126/Methodological-approach-considering-different-factors-influencing-vulnerability-pan-European-scale.pdf
https://www.researchgate.net/profile/Veit-Blauhut/publication/331919810_Methodological_approach_considering_different_factors_influencing_vulnerability_-_pan-European_scale/links/5d5fb94a299bf1f70b05e126/Methodological-approach-considering-different-factors-influencing-vulnerability-pan-European-scale.pdf
https://www.researchgate.net/profile/Veit-Blauhut/publication/331919810_Methodological_approach_considering_different_factors_influencing_vulnerability_-_pan-European_scale/links/5d5fb94a299bf1f70b05e126/Methodological-approach-considering-different-factors-influencing-vulnerability-pan-European-scale.pdf
https://www.researchgate.net/profile/Veit-Blauhut/publication/331919810_Methodological_approach_considering_different_factors_influencing_vulnerability_-_pan-European_scale/links/5d5fb94a299bf1f70b05e126/Methodological-approach-considering-different-factors-influencing-vulnerability-pan-European-scale.pdf
https://doi.org/10.5194/esd-8-225-2017
https://doi.org/10.1108/09653561111161752
https://doi.org/10.1016/j.jort.2020.100319
https://doi.org/10.2166/wcc.2019.236
https://doi.org/10.1175/BAMS-D-22-0199.1
https://doi.org/10.1175/BAMS-D-22-0199.1
https://doi.org/10.1007/s11069-015-2006-1
https://doi.org/10.1088/1748-9326/9/8/084008
https://doi.org/10.1088/1748-9326/ab225d
https://doi.org/10.1088/1748-9326/ab225d
https://doi.org/10.1002/wat2.1407
https://doi.org/10.1038/s41598-018-27464-4
https://doi.org/10.1088/1748-9326/aaf07b
https://doi.org/10.1029/2021WR031829
https://doi.org/10.5194/nhess-2021-152
https://doi.org/10.1016/j.jhydrol.2018.12.004
https://doi.org/10.4060/cb7085en
https://doi.org/10.4060/cb7085en
https://doi.org/10.1007/s10584-018-2298-8
https://doi.org/10.1080/02626667.2018.1558367
https://doi.org/10.1088/1748-9326/aa8359


Lewis, S. L., & Maslin, M. A. (2015). Defining the anthropocene. Nature, 519(7542), 171–180. https://doi.org/10.1038/nature14258
Luce, C. H., Vose, J. M., Pederson, N., Campbell, J., Millar, C., Kormos, P., & Woods, R. (2016). Contributing factors for drought in

United States forest ecosystems under projected future climates and their uncertainty. Forest Ecology and Management, 380, 299–308.
https://doi.org/10.1016/j.foreco.2016.05.020

Lucero, L. J. (2002). The collapse of the classic Maya: A case for the role of water control. American Antropologist, 4, 814–826.
Martin, R., Linstädter, A., Frank, K., & Müller, B. (2016). Livelihood security in face of drought—Assessing the vulnerability of pastoral

households. Environmental Modelling and Software, 75, 414–423. https://doi.org/10.1016/j.envsoft.2014.10.012
Mcdowell, N. G., Allen, C. D., Anderson-teixeira, K., Aukema, B. H., Bond-lamberty, B., Chini, L., Clark, J. S., Dietze, M., Grossiord, C.,

Hanbury-brown, A., Hurtt, G. C., Jackson, R. B., Johnson, D. J., Kueppers, L., Lichstein, J. W., Ogle, K., Poulter, B., Pugh, T. A. M.,
Seidl, R., … Xu, C. (2020). Pervasive shifts in forest dynamics in a changing world. Science, 368(6494), eaaz9463. https://doi.org/10.1126/
science.aaz9463

McKee, T. B., Doesken, N. J., & Kleist, J. (1993). The relationship of drought frequency and duration to time scales.
Meissner, D., Klein, B., & Ionita, M. (2017). Development of a monthly to seasonal forecast framework tailored to inland waterway transport

in central Europe. Hydrology and Earth System Sciences, 21(12), 6401–6423. https://doi.org/10.5194/hess-21-6401-2017
Merz, B., Kuhlicke, C., Kunz, M., Pittore, M., Babeyko, A., Bresch, D. N., Domeisen, D. I. V., Feser, F., Koszalka, I., Kreibich, H.,

Pantillon, F., Parolai, S., Pinto, J. G., Punge, H. J., Rivalta, E., Schröter, K., Strehlow, K., Weisse, R., & Wurpts, A. (2020). Impact forecast-
ing to support emergency management of natural hazards. Reviews of Geophysics, 58(4), 1–52. https://doi.org/10.1029/2020RG000704

Mora, C., Mckenzie, T., Gaw, I. M., Dean, J. M., Von Hammerstein, H., Knudson, T. A., Setter, R. O., Smith, C. Z., Webster, K. M.,
Patz, J. A., & Franklin, E. C. (2022). Over half of known human pathogenic diseases can be aggravated by climate change. Nature
Climate Change, 12, 869–875. https://doi.org/10.1038/s41558-022-01426-1

Naumann, G., Barbosa, P., Garrote, L., Iglesias, A., & Vogt, J. (2014). Exploring drought vulnerability in Africa: An indicator based analysis
to be used in early warning systems. Hydrology and Earth System Sciences, 18(5), 1591–1604. https://doi.org/10.5194/hess-18-1591-2014

Parsons, D. J., Rey, D., Tanguy, M., & Holman, I. P. (2019). Regional variations in the link between drought indices and reported agricultural
impacts of drought. Agricultural Systems, 173(September 2018), 119–129. https://doi.org/10.1016/j.agsy.2019.02.015

Pechlivanidis, I. G., Arheimer, B., Donnelly, C., Hundecha, Y., Huang, S., Aich, V., Samaniego, L., Eisner, S., & Shi, P. (2017). Analysis of
hydrological extremes at different hydro-climatic regimes under present and future conditions. Climatic Change, 141(3), 467–481.
https://doi.org/10.1007/s10584-016-1723-0

Ribeiro, A. F. S., Russo, A., Gouveia, C. M., & P�ascoa, P. (2019). Modelling drought-related yield losses in Iberia using remote sensing and
multiscalar indices. Theoretical and Applied Climatology, 136(1–2), 203–220. https://doi.org/10.1007/s00704-018-2478-5

Robbins, J., Bee, E., Sneddon, A., Brown, S., Stephens, E., & Amuron, I. (2022). Gaining user insights into the elements of impact-based Fore-
casting (IbF) from within the SHEAR programme summary of findings. https://nora.nerc.ac.uk/id/eprint/532837/1/IBF%0Apaper_
formatted_v2.pdf

Roscher, R., Bohn, B., Duarte, M. F., & Garcke, J. (2020). Explainable machine learning for scientific insights and discoveries. IEEE Access, 8,
42200–42216. https://doi.org/10.1109/ACCESS.2020.2976199

Salvador, C., Nieto, R., Linares, C., Díaz, J., & Gimeno, L. (2020). Effects of droughts on health: Diagnosis, repercussion, and adaptation in
vulnerable regions under climate change. Challenges for future research. Science of the Total Environment, 703, 134912. https://doi.org/
10.1016/j.scitotenv.2019.134912

Schuldt, B., Buras, A., Arend, M., Vitasse, Y., Beierkuhnlein, C., Damm, A., Gharun, M., Grams, T. E. E., Hauck, M., Hajek, P.,
Hartmann, H., Hiltbrunner, E., Holloway-phillips, M., Christian, K., Larysch, E., Torben, L., Nelson, D. B., Rammig, A., Rigling, A., …
Kahmen, A. (2020). A first assessment of the impact of the extreme 2018 summer drought on Central European Forests. Basic and
Applied Ecology, 45, 86–103. https://doi.org/10.1016/j.baae.2020.04.003

Schumacher, D. L., Keune, J., Dirmeyer, P., & Miralles, D. G. (2022). Drought self-propagation in drylands due to land–atmosphere feed-
backs. Nature Geoscience, 15(4), 262–268. https://doi.org/10.1038/s41561-022-00912-7

Smith, T., & Fitchett, J. M. (2020). Drought challenges for nature tourism in the Sabi Sands game reserve in the eastern region of
South Africa. African Journal of Range and Forage Science, 37(1), 107–117. https://doi.org/10.2989/10220119.2019.1700162

Sodoge, J., Kuhlicke, C., & de Brito, M. M. (2023). Automatized Spatio-temporal detection of drought impacts from newspaper articles
using natural language processing and machine learning. SSRN Electronic Journal, 41(March), 100574. https://doi.org/10.2139/ssrn.
4178096

Stagge, J. H., Kohn, I., Tallaksen, L. M., & Stahl, K. (2015). Modeling drought impact occurrence based on meteorological drought indices in
Europe. Journal of Hydrology, 530, 37–50. https://doi.org/10.1016/j.jhydrol.2015.09.039

Stahl, K., Kohn, I., Blauhut, V., Urquijo, J., De Stefano, L., Ac�acio, V., Dias, S., Stagge, J. H., Tallaksen, L. M., Kampragou, E.,
Van Loon, A. F., Barker, L. J., Melsen, L. A., Bifulco, C., Musolino, D., De Carli, A., Massarutto, A., Assimacopoulos, D., & Van
Lanen, H. A. J. (2016). Impacts of European drought events: Insights from an international database of text-based reports. Natural Haz-
ards and Earth System Sciences, 16(3), 801–819. https://doi.org/10.5194/nhess-16-801-2016

Stephan, R., Erfurt, M., Terzi, S., Zun, M., Kristan, B., Haslinger, K., & Stahl, K. (2021). An inventory of Alpine drought impact reports to
explore past droughts in a mountain region. Natural Hazards and Earth System Sciences, 21(8), 2485–2501. https://doi.org/10.5194/
nhess-21-2485-2021

Stephan, R., Terzi, S., Erfurt, M., Cocuccioni, S., Stahl, K., & Zebisch, M. (2023). Assessing agriculture's vulnerability to drought in European
pre-Alpine regions. Natural Hazards and Earth System Sciences, 23(1), 45–64. https://doi.org/10.5194/nhess-23-45-2023

SHYROKAYA ET AL. 17 of 19

 20491948, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1698 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [06/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/nature14258
https://doi.org/10.1016/j.foreco.2016.05.020
https://doi.org/10.1016/j.envsoft.2014.10.012
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.5194/hess-21-6401-2017
https://doi.org/10.1029/2020RG000704
https://doi.org/10.1038/s41558-022-01426-1
https://doi.org/10.5194/hess-18-1591-2014
https://doi.org/10.1016/j.agsy.2019.02.015
https://doi.org/10.1007/s10584-016-1723-0
https://doi.org/10.1007/s00704-018-2478-5
https://nora.nerc.ac.uk/id/eprint/532837/1/IBF%0Apaper_formatted_v2.pdf
https://nora.nerc.ac.uk/id/eprint/532837/1/IBF%0Apaper_formatted_v2.pdf
https://doi.org/10.1109/ACCESS.2020.2976199
https://doi.org/10.1016/j.scitotenv.2019.134912
https://doi.org/10.1016/j.scitotenv.2019.134912
https://doi.org/10.1016/j.baae.2020.04.003
https://doi.org/10.1038/s41561-022-00912-7
https://doi.org/10.2989/10220119.2019.1700162
https://doi.org/10.2139/ssrn.4178096
https://doi.org/10.2139/ssrn.4178096
https://doi.org/10.1016/j.jhydrol.2015.09.039
https://doi.org/10.5194/nhess-16-801-2016
https://doi.org/10.5194/nhess-21-2485-2021
https://doi.org/10.5194/nhess-21-2485-2021
https://doi.org/10.5194/nhess-23-45-2023


Sutanto, S., Wetterhall, F., & Van Lanen, H. (2020a). Hydrological drought forecasts outperform meteorological drought forecasts.
Sutanto, S. J., Van Der Weert, M., Blauhut, V., & Van Lanen, H. A. J. (2020b). Skill of large-scale seasonal drought impact forecasts. Natural

Hazards and Earth System Sciences, 20(6), 1595–1608. https://doi.org/10.5194/nhess-20-1595-2020
Sutanto, S. J., van der Weert, M., Wanders, N., Blauhut, V., & Van Lanen, H. A. J. (2019). Moving from drought hazard to impact forecasts.

Nature Communications, 10(1), 1–7. https://doi.org/10.1038/s41467-019-12840-z
The Red Cross Red Crescent Climate Centre (RCCC). (2020). The future of forecasts: Impact-based forecasting for early action.
Tijdeman, E., Blauhut, V., Stoelzle, M., Menzel, L., & Stahl, K. (2021). Different drought types and the spatial variability in their hazard,

impact, and propagation characteristics.
Torell�o-Sentelles, H., & Franzke, C. (2021). Drought impact links to meteorological drought indicators and predictability in Spain. Hydrology

and Earth System Sciences Discussions, 26(7), 1821–1844. https://doi.org/10.5194/hess-2021-209
UN ESCAP, & WMO. (2021). Manual for operationalizing impact-based forecasting and warning services (IBFWS)jESCAP. United Nations

ESCAP. https://www.unescap.org/kp/2021/manual-operationalizing-impact-based-forecasting-and-warning-services-ibfws#
UNDRR. (2021). GAR special report on drought 2021.
Van Aalst, M., Rüth, A., Klose, T., McDowell, S., Aviles, S., Brimer, B., Murray, V., Cloke, H., Stephens, E., Coughlan de Perez, E.,

Kruczkiewicz, A., Boyd, E., & Suarez, P. (2015). Forecast-based action. SHEAR Final Report.pdf (Issue April). https://www.climatecentre.
org/downloads/files/Stephens

van der Wiel, K., Lenderink, G., & de Vries, H. (2021). Physical storylines of future European drought events like 2018 based on ensemble cli-
mate modelling. Weather and Climate Extremes, 33(May), 100350. https://doi.org/10.1016/j.wace.2021.100350

Van Loon, A. F., Gleeson, T., Clark, J., Van Dijk, A. I. J. M., Stahl, K., Hannaford, J., Di Baldassarre, G., Teuling, A. J., Tallaksen, L. M.,
Uijlenhoet, R., Hannah, D. M., Sheffield, J., Svoboda, M., Verbeiren, B., Wagener, T., Rangecroft, S., Wanders, N., & Van Lanen, H. A. J.
(2016a). Drought in the anthropocene. Nature Geoscience, 9, 89–91. https://doi.org/10.1038/ngeo2646

Van Loon, A. F., Stahl, K., Di Baldassarre, G., Clark, J., Rangecroft, S., Wanders, N., Gleeson, T., Van Dijk, A. I. J. M., Tallaksen, L. M.,
Hannaford, J., Uijlenhoet, R., Teuling, A. J., Hannah, D. M., Sheffield, J., Svoboda, M., Verbeiren, B., Wagener, T., & Van Lanen, H. A. J.
(2016b). Drought in a human-modified world: Reframing drought definitions, understanding, and analysis approaches. Hydrology and
Earth System Sciences, 20(9), 3631–3650. https://doi.org/10.5194/hess-20-3631-2016

Vanelli, F. M., Kobiyama, M., & De Brito, M. M. (2022). To which extent are socio-hydrology studies truly integrative? The case of natural
hazards and disaster research. Hydrology and Earth System Sciences, 26(8), 2301–2317. https://doi.org/10.5194/hess-26-2301-2022

Vicente-Serrano, S., Begueria, S., & Lopez-Moreno, J. (2009). A multiscalar drought index sensitive to global warming: The standardized pre-
cipitation evapotranspiration index. Journal of Climate, 1696–1718, 1696–1718. https://doi.org/10.1175/2009JCLI2909.1

Vicente-Serrano, S. M., L�opez-Moreno, J. I., Beguería, S., Lorenzo-Lacruz, J., Azorin-Molina, C., & Mor�an-Tejeda, E. (2012). Accurate compu-
tation of a Streamflow Drought Index. Journal of Hydrologic Engineering, 17(2), 318–332. https://doi.org/10.1061/(asce)he.1943-5584.
0000433

Vogt, J. V., Naumann, G., Masante, D., Spinoni, J., Cammalleri, C., Erian, W., Pischke, F., Pulwarty, R., & Barbosa, P. (2018). Drought risk
assessment and management. A conceptual framework. In EUR 29464 EN, Publications Office of the European Union (Vol. 2018, Issue
August). https://doi.org/10.2760/057223

Wanders, N., Van Loon, A., & Van Lanen, H. (2017). Frequently used drought indices reflect different drought conditions on global scale
(pp. 1–16). Hydrology and Earth System Sciences Discussions.

Wang, T., Tu, X., Singh, V. P., Chen, X., Lin, K., & Lai, R. (2022). Socioeconomic drought analysis by standardized water supply and demand
index under changing environment. Journal of Cleaner Production, 347(October 2021), 131248. https://doi.org/10.1016/j.jclepro.2022.
131248

Wang, Y., Lv, J., Hannaford, J., Wang, Y., Sun, H., & Barker, L. J. (2020). Linking drought indices to impacts to support drought risk assessment
in Liaoning province, China, pp. 889–906.

Ward, P. J., Blauhut, V., Bloemendaal, N., Daniell, E. J., De Ruiter, C. M., Duncan, J. M., Emberson, R., Jenkins, F. S., Kirschbaum, D.,
Kunz, M., Mohr, S., Muis, S., Riddell, A. G., Schäfer, A., Stanley, T., Veldkamp, I. E. T., & Hessel, W. C. (2020). Review article: Natural
hazard risk assessments at the global scale. Natural Hazards and Earth System Sciences, 20(4), 1069–1096. https://doi.org/10.5194/nhess-
20-1069-2020

Weyrich, P., Scolobig, A., Bresch, D. N., & Patt, A. (2018). Effects of impact-based warnings and behavioral recommendations for extreme
weather events. Weather, Climate, and Society, 10(4), 781–796. https://doi.org/10.1175/WCAS-D-18-0038.1

White, C. J., Domeisen, D. I. V., Acharya, N., Adefisan, E. A., Anderson, M. L., Aura, S., Balogun, A. A., Bertram, D., Bluhm, S.,
Brayshaw, D. J., Browell, J., Büeler, D., Charlton-perez, A., Chourio, X., Christel, I., Coelho, C. A. S., Deflorio, M. J., Monache, L. D., Di
Giuseppe, F., … Wilson, R. G. (2022). Advances in the application and utility of subseasonal-to-seasonal predictions. Bulletin of the Amer-
ican Meteorological Society, 103(1448–1472), 1448–1472. https://doi.org/10.1175/BAMS-D-20-0224.1

WMO (World Meteorological Organization). (2015). WMO Guidelines on Multi-hazard Impact-based Forecast and Warning Services (Issue
1150).

WMO (World Meteorological Organization). (2021). WMO Guidelines on Multi-hazard Impact-based Forecast and Warning Services—Part II:
Putting Multi-hazard IBFWS into Practice.

WMO (World Meteorological Organization). (2022). Early warning for all. The UN global early warning initiative for the implementation of cli-
mate adaptation. Executive action plan 2023-2027, p. 56. https://public.wmo.int/en/earlywarningsforall

18 of 19 SHYROKAYA ET AL.

 20491948, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1698 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [06/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5194/nhess-20-1595-2020
https://doi.org/10.1038/s41467-019-12840-z
https://doi.org/10.5194/hess-2021-209
https://www.unescap.org/kp/2021/manual-operationalizing-impact-based-forecasting-and-warning-services-ibfws
https://www.climatecentre.org/downloads/files/Stephens
https://www.climatecentre.org/downloads/files/Stephens
https://doi.org/10.1016/j.wace.2021.100350
https://doi.org/10.1038/ngeo2646
https://doi.org/10.5194/hess-20-3631-2016
https://doi.org/10.5194/hess-26-2301-2022
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1061/(asce)he.1943-5584.0000433
https://doi.org/10.1061/(asce)he.1943-5584.0000433
https://doi.org/10.2760/057223
https://doi.org/10.1016/j.jclepro.2022.131248
https://doi.org/10.1016/j.jclepro.2022.131248
https://doi.org/10.5194/nhess-20-1069-2020
https://doi.org/10.5194/nhess-20-1069-2020
https://doi.org/10.1175/WCAS-D-18-0038.1
https://doi.org/10.1175/BAMS-D-20-0224.1
https://public.wmo.int/en/earlywarningsforall


Wu, M., Manzoni, S., Vico, G., Bastos, A., de Vries, F. T., & Messori, G. (2022). Drought legacy in sub-seasonal vegetation state and sensitivity
to climate over the northern hemisphere. Geophysical Research Letters, 49(15), 1–11. https://doi.org/10.1029/2022GL098700

Xu, H. J., Wang, X. P., & Zhao, C. Y. (2021). Drought sensitivity of vegetation photosynthesis along the aridity gradient in northern China.
International Journal of Applied Earth Observation and Geoinformation, 102, 102418. https://doi.org/10.1016/j.jag.2021.102418

Zebisch, M., Schneiderbauer, S., Fritzsche, K., Bubeck, P., Kienberger, S., Kahlenborn, W., Schwan, S., & Below, T. (2021). The vulnerability
sourcebook and climate impact chains—A standardised framework for a climate vulnerability and risk assessment. International Journal
of Climate Change Strategies and Management, 13(1), 35–59. https://doi.org/10.1108/IJCCSM-07-2019-0042

Zhang, Y., Keenan, T. F., & Zhou, S. (2021). Exacerbated drought impacts on global ecosystems due to structural overshoot. Nature Ecology
and Evolution, 5, 1490–1498. https://doi.org/10.1038/s41559-021-01551-8

How to cite this article: Shyrokaya, A., Pappenberger, F., Pechlivanidis, I., Messori, G., Khatami, S., Mazzoleni,
M., & Di Baldassarre, G. (2023). Advances and gaps in the science and practice of impact-based forecasting of
droughts. WIREs Water, e1698. https://doi.org/10.1002/wat2.1698

SHYROKAYA ET AL. 19 of 19

 20491948, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1698 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [06/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1029/2022GL098700
https://doi.org/10.1016/j.jag.2021.102418
https://doi.org/10.1108/IJCCSM-07-2019-0042
https://doi.org/10.1038/s41559-021-01551-8
https://doi.org/10.1002/wat2.1698

	Advances and gaps in the science and practice of impact-based forecasting of droughts
	1  INTRODUCTION
	2  THE EVOLUTION OF THE EMERGING FIELD OF IbF OF DROUGHTS
	3  SEVEN CHALLENGES AND LIMITATIONS FACING THE IbF OF DROUGHTS AND THE WAY FORWARD
	3.1  Contextual challenge: Account for multi-sectoral, spatially heterogeneous, and dynamic vulnerability and exposure
	3.2  Human-water feedbacks challenge: Consider how human activities influence the propagation of drought
	3.3  Typology challenge: Avoid oversimplification of drought typology to meteorological drought
	3.4  Model challenge: Go beyond mainstream ML approaches to establish functional indicator-impact relationships, focusing o...
	3.5  Data challenge: Standardize impact data collection (agriculture being the exception); moving away from intrinsically b...
	3.6  Sectoral limitation: Overcome sectorial constraint in the scientific literature, which chiefly focuses on agriculture
	3.7  Geographical limitation: Ensure comprehensive geographical coverage: The scientific literature focuses predominantly o...

	4  IMPLICATIONS AND ACTIONS TO IMPROVE IbF DEWS
	5  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	RELATED WIREs ARTICLES
	FURTHER READING
	Notes
	Practical reports
	Scientific papers
	REFERENCES


