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A Multivariate Flash Drought Indicator for Identifying Global
Hotspots and Associated Climate Controls
Sourav Mukherjee! and Ashok Kumar Mishra!

!Glenn Department of Civil Engineering, Clemson University, Clemson, SC, USA

Abstract The significant impact of flash droughts (FDs) on society can vary based on a combination of
FD characteristics (event counts, mean severity, and rate of intensification), which is largely unexplored. We
employed root-zone soil-moisture for 1980-2018 to calculate the FD characteristics and integrated them to
formulate a novel multivariate FD indicator for mapping the global FD hotspot regions. The potential influence
of climate characteristics (i.e., anomalies, aridity, and evaporative fractions) and land-climate feedbacks on

the evolution of multivariate FD indicator is investigated. Our results indicate that precipitation is the primary
driver of FD evolution, while the effect of temperature, vapor pressure deficit, and land-climate interaction
varies across the climate divisions after the onset of the events. The magnitude of multivariate FD indicator
decreases with increased climate aridity, and it is significant in the global humid regimes, underscoring the
importance of water and energy supply as limiting factors regulating FD-risk.

Plain Language Summary Flash drought (FD) can significantly impact multiple sectors (e.g.,
agriculture, economy, and environment) very rapidly. Previous studies focused on a subset of FD characteristics
at a time and over confined locations. In the light of such diversification, this study, for the first time, explored
the most dominant climate controls of global FDs using an integrated approach that combines the FD
frequency, severity, and intensification rates into a composite indicator. The results highlight the critical FD
hotspots for prioritization and intervention. The key findings strengthen our perspective on FDs by improving
our knowledge of the underlying physical processes and essential drivers across different climate divisions

and ecosystems. The findings can be further extended to explore the combined influence of seasonality and
magnitude of climate variables and develop suitable mitigation strategies to minimize the impact of FD events.

1. Introduction

Drought is a creeping phenomenon that slowly evolves over time and gradually spreads over large geographical
areas resulting in significant environmental and socio-economic impacts (Mishra & Singh, 2010; Mukherjee
et al., 2018; Wilhite, 1993). However, a substantial number of drought events are characterized by rapid intensi-
fication over a short period, sustaining over a few days to weeks. This rapid intensification is triggered by a com-
plex interaction between sharply elevated atmospheric demand, limited soil moisture, and abruptly higher than
usual temperatures, a phenomenon termed “flash drought” (FD) (Christian et al., 2020; Mo & Lettenmaier, 2016;
Otkin et al., 2018; Svoboda et al., 2002). FD events are generally unforeseen and difficult to predict, which is
why they end up causing devastating socio-economic impacts (Ford & Labosier, 2017; Jin et al., 2019; Mallya
etal., 2013; Otkin et al., 2016). The coevolution of highly anomalous meteorological (e.g., precipitation and tem-
perature) conditions relative to the climatological mean and the background state (e.g., aridity) of the region serve
as key precursors for the onset and propagation of FDs (Apurv & Cai, 2020; Mo & Lettenmaier, 2015; Otkin
et al., 2018; Pendergrass et al., 2020; L. Wang et al., 2016). Besides, the abrupt transition from an energy-limited
to a water-stressed state (Seneviratne et al., 2010) can create favorable conditions for the onset of these events.

Many regional studies have reported increased FD occurrences and intensification across the humid, sub-hu-
mid, and semi-arid evaporation regimes of significant regions, such as China and the United States (Anderson
et al., 2016; Christian et al., 2019; Mo & Lettenmaier, 2016; Nguyen et al., 2019; Otkin et al., 2016; Yuan
et al., 2018). Recent FD-related studies have also investigated how the onset and propagation of these events are
associated with natural climate variability (Mahto & Mishra, 2020; L. Wang et al., 2016) or anthropogenic warm-
ing (Yuan, Zheng, et al., 2019). The FD events can be different based on their characteristics (e.g., frequency, se-
verity, and rate of intensification), and as a result a composite metric can better characterize FDs. Previous studies
mostly used a single FD characteristic which may underestimate the FD impact assessments and identification of
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vulnerable regions (Anderson et al., 2016; Christian et al., 2019; Ford & Labosier, 2017; Mahto & Mishra, 2020;
Otkin et al., 2016, 2018). Furthermore, land-atmosphere interaction plays an important role in the occurrence and
modulation of droughts (Berg & Sheffield, 2018); however, its role in the evolution of FD remains unexplored.
Such interactions are often evaluated based on the covariance of soil moisture with surface temperature via the
surface turbulent energy fluxes, known as soil-moisture temperature coupling strength, helpful for explaining
drought intensification in the context of the coupled soil-atmosphere system (Berg et al., 2014; Berg & Shef-
field, 2018; Hirsch et al., 2014; Miralles et al., 2012; Seneviratne et al., 2010). This provides a unique opportunity
to assimilate the sub-indicators of FD characteristics into a composite metric for identifying the hotspots of FDs,
and subsequently investigate the development of FDs in response to the regional climate controls and land-cli-
mate interactions, neither of which is explicitly nor sufficiently reported in the literature.

The primary goal of this study is to develop a novel multivariate FD indicator, and subsequently identify global

hotspots and to investigate further the potential role of climate and surface energy partitioning on the evolution

of FD events. Specifically, we aim to answer the following questions: (a) what are the FD hotspots based on a
multivariate FD indicator (MFDI) that combines the essential characteristics (or variables) of FD events (e.g.,
frequency, severity, and rate of intensification)? (b) how does the regional hydroclimatic forcing impact the evo-
lution of FDs for the hotspot locations and across the 26 IPCC-ARS climate divisions? And (c) what is the effect
of surface energy partitioning on the FDs as well as on the MFDI? The rest of the paper is structured as follows.
Section 2 describes the data and methodology applied in the study. Section 3 provides results and discussion,
followed by a conclusion in Section 4.

2. Methods
2.1. Data

Root-zone soil moisture (RZSM) was derived from hourly data obtained for the three soil-layers (layer 1: 0-7 cm,
layer 2: 7-28 cm, layer 3: 28—-100 cm) from the European Center for Medium-Range Weather Forecasts Reanal-
ysis 5 (ERAS) for the period, 1980-2018. Other daily variables, such as total precipitation (Pr), minimum and
maximum temperature (7, and Ty, ), surface pressure (Pg,y), actual evaporation (Ev), and potential evaporation
(Ep), are similarly derived from ERAS. These climate variables, along with vapor pressure deficit (VPD) and
soil-moisture temperature coupling (denoted as pi), are converted to their pentad (5-day) mean and used to in-
vestigate the regional effect of hydroclimate variable on FDs globally and across the hotspot climate divisions. A
brief discussion on the calculation of VPD and pi is provided in Text S1 and S2 in the Supporting Information S1.

2.2. Flash Drought Identification Methodology

FD events are identified based on pentad (5-day) mean RZSM using the methodology proposed by Yuan, Zheng,
et al. (2019). The methodology combines the criteria of rapid decline in RZSM and dry persistency. In this meth-
od, the detection of FD is employed based on the following three criteria (Yuan, Zheng, et al., 2019):

1. The pentad mean RZSM decreases from above 40th percentile to below 20th percentile, with an average de-
cline rate of no less than 5% in RZSM percentiles for each pentad.

2. The FD is considered to have terminated if the declined RZSM rises to 20th percentile again. These two cri-
teria determine the onset and termination stages of an FD event.

3. The drought should last for at least 3 pentads (15 days).

The first two criteria describe the onset and termination of an FD event. The 40th percentile indicates no drought

conditions and is consistent with the drought classification system suggested by the United States Drought Mon-
itor (USDM). The use of 20th percentile excludes events that last longer than 3—6 months, which should be
regarded as seasonal droughts instead of FDs. The third criterion is the minimal duration of the FD episodes,

which eliminates those events that last no longer than 10 days, therefore, likely to have almost no potential impact.

2.3. Calculation of FD Severity and Intensification

The FD identification methodology (Yuan, Zheng, et al., 2019) implemented in this study can capture rapid
changes in drying, which directly relates to vegetation health and high sensitivity toward the termination of
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drought events from rain. However, the existing methodology does not provide a direct metric for calculating the
FD intensity and severity. Therefore, we extend the existing methodology to calculate FD severity and rate of
intensification (referring to the speed or flashiness) as explained below:

—_

. FD severity
The severity of FD events is calculated as the difference in RZSM percentiles between the initiation and ter-

mination pentads of FD events (see Figure S1 in Supporting Information S1 for illustration).
FED intensification rate
The rate of intensification is calculated as the average rate of depletion (RD) of RZSM (in percentiles) consid-

2

ering all pentad-to-pentad changes (%) starting from the initiation until the termination of the FD events (see
Figure S1 for illustration) given as,

d
X rdi 1)
d

RD =
where, rd; = (RZSM,»_I—RZSM,»
RZSM;_,
RZSM,; denote the RZSM percentile at the ith pentad. The FD events are thus classified into mild (RD < 20%
per pentad), severe (20% < RD < 30% per pentad), extreme (30% < RD < 40% per pentad), and exceptional
(RD > 40% per pentad) events based on the magnitude of RD. This classification is similar to the one applied
by Christian et al. (2019).

) % 100, d = duration of FD event expressed as the number of pentads, and

2.4. Calculation of Multivariate Flash Drought Indicator

The socio-economic impact of drought can vary based on its multivariate characteristics such as drought frequen-
cy, severity, and intensity (Rajsekhar et al., 2015). Thus, a comprehensive approach is recommended to combine
these multivariate characteristics in a unique metric to assess the potential impact of FDs. In this study, we used
the Mazziotta-Pareto Index (MPI; De Muro et al., 2011) method to calculate a multivariate FD indicator (-).
MPI is a non-linear composite index method that transforms a set of individual indicators considered “non-sub-
stitutable,” meaning all components must be “balanced” in standardized variables. Here, the MFDI represents the
magnitude by which a region is affected by FDs, whose dimensions are built by integrating normalized dimen-
sions of three FD characteristics: (a) total FD event counts, (b) mean severity, and (c) average rate of intensifica-
tion across the global grid-locations. The magnitude of MFDI increases with the individual increases in any of
the subset characteristics, suggesting a positive association with the vulnerability of a region to FDs. -

The MPI methodology first employs normalization of variables (referring to the normalized dimensions of FD
characteristics) which are finally integrated using an arithmetic mean adjusted by a penalty coefficient related
to the variability of each unit. Here, units refer to the grid locations across the global land area. Particularly, this
method applies the coefficient of variation as a penalty and has been useful for formulating robust composite
indicators for various real-world applications (Greco et al., 2019; Mazziotta & Pareto, 2016). The calculation of
MFDI using the MPI method (De Muro et al., 2011) can be formalized in two steps as explained below:

1. Normalization
Let X = {x;} be the matrix with n rows (representing the number of global 0.5° X 0.5° grid-locations or units)
and m columns (here representing subsets of FD characteristics, e.g., total FD counts, mean severity, and mean
RD) and, the standardized matrix, Z = {Z;} is then given as,

(x[j - ij) 1

Zjj = 100 + (2)

Xj

where Z is transformed using a common scale with mean = 100 and standardized deviation = 10, My; and Sy;
denote the mean and the standard deviation of the(jth indicator given as,

MUKHERJEE AND MISHRA

3of11


Phan Van Tan

Phan Van Tan

tanpv

tanpv

tanpv

tanpv

tanpv

tanpv

tanpv

tanpv

tanpv

tanpv

tanpv

tanpv

tanpv

tanpv

tanpv

tanpv

Phan Van Tan

Phan Van Tan


~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL096804

D Xij izt Cxij = M, )’
M, ==—"—"—; S, = v _
/ n / n

The sign + depends on the relation of the jth indicator with the MEDI In this study, we used a positive sign
following the positive association between FD counts, severity, and intensification rate with the MFDI.

2. Aggregation

Let cv; be the coefficient of variation for the ith unit:

S,
cu = M., 3
where M, = %, S;, = Zjo G=Me)”
Then, the generalized form of MPI is given by:
MPIY™ = M,(1 £ cv?) = M, + S-,cu, “)

where the sign of the penalty (the product S, cv;) depends on the kind of phenomenon to be measured and the
association of individual indicators with the phenomenon. In this study, the indicators are ‘‘increasing’’ or
“‘positive’’, that is, increasing values of the indicator (or FD characteristics) correspond to positive variations
of the MFDI or the potential effect of FDs. Therefore, we used M PI- to calculate the values of MEDI. It is
important to note that the drought indices can be derived in different ways, and these indices can be compared

by standardizing the time series. There are different concepts available for standardizing composite indica-
tors, including aggregation and weighting schemes (Greco et al., 2019; Mazziotta & Pareto, 2016; Mukherjee
et al., 2021). In this study, we use a common scale with mean = 100 and standardized deviation = 10, as indi-
cated by Equation 2, such that the values of MFDI fall approximately in the range (70; 130). Subsequently, an
MEFDI value exceeding 100 (the standardizing mean) is used to indicate the hotspot location of FDs across the
globe. In other words, the hotspots of FDs are identified based on the locations where the MFDI values exceed
the standardizing mean of 100.

3. Results and Discussion
3.1. Global Hotspots of Flash Drought

We investigated global hotspots of FD based on the magnitude of MFDI across the global grid-locations (or units;
see Section 2) considering the 1980-2018 period. As such, a higher magnitude of MFDI over a given location
in a climate division indicates that FD events are relatively more frequent, severe, and flashy in the region, and
thus can be considered as one of the hotspot locations of FD. Figure 1 illustrates the spatial distribution of MFDI
for the globe and across the 26 IPCC-ARS climate divisions. Due to the normalization scheme employed in this
study (as demonstrated by Equation 2 in Section 2), a particular location with MFDI magnitude greater than 100
is considered as a hotspot.

Based on the magnitude of MFDI (Figure 1a), hotspots of FDs are apparent in many parts of Central and East-
ern North America (CAN and ENA), Amazon (AMZ) basin and Southern and Western South America (SSA
and WSA), Southern, Southeastern, and Eastern Asia (SAS, SEA, and EAS), and Central and Northern Europe
(CEU and NEU). Majority of these climate divisions show MFDI magnitude greater than 100. These 10 climate
divisions show relatively higher magnitude of mean MFDI greater than 100 as illustrated by the boxplots in Fig-
ure 1b, with Eastern North America noted as the most affected climate division.

The hotspots illustrated in the spatial map of Figure 1a closely match with the spatial distribution of relatively
higher FD count, mean severity, and RD as noted in Figure S2 in Supporting Information S1. This is also sug-
gested by the shaded 3D-scatter plot in Figure 1b that illustrates the positive association between the individual
FD characteristics and the MFDI based on the global grid locations. More importantly, the hotspot locations are
in close agreement with regional spatial pattern of higher FD frequency reported in previous studies, such as
across the humid regions of Eastern North America (Ford & Labosier, 2017), and Eastern China (Yuan, Zheng,
et al., 2019).
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Figure 1. (a) Spatial map showing the hotspot locations based on the MFDI evaluated for the global grid-locations for the period, 1980-2018, (b) 3D scatter plot
showing the association between the total FD event counts, mean severity, rate of depletion (RD) of RZSM and MFDI for the global grid-locations, and (c) boxplots
showing the spatial distribution of MFDI across the 26 IPCC-ARS climate divisions, arranged in ascending order (from left to right) of the mean MFDI magnitude.

3.2. Effect of Regional Climate on Flash Drought Evolution

Droughts are primarily triggered by climatic perturbations such as abnormal precipitation and temperature varia-
tions (Hanel et al., 2018; Ionita et al., 2017; Konapala et al., 2020), an abrupt rise in atmospheric evaporative de-
mand (Vicente-Serrano et al., 2020), and positive land-atmospheric feedback loops (Gevaert et al., 2018; Kumar
et al., 2020; Miralles et al., 2012). These climate fluctuations are a sub-set of anticyclonic conditions that inhibit
low-level moisture convergences (Mukherjee et al., 2020) at different spatial and temporal scales. More impor-
tantly, these climate anomalies often have a cascading effect on the rapid intensification of evaporative stress and
soil moisture depletion leading to more favorable conditions for the onset and propagation of FDs.

We adopted a holistic approach to investigate the climate versus FD dynamics in the context of the evolution
of FD events for the 26 climate divisions. We selected pentad mean of daily total precipitation (Pr), maximum
2m air temperature (71,,x), VPD, and soil-temperature coupling strength (pi; Miralles et al., 2012; Seneviratne
et al., 2010) for total nine pentads, five pentads before, during, and three pentads after the initiation of FD event.
The standardized anomalies of each of these variables are then derived with respect to their climatological pen-
tad mean (for the 1980-2018 period). Figures S3—S6 in Supporting Information S1 illustrate the spatiotemporal
distribution of the mean standardized anomalies corresponding to the selected pentads. The temporal variation
of the distribution of these anomalies is further demonstrated as boxplots for the 26 climate divisions in Figure 2
and Figure S7 in Supporting Information S1 for the selected four pentads, starting from the initiation of the events
(denoted by pentad number zero). To preserve all information related to the regional climate effects, the boxplots
are derived based on all events and every grid location located within a given climate division.

The results suggest a cascading effect of key regional hydroclimatic forcings on FDs (Figure 2 and Figures S3-S7
in Supporting Information S1). The spatial maps suggest that no significant anomalies of the selected variables
(Pr, Tpx, VPD, and pi) are noted during pentad —5 to —1 before the onset of the FD events (Figures S3—-S6 in
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Figure 2. Effect of hydro-meteorological forcing, pi, Pr, T},.x, and VPD on FD evolution for top 10 most affected climate divisions.

Supporting Information S1). On the other hand, the significant positive (7., VPD, and pi) and negative (Pr)
anomalies usually appear during the evolution of the FD events, that is, after the onset of the events (at pentad
number zero). The boxplots in Figure 2 and Figure S7 in Supporting Information S1 further reinforce these find-
ings on the regional scale.
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The values of Pr anomalies progressively and rapidly decrease as the event progresses after the initiation of the
drought for all climate divisions. Pr exhibit the most dominant effect on the depletion of RZSM during the FD
evolution across all climate divisions. Interestingly, the positive effect of Tmax is significantly substantial in all
climate divisions, except for Eastern North America (ENA), and Northern and Central Europe (NEU and CEU),
CGI, and ALA. Similarly, Northern and Central Europe (NEU and CEU), ALA, and CGI exhibit no effect of
VPD on FDs, while a significant positive effect of VPD is notable in all other climate divisions. FD evolution is
found to be significantly associated with pi in Central North America (CAN), East Asia (EAS), and other climate
divisions such as CAM, NAU, NAS, TIB, WAS, WNA, ALA, and CGI. Relatively stronger positive effect of
soil moisture-temperature coupling in one of the hotspots, Central North America, can be linked explicitly to
the more extended soil-moisture memory and general drought characteristics in the Great Plains regions (Livneh
& Hoerling, 2016). Overall, our results are in close agreement with regional studies specific to FD that suggest
a similar spatio-temporal pattern of climatic forcings specific to FD onset and evolution (Christian et al., 2020;
Ford & Labosier, 2017).

3.3. Effect of Surface Energy Partitioning

Climate anomalies and surface energy fluxes significantly control the hydrological cycle and global water
availability (Beltrami & Kellman, 2003; Entekhabi et al., 1996; Forzieri et al., 2020; Hao et al., 2018; Ionita
et al., 2017; Konapala et al., 2020). The complex mechanism responsible for the intensification of drought is po-
tentially dependent on the background aridity and type of evaporation (energy or water-limited) regime (Forzieri
et al., 2020; Mukherjee & Mishra, 2021; Su et al., 2021). Specifically, different evaporation regimes have distinct
surface energy partitioning, governed by climate aridity, that affects soil evaporation in the energy-limited and
water-limited regimes with varying complexity (Berg et al., 2014). Therefore, the type of evaporation regime can
significantly control the FD frequency, severity and rate of intensification individually, and MFDI, that integrates
all these information.

We investigate the potential influence of climate aridity and evaporative fraction on the occurrence of FD events.
Climate aridity is evaluated based on the aridity index (Al), calculated as a ratio of the mean annual Ep to Pr (see
Text S3 in the Supporting Information S1). Based on the Al the global land areas are then divided into humid,
sub-humid, and semi-arid regions (UNEP & Thomas, 1992). In this study, the semi-arid and sub-humid regimes
are classified as transitional regimes, indicating the regions that fall within the arid (Al > 5) and humid (Al < 1.5)
evaporation regimes. The humid and transitional (sub-humid and semi-arid) evaporation regimes are presented
in Figure 3a. Evaporative fraction is calculated as a ratio of mean annual Ev to Pr, and dashed lines in Figure 3b
represent the energy and water limits. In addition, the potential effect of humid and transitional evaporation re-
gimes on the variation of MFDI is also examined (see bold black line in Figure 3b). The gridded MFDI values
are averaged across the grid-locations falling within incremental bins of 0.25 intervals of climate aridity (ranging
from O to 5). Investigating such variation of MFDI is expected to associate the potential role of climate aridity on
the integrated FD characteristics (frequency, severity, and rate of intensification). Only FD events that exhibit an
exceptionally high rate of intensification (RD > 40% per pentad; see Section 2), capable of causing significant
socio-economic losses, are considered in the analysis.

The shaded scatterplots indicate that a significant number of events occurred in the grid-locations encompassed
within the humid evaporation regimes (energy-limited with climate aridity <1.5) as compared to the transitional
evaporation regimes (1.5 < climate aridity < 5). Even the number of FD events decreases within the transitional
regime with a shift from sub-humid to semi-arid regimes between climate aridity values 1.5-5. However, evap-
orative fractions do not show any dominant effect on the FD occurrences. A similar variation is noted for the
MFDI that shows a peak value of 106.5 for humid regimes and exhibits a steady decrease up to less than 100 as
the climate aridity decreases continuously from the humid to the transitional (semi-arid) regimes. These results
indicate that the FD events, characterized by the exceptional depletion rate of RZSM, are more frequent in the
humid-ecosystems, and their potential effect, defined by the MFDI magnitude, is substantially higher in those
regions.

Overall, such associations can be driven by the difference in initial RZSM conditions and more extended memory
of soil moisture in wetter regimes (Hagemann & Stacke, 2015; Liang & Yuan, 2021; Seneviratne et al., 2006).
For example, energy-limited and water-limited regimes have different transferability rates of soil temperature
memory that govern the atmospheric persistence, which significantly affects drying rates (Gerken et al., 2019). In
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Figure 3. (a) Spatial map showing the global humid and transitional regimes for the globe based on values of climate aridity,
and (b) effect of surface energy partitioning -- shown by scatterplots of event counts with average rate of depletion (RD) of
RZSM of at least 40% per pentad (exceptional intensification rate) corresponding to the grid-locations with given climate
aridity (shown in x-axis), and evaporative fraction (left y-axis). The solid black line indicates the MFDI values (shown in right
y-axis) averaged across the grid-locations falling within incremental bins (at intervals of 0.25) of climate aridity ranging from
0 to 5 (as shown in the x-axis).

addition, variations in climate controls can also be linked to the difference in the variation of ecosystem functions,
such as water-use efficiency, that are primarily governed by surface energy partitioning between water-limited
and energy-limited regimes (Roderick & Farquhar, 2011; Yang et al., 2016).

4. Conclusion

A comprehensive analysis of FDs is performed in this study to identify the hotspot locations and enhance the
scientific understanding of the climate versus FD dynamics globally and across the 26 IPCC-ARS climate divi-
sions for the period 1980-2018. We developed a novel multivariate flash drought indicator (MFDI) by integrating
three FD characteristics (total FD counts, mean severity, and average rate of intensification) for the global grid
locations. The MFDI is utilized to generate a global map for the hotspot location and the most affected IPCC
AR-5 climate divisions.

The results from the study suggest potential hotspot locations across majority of Central and Eastern North
America, Amazon basin and Southern and Western South America, Southern, Southeastern, and Eastern Asia,
and Central and Northern Europe. Our analyses provide evidence that climate variables, such as precipitation,
temperature, VPD, and soil-moisture temperature coupling, have a varying and cascading (or sequential) impact
on regional FD evolution. While precipitation plays the most dominant role in all climate divisions, Tmax and
VPD are prominent across most hotspot locations except for Central and Northern Europe. On the other hand, a
considerable effect of soil moisture-temperature coupling strength (pi) is only noted in Central North America
and East Asia. The surface-energy partitioning revealed dominant control of climate aridity on the occurrence
of exceptionally intense FD events. We found that FD events with exceptional intensification rates (i.e., average
rate of pentad-to-pentad RZSM depletion > 40%) are more frequent in the humid regimes than the sub-humid
and semi-arid regimes. These higher intensification rates are primarily driven by the difference in initial RZSM
conditions and more extended memory of soil moisture in wetter regimes (Hagemann & Stacke, 2015; Liang &
Yuan, 2021; Seneviratne et al., 2006).
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Opverall, identifying global-scale FD hotspots will provide valuable information to policymakers, experts, and
stakeholders dealing with agriculture sectors and ecosystems services in different parts of the world. Leveraging
the hotspot-specific information to identify the critical regional and climatological drivers reveals which precur-
sors should be given more weightage for developing forecasting tools to minimize the impact of FDs on different
socio-economic sectors. The new information gained in this study can be further extended to formalize multi-haz-
ard risk assessment and prevailing vulnerabilities of exposed ecosystems. Some limitations of the study include
the simplicity of the MPI methodology. Although it is fairly adjusted to account for the imbalance among the
indicators with its “penalty” component (Greco et al., 2019; Mazziotta & Pareto, 2016), more attention is needed
on the aggregation of FD characteristics. The scientific understanding of the underlying FD mechanisms can be
further explored by exploring causal linkages between soil moisture memory length, vegetation fluxes, and water
use efficiency of crops, and the coupled changes in magnitude and seasonality of climate variables that can alter
the spatiotemporal distribution of FD characteristics at a global scale. More research is needed for developing
suitable (sub-seasonal) FD forecasting tools and early warnings (Pendergrass et al., 2020) across the FD hotspots.
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