Water Resources Research

RESEARCH ARTICLE
10.1029/2024WR037333

Key Points:

e A multivariate climatology of flash
drought onset and severity is created
for the United States using several
drought indicators

e Flash drought occurrence and severity
varied with season and region and the
indicator used to identify flash drought
events

o The strongest flash droughts when
evaluated using a multivariate
perspective occurred in the central and
southeastern United States

Correspondence to:

J. A. Otkin,
jasono@ssec.wisc.edu

Citation:

Otkin, J. A., Zhong, Y., Ford, T. W.,
Anderson, M. C., Hain, C., Hoell, A., et al.
(2024). Multivariate evaluation of flash
drought across the United States. Water
Resources Research, 60,
€2024WR037333. https://doi.org/10.1029/
2024WR037333

Received 22 FEB 2024
Accepted 5 OCT 2024

© 2024 The Author(s). This article has
been contributed to by U.S. Government
employees and their work is in the public
domain in the USA.

This is an open access article under the
terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

)

Multivariate Evaluation of Flash Drought Across the United
States

Jason A. Otkin'
Christopher Hain®

, Martha C. Anderson®,
, and Hailan Wang’

, Trent W. Ford>
, Mark Svoboda®

, Yafang Zhong'
, Andrew Hoell®

'Cooperative Institute for Meteorological Satellite Studies, Space Science and Engineering Center, University of
Wisconsin-Madison, Madison, WI, USA, llinois State Water Survey, Prairie Research Institute, University of Illinois,
Champaign, IL, USA, *Hydrology and Remote Sensing Laboratory, USDA-ARS, Beltsville, MD, USA, *NASA Marshall
Space Flight Center, Earth Science Branch, Huntsville, AL, USA, SNOAA Physical Sciences Laboratory, Boulder, CO,
USA, ®National Drought Mitigation Center, University of Nebraska-Lincoln, Lincoln, NE, USA, "NOAA Climate
Prediction Center, College Park, MD, USA

Abstract This study uses the flash drought intensity index (FDII) to develop a multivariate flash drought
climatology for the contiguous U.S. using data from 2001 to 2021. The FDII method uses the rate of
intensification (FD-INT) and subsequent drought severity (DRO-SEV) to determine when a flash drought
occurred and the strength of the event. Overall, the results showed that flash drought occurrence and severity
varied with season and region and were sensitive to the drought indicator used to compute the FDII.
Precipitation-based indicators identified more flash droughts across the western U.S. whereas soil moisture
(SM) and evapotranspiration indicators identified more flash droughts across the central and eastern U.S. When
assessed over the entire U.S., the most flash droughts were found when using an evaporative demand indicator.
Though FD-INT was larger than DRO-SEV across the U.S. for most indicators, regional patterns were also
evident in their relative importance. For example, a distinct east-west gradient was present in the SM and
evapotranspiration FD-INT, with relatively large values in the central and eastern U.S. A combined data set
synthesizing information from multiple indicators showed that the strongest flash droughts from a multivariate
perspective were located in the central and southeastern U.S. A seasonal analysis revealed a distinct seasonal
cycle in flash drought onset across the western and central U.S. Together, the results illustrate the need to use a
multivariate framework to identify and characterize the occurrence and severity of flash droughts.

Plain Language Summary Flash droughts are characterized by rapid intensification leading to
sustained drought conditions that impact natural and human ecosystems. This study used several drought
monitoring data sets to develop a multivariate flash drought climatology for the contiguous U.S. that captures
both when flash droughts occur and their severity. Overall, the results revealed that flash drought occurrence and
severity varied with season and region and were sensitive to the indicator used to characterize these events.
Precipitation-based indicators identified more flash droughts across the western U.S. while SM and
evapotranspiration indicators identified more flash droughts across the central and eastern U.S. When assessed
over the entire U.S., the most flash droughts were identified when using an indicator of evaporative demand. A
combined indicator that synthesizes information from multiple indicators showed that the strongest flash
droughts were located in the central and southeastern U.S. A seasonal analysis revealed a distinct seasonal cycle
in flash drought occurrence across the western and central U.S. Together, the results illustrate the need to use a
multivariate analysis framework to identify and characterize the severity of flash droughts.

1. Introduction

Flash droughts have garnered substantial research interest during the past decade given their large impacts
(Christian et al., 2024). These events are characterized by unusually rapid intensification over a short period of
time relative to climatological expectations for a given location and time of year (Otkin et al., 2018, 2022;
Svoboda et al., 2002). Conceptually, flash droughts reside at the intersection of rapid intensification (e.g., the
“flash” component) and the presence of insufficient water resources to meet the needs of the natural or human
environment (e.g., the “drought” component). This combination of factors differentiates flash droughts from short
periods of dry weather that do not lead to drought and from conventional droughts that develop more slowly.
Lisonbee et al. (2021) note that many quantitative definitions have been developed to detect flash droughts based
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on variables depicting anomalies in atmospheric or land surface conditions. Most definitions have been designed
to identify flash droughts using a set of thresholds requiring a minimum rate of intensification over a specified
period of time (Chen et al., 2019; Christian et al., 2019; Ford & Labosier, 2017; Li et al., 2020; Liu et al., 2020;
Mishra et al., 2021; Nguyen et al., 2019; Noguera et al., 2020; Osman et al., 2021; Parker et al., 2021; Pendergrass
et al., 2020). Because such definitions only account for one of the factors described above (rapid intensification),
Otkin et al. (2021) developed the flash drought intensity index (FDII) to account both for the rapid rate of
intensification and the subsequent drought severity (DRO-SEV). The FDII is useful for characterizing flash
droughts because it provides a more complete measure of their severity than existing methods that only consider
the rate of intensification.

Flash drought is a compound climate event (Zscheischler et al., 2018) characterized by multiple meteorological
drivers and environmental impacts that may cascade with time. Rapid drought intensification is more likely to
occur when high temperatures, low relative humidity, strong winds, and sunny skies combine to enhance at-
mospheric evaporative demand (Otkin et al., 2013). Rapid moisture depletion can occur at the land surface due to
increased transpiration from vegetation and insufficient rainfall to replenish soil moisture (SM). Koster
et al. (2019) has shown that large precipitation deficits are an important driver of flash drought; however, flash
droughts can also develop with near normal precipitation if the evaporative demand is large (Christian
et al., 2021). Variables such as SM, evapotranspiration (ET), vegetation health, evaporative demand, and pre-
cipitation are typically used to identify flash droughts (Lisonbee et al., 2021) because they capture the primary
drivers and impacts associated with these events. Otkin et al. (2022) noted that flash drought monitoring tools
should include multiple meteorological and land surface variables, such as those listed above, to promote a more
comprehensive assessment of flash drought evolution in space and time. They also noted that it could be
beneficial to generate a measure of consensus regarding the presence and severity of flash drought using multiple
variables. In a comparison of flash drought indicators representing a variety of definitions and processes, Ford
et al. (2023) found that no single indicator consistently performed the best at identifying flash drought events
across the U.S. The regional sensitivity of their results to the indicators being used supports the argument for using
a multivariate framework to monitor flash droughts.

In this study, we use a modified version of the FDII and a set of commonly used drought monitoring indicators to
assess flash drought characteristics across the contiguous U.S. Because a single indicator is unable to represent all
aspects of a flash drought, we assume that each indicator represents a version of the truth and that together they
can be used to more comprehensively evaluate flash drought characteristics (Osman et al., 2021). A convergence
of evidence approach can be used to provide greater confidence of flash drought hot spots, as well as the severity
and seasonality of flash drought. The occurrence of many noteworthy flash droughts around the world in recent
decades (e.g., Christian et al., 2020; Hoell et al., 2020; Hunt et al., 2021; Liang et al., 2023; Nguyen et al., 2021;
Otkin et al., 2016; Parker et al., 2021; Wang & Yuan, 2021) and the potential for flash droughts to become more
common due to climate change (Christian et al., 2023; Mahto & Mishra, 2023; Yuan et al., 2023) demonstrate the
need to continue to expand our knowledge of this important climate phenomenon. The paper is organized as
follows. The drought indicators are described in Section 2 and then the FDII is described in Section 3. Results are
shown in Section 4, with a discussion in Section 5, and the conclusions and future work described in Section 6.

2. Drought Monitoring Indicators

Many indicators have been used to assess the characteristics of flash droughts. These indicators are broadly
categorized as representing SM, evaporative demand, ET, precipitation, and expert analyses such as the United
States Drought Monitor (USDM; Svoboda et al., 2002). For this study, at least one indicator from each category,
along with a multivariate indicator that combines information from these indicators, are used to detect and
characterize flash drought events. Each indicator is described in greater detail in this section. The drought in-
dicators chosen for this study are selected based on their widespread use in previous flash drought studies and
their availability for operational drought monitoring purposes. The study area covers the contiguous United States
(Figure 1).

2.1. Soil Moisture

SM conditions in the 0—40 cm layer are represented using the Noah land surface model (Barlage et al., 2010; Ek
etal., 2003; Wei et al., 2013) that is part of the second North American Land Data Assimilation System (NLDAS-
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Figure 1. Map showing the study area over the contiguous United States. The

2; Xia et al., 2012). This layer was chosen as a compromise between the fast,
but potentially noisy, response of topsoil moisture (0—10 cm) to precipitation
and the slower evolution of SM when evaluated over deeper layers (0—
200 cm). Hourly SM with 0.125° horizontal resolution from 1979 to 2021

were used to create 28-day averages at weekly intervals and then standardized
SM anomalies with a mean of zero and standard deviation of one were
computed using these averages. Data from the Noah model was chosen

because prior studies (Ford & Quiring, 2019; Xia et al., 2012) have found that
it has high fidelity with in situ SM observations. A 28-day period was used to
compute anomalies in SM (and all other variables) to lessen the impact of
wetting/drying cycles associated with small rainfall events that can make it

geographic extent of the 2012 flash drought case study in Section 4.1 is challenging to use shorter averaging periods such as pentads to detect flash
indicated by the dashed lines whereas the solid lines depict the boundaries of droughts.
the six regions used in the regional analysis in Section 5.

2.2. Evaporative Demand Drought Index

Anomalies in atmospheric evaporative demand are represented using the

Evaporative Demand Drought Index (EDDI; Hobbins et al., 2016). EDDI is a
nonparametric method that estimates evaporative demand via the Penman-Monteith equation and an inverse
normal approximation to derive the probability distribution at a grid point. Positive (negative) values indicate that
the evaporative demand is above (below) the climatological median for a given location, averaging period, and
time of year. For this study, 28-day EDDI anomalies covering the contiguous U.S. with 0.125° resolution were
obtained from the NOAA Physical Sciences Laboratory (https://psl.noaa.gov/eddi/). This version of EDDI es-
timates evaporative demand using data from NLDAS-2, with the standardized anomalies computed using data
from 1979 to 2015.

2.3. Evaporative Stress Index

The Evaporative Stress Index (ESI) is an ET-based drought monitoring tool that represents standardized
anomalies in reference ET fraction (ET/ET,.;), where the Atmosphere Land Exchange Inverse (ALEXI; Anderson
etal., 1997,2007a, 2007b) model is used to estimate actual ET and ET,;is computed using the Penman-Monteith
equation (Allen et al., 1998). Use of a reference ET limits the influence of non-soil-moisture drivers of ET, such as
solar radiation or the seasonal cycle in evaporative demand, thereby leading to more useful information about SM
impacts on plant health. ALEXI estimates the latent, sensible, and ground heat fluxes using the Norman
et al. (1995) two-source energy balance model and land surface temperatures from satellite infrared imagery. The
total surface energy budget for a given satellite pixel is estimated using the increase in land surface temperature
during the morning when the planetary boundary layer is actively growing. Because thermal-based ET retrievals
can only be computed when skies are clear, daily clear-sky ET estimates are composited over multi-week periods
to obtain more complete coverage (Anderson et al., 2007b). For this study, 28-day ESI anomalies covering the
contiguous U.S. with 0.125° spatial resolution are computed each week using data from 2001 to 2021.

2.4. Precipitation Indicators

Departures in precipitation and near-surface water balance were assessed using existing daily gridded 30-day
Standardized Precipitation Index (SPI; McKee et al., 1993) and Standardized Precipitation Evapotranspiration
Index (SPEI; Vincente-Serrano et al., 2010) analyses available from gridMET (Abatzoglou, 2013), which is a
hybrid observational data set that combines input from the NLDAS and Parameter-elevation Regressions on
Independent Slopes Mode (PRISM; Daly et al., 2008) data sets. The SPI is computed using precipitation data
whereas the SPEI accounts for both precipitation and temperature by assessing differences between precipitation
and reference ET. The SPI and SPEI were standardized using data from 1979 to 2022. This study uses SPI and
SPEI analyses at weekly intervals that were upscaled from their native 4-km resolution to the 0.125° resolution
grid used by the other indicators. A negative (positive) SPI indicates that the precipitation for a given location was
less (more) than the climatological median precipitation over the 30-day period. Likewise, a negative (positive)
SPEI indicates a 30-day surface water deficit (surplus) relative to climatology for that location and time period.
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2.5. United States Drought Monitor

The USDM is created each week by a team of experts that synthesize numerous inputs such as precipitation,
snowpack or snow water equivalent, SM, crop and range conditions, streamflow, reservoir levels, and local
impacts to produce a best estimate of DRO-SEV (Svoboda et al., 2002). Though the process is designed to be
objective, there is still some subjectivity because only a single DRO-SEV can be assigned at a given location each
week even though there may be differences in DRO-SEV among the various indicators and impact reports being
used. The weekly USDM analyses depict abnormally dry conditions (D0), along with four drought categories
including moderate (D1), severe (D2), extreme (D3), and exceptional (D4) drought, as well as locations that are
free of drought. This study uses weekly USDM analyses updated each Tuesday from 2001 to 2021. It is important
to note that the number of data sets and impact reports used to construct the weekly USDM analyses has changed
during the USDM period of record. Though an improved representation of flash drought has likely occurred
during the past decade because of increased awareness of flash drought, we have chosen to retain the full USDM
period of record because precipitation and temperature, which are important drivers of flash drought, have always
been key inputs to the USDM.

2.6. Combined Flash Drought Indicator

Due to the multivariate nature of flash drought, a combination (COMB) flash drought indicator is also calculated
using the FDII computed separately for the SPI, SPEI, EDDI, ESI, and SM variables (see the next section for a
description of the FDII). The USDM is not included because it is a categorical indicator rather than a continuous
variable. The COMB FDII for a given grid point and week is computed as the mean of the FDII for these five
variables, but is set to zero if only one of the variables indicates flash drought.

2.7. Indicator Standardization

All indicators were standardized to have a mean of 0 and a standard deviation of 1 and then used to compute the
FDII. The indicators are derived using different approaches, both parametric and non-parametric, and these
differences could affect their comparability and their depiction of individual flash droughts or climatological flash
drought characteristics. However, flash drought studies, whether based on historical or projected climate infor-
mation, often use different methods to identify flash drought, even if using the same variable. Likewise, the many
operational products used for national or global drought monitoring have different methods to identify and
characterize drought. Therefore, we acknowledge differences in drought indicator derivation as a caveat to the
study results.

3. Methods
3.1. Flash Drought Intensity Index

The occurrence and severity of flash drought events across the contiguous U.S. from 2001 to 2021 are determined
using the FDII framework introduced by Otkin et al. (2021). Their study characterized flash droughts by tracking
changes in percentiles over pentad (5-day) time scales; however, this study employs a modified version of the
FDII that employs standardized anomalies computed over weekly time steps to align with the weekly cadence of
drought analyses from the USDM. Standardized anomalies are used to characterize the DRO-SEV and intensi-
fication because their unbounded range is better able to represent the magnitude of extreme climate events such as
flash drought (Anderson et al., 2007a, 2007b).

For all data sets, except for the USDM, standardized change anomalies are used to depict how quickly conditions
are changing over various time scales (Otkin et al., 2013). Standardized change anomalies, denoted as Av, are
computed for a given variable by differencing the 28-day (ESI, EDDI, SM) and 30-day (SPI, SPEI) values over 2,
3, ..., 7-week time periods:

(10r2.9) = 00190 = & ZO0r2) = ¥001.)

O-(Wl s WZ)

Av(wy,wy,y) = ) (1
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where v is the variable being time differenced, w; and w, are the 2 weeks used to compute the difference, y is the
year, ny is the number of years, and the denominator is the standard deviation of the differences. By using a range
of time differencing intervals to compute the standardized change anomalies, it is possible to assess drought
intensification rates across various time scales relevant to flash drought development. Large anomalies show that
conditions are rapidly changing relative to average conditions for that location and time of year. Standardizing the
changes rather than simply using raw differences from 1 week to the next means that the method can account for
local variability in drought intensification rates.

As described in Otkin et al. (2021), the FDII includes two components: one that represents the intensification rate
(FD-INT) and another that measures the DRO-SEV. The intensification rate and DRO-SEV components are
computed relative to baseline thresholds that signify the minimum requirements for flash drought. We require a
baseline intensification rate equivalent to a standardized change anomaly of —0.85 (ACHA-BASE) over a 3-week
period (AT-BASE), which means that the changes fall below the 20" percentile of a normal distribution. For the
USDM, we require the equivalent of a minimum 2-category degradation over a 6-week period. These thresholds
were chosen so that only the largest changes are considered to be flash drought, and are consistent with prior
studies (e.g., Nguyen et al., 2023; Pendergrass et al., 2020). The intensification component for a given week and
grid point is computed as:

@

ACHA-BASE\™! /ACHA-OB
FD—INT:(C s) .<C OS)

AT-BASE AT-OBS

where the first term represents the inverse of the baseline intensification rate (which is a constant) and the second
term is the maximum intensification rate determined by searching for the maximum intensification rate during the
previous 2, 3,4, 5, 6, and 7 week periods ending at the analysis time. This process is repeated for each indicator.
By assessing changes over a range of time scales, the FDII framework can better represent the maximum
intensification rate at a given grid point. This flexible analysis framework allows us to identify flash drought
events and assess their severity. When scaled by the baseline intensification rate, the magnitude of the changes
required for an event to be considered a flash drought increase for longer differencing periods, ranging from a
minimum intensification rate of —0.57 standardized change anomalies over a 2-week period to —1.98 stan-
dardized anomalies over a 7-week period. For the USDM, the minimum intensification rate varies from a 2-
category degradation for differencing periods spanning 2-6 weeks to a 3-category degradation for a 7-week
period. For a given variable, FD-INT is set to zero when the temporal change does not exceed the baseline
intensification rate. Figures 2a and 2b show the FD-INT over a range of intensification rates for the continuous
and categorical variables.

After computing FD-INT, the next step is to calculate the DRO-SEV. Similar to Otkin et al. (2021), the average
DRO-SEYV is calculated using data from the 13 weeks after the rapid intensification period ends. This duration
was chosen because flash drought, as a sub-seasonal water resources phenomenon, transitions into longer-term
drought when drought conditions persist beyond 13 weeks. To ensure a similar range of values is possible for
all indicators, slightly different formulas are used for the USDM and non-categorical (e.g., ESI, etc.) indicators.
For the non-categorical indicators, DRO-SEV is computed as:

1 nw
DRO-SEV =1+ > (DRO-BASE — DRO-OBS(n)) 3)
n=1
and for the USDM as:
1 nw
DRO-SEV = ¢ > (DRO-BASE — DRO-OBS(n)) 4)
nw n=1

where nw is the number of weeks, DRO-OBS(n) is the standardized anomaly for week n for the non-categorical
variables or the negative of the drought category for the USDM, and DRO-BASE is the baseline drought
threshold. For the non-categorical variables, DRO-BASE is set to —0.85 (the 20th percentile of a normal dis-
tribution), whereas for the USDM, it is set to O as that corresponds to the abnormally dry (DO0) category. For a
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DCHA_OBS DCHA_OBS
(a) -0.85 [ -1.00 | -1.25 | -1.50 | -1.75 | -2.00 (b) 2
DT_OBS DT_OBS
2 weeks 2 weeks 3.00
3 weeks 1.00 1.18 3 weeks 2.00
4 weeks 0.00 0.00 1.10 1.32 4 weeks 1.50 2.25 3.00 BY/5)
5 weeks 0.00 0.00 0.00 1.06 1.24 5 weeks 1.20 1.80 2.40 3.00
6 weeks 0.00 0.00 0.00 0.00 1.03 1.18 6 weeks 1.00 1.50 2.00 2.50
7 weeks 0.00 0.00 0.00 0.00 0.00 1.01 7 weeks 0.00 1.29 1.71 2.14
FD_INT FD_INT
0 1 2 0 2 4 6 8
DRO_BASE -0.85 DRO_BASE 0
(c) (d)
DRO_OBS -0.85 [ -1.00 | -1.25 | -1.50 | -1.75 | -2.00 DRO_OBS -1 -2 -3 -4

DRO_SEV | 1.00 1.15 1.40 1.65 DRO_SEV | 1.00 1.41 i3

DRO_SEV DRO_SEV
1 15 2 25 1 15 2 2.5

Figure 2. (a-b) Charts showing the variation of the FD-INT term as a function of the observed intensification rate for the
continuous and categorical drought monitoring indicators. AT_OBS and ACHA_OBS denote the time differencing interval
and change in the indicator over that time interval used to compute the observed intensification rate. Combinations that do not
exceed the baseline intensification rate for a given time differencing interval are set to zero. (c—d) Charts showing the
variation of the drought severity (DRO-SEV) term as a function of the observed DRO-SEV averaged over a 13-week period
(DRO-OBS) for the continuous and categorical indicators.

given variable, the observed DRO-SEV must remain below DRO-BASE for a minimum of four consecutive
weeks for the event to be classified as a flash drought. This threshold was chosen to eliminate short periods of
dryness that are unlikely to lead to large impacts on the land surface. If DRO-OBS(n) > DRO-BASE for a given
week, the incremental DRO-SEV for that week is set to 0. By doing this, the DRO-SEV can be assessed over a
longer time frame, with DRO-SEV becoming larger the longer drought conditions persist or the more severe they
become (Figures 2c and 2d).

Finally, the observed intensification rate and DRO-SEYV for a given grid point and week are used to compute the
intensity of the flash drought:

FDII = FD-INT % DRO-SEV 5)

In its current design optimized for climatological flash drought studies, the FDII is both backward and forward
looking because there must be both ongoing rapid intensification and a subsequent period of sustained drought
conditions for it to be nonzero on any given week. This means that the date of the weekly FDII could be assigned
to be either the junction between the individual time periods used to compute FD-INT and DRO-SEV or to be the
end of the time period used to calculate DRO-SEV. Because flash droughts are distinguished by rapid intensi-
fication, we use the junction date because that date corresponds to when rapid intensification is occurring.

4. Results
4.1. 2012 United States Flash Drought Example

The FDII methodology is used in this section to examine the multivariate characteristics of the 2012 U.S. flash
drought (see Figure 1 for study area). Figure 3 illustrates the method by showing the evolution of the FD-INT,
DRO-SEV, and FDII variables computed using SM at bi-weekly intervals from 09 May to 01 August 2012. On 09
May, FD-INT indicates that conditions were rapidly deteriorating across much of the south-central U.S., with
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Figure 3. Evolution of the FD-INT, drought severity, and flash drought intensity index (columns 1-3) computed using the soil moisture (SM) indicator at 2-week
intervals from 09 May to 01 August 2012. The 4-week SM anomalies for each date are shown in column 4.

RIGHTS LI N K 7 of 16

85U8017 SUOWIWIOD 3A 181D 8|qedl|dde 8Ly Aq peusenob a1e ss[one YO ‘8sn Jo Sajn 10} AreiqiauljuQ AB]1M UO (SUONIPUOD-pUR-SLLIBI WD A8 | M AReIq1 Ul |uO//SANY) SUORIPUOD pUe swie | 8y} 88S *[7202/TT/20] uo AkiqiTauliuo A8|iM * UBPO uoser Aq E58/£08MYZ02/620T 0T/I0p/LI0d A8 i Areiqiputjuosqndnfe//sdny wouy pspeojumod ‘TT ‘v202 ‘€26.776T


https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024WR037333&mode=

A

M\I Water Resources Research 10.1029/2024WR037333

ADVANCING EARTH
AND SPACE SCIENCES

Max FDII Time for max FDII

4-WK SM

4-WK ESI

4-WK EDDI

4-WK SPEI

4-WK SPI

COMB

USDM

Max FDII Time(calendar month)

B — ]
0123456789105 6 7 8 9

Figure 4. Maximum flash drought intensity index (FDII) (left column) and
timing of the maximum FDII (right column) for the soil moisture,
Evaporative Stress Index, SPEL, EDDI, SPI, COMB, and USDM indicators
computed using weekly data from 01 May to 18 August 2012.

large FD-INT spreading across a larger region by 06 June. The spatial extent
of FDII is smaller than indicated by FD-INT because drought conditions
(SM < —0.85) had not yet developed in some locations, which illustrates the
importance of requiring drought conditions to be present for it to be
considered a flash drought. The spatial coverage of the FDII was maximized
on 06 June because that date corresponds to when both rapid intensification
and actual drought conditions were most widespread across the region. After
this initial surge of flash drought onset in June, new areas of flash drought
developed further north during July as severe drought became entrenched
across much of the region.

To more closely examine the multivariate characteristics of this event,
Figure 4 shows the magnitude and date of maximum FDII between 01
May and 18 Aug for the SM, ESI, SPEI, EDDI, SPI, COMB, and
USDM. Consistent with the evolution of the SM FDII in Figure 3, all
indicators except for EDDI exhibit a general northward progression of the
maximum FDII with time. Notable differences in the timing of the
maximum FDII occurred however with the largest EDDI, ESI, and SM
FDII values from Kansas eastward to Michigan occurring from late May
to early June whereas they occurred several weeks later in the SPI, SPEI,
and USDM. The EDDI (USDM) indicators generally have the earliest
(latest) maximum FDII during this event. The COMB indicator shows
that the flash drought started in the mid-Mississippi River Valley in early
May and then spread northwestward during the next few months. An
exception is the High Plains from Colorado to Montana where the
maximum COMB FDII occurred in early May due to the influence of
very warm and dry weather during the spring (Hoerling et al., 2014) on
the SPI, SPEI, and EDDI. Areas further east also experienced warm and
dry conditions during the spring but did not experience flash drought
according to the FDII because the respective indices were still above the
DRO-SEV threshold used to define drought. Moreover, the later occur-
rence of the maximum FDIIs in the ESI and SM despite the unusually
warm spring temperatures reflects the inactivity of vegetation and mini-
mal demands on SM during that time of the year. These results are
broadly similar to those shown in Mohammadi et al. (2022) using a solar-
induced chlorophyll fluorescence data set that provides information about
photosynthesis.

Comparison of the maximum FDII between indicators also reveals large
differences in spatial extent and magnitude. For example, indicators such as
the SM, ESI, and SPEI depicting land surface conditions contain large areas
with FDII >6 whereas meteorological quantities such as SPI and EDDI have
smaller maximum FDIIs across most of the region. These results show that
indicators more directly representative of conditions at the land surface
experienced especially rapid intensification and DRO-SEV when compared
to the meteorological drivers. One of the reasons for this behavior is that it is
more difficult for a location to experience unusually rapid decreases (in-
creases) in rainfall (temperature) over several weeks that are then maintained
for at least three additional weeks because even a short period of cooler
weather or a moderate rainfall event can have a strong impact on EDDI and
SPI. The land surface variables in contrast integrate the impact of the mete-
orological drivers over a longer time period and are therefore less sensitive to
short periods of cooler weather or small rainfall events. COMB shows that

flash drought occurred across a large area, with FDII maximized across the mid-Mississippi River Valley where
all indicators except for EDDI had large FDII. The spatial extent of the COMB FDII is very similar to that shown
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Figure 5. Mean FD-INT, drought severity, and flash drought intensity index (FDII) values (columns 1-3) computed using all
weeks with a non-zero FDII (column 4) during the 2001-2021 growing seasons (April-October). Results are shown for the
soil moisture, Evaporative Stress Index, SPEI, EDDI, SPI, COMB, and USDM.

by the USDM, though there are some differences in the timing of the maximum FDII across the eastern part of the
region. Together, the results shown in this section illustrate the need to use more than one indicator to evaluate
flash drought characteristics.

4.2. Multivariate Flash Drought Climatology

To develop a multivariate climatology of flash drought occurrence and severity across the contiguous U.S., the
FDII method was applied to the SM, ESI, SPEI, EDDI, SPI, COMB, and USDM. The climatology uses weekly
data from 2001 to 2021, focusing on the warm season (April to October) when vegetation is actively growing.
Figure 5 shows the frequency of weeks when the FDII is >0 along with the mean FD-INT, DRO-SEV, and FDII
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30 for each grid point computed using data from those weeks. Overall, FD-INT is

£25 - @) larger than DRO-SEV across most of the U.S. in most indicators. Regional

g 20 patterns are also evident in each variable. For example, SM FD-INT has a

g 15 distinct longitudinal gradient across the central U.S. with smaller (larger)

g 10 values in the western (eastern) U.S. The ESI FD-INT is also relatively small

=5 across the western U.S., except for the northern tier of states. Together, these

0 NWOS  SWUS SCUS NEUS SEUS results reveal that unusually rapid decreases in SM and ET are more likely in

humid areas with more vegetation. FD-INT is also large across most of the U.

T S for the SPI and SPEI; however, DRO-SEV is relatively less important

g (o) across the eastern U.S. for these indicators. The relative importance of FD-

g, 4.0 ) ) INT for the SPI and SPEI shows that, though large precipitation deficits

% 3.0 can develop quickly, it is difficult to maintain large deficits for an extended
i 20 period of time, thereby leading to smaller DRO-SEV.

@ .

i;) 06 For EDDI, the average FD-INT is relatively large (small) across the western

’ NWUS  SWUS SCUS NEUS SEUS (eastern) U.S. The FD-INT and DRO-SEV terms together indicate that rapid

increases in evaporative demand are more likely in the western U.S. whereas

LWKSM  4WKESI 4WKEDDI 4-WKSPEI 4WKSPI —COMB_ _USDM sustained periods of elevated evaporative demand are more likely in the

southeastern U.S. (SEUS). Of all indicators evaluated during this study, EDDI

Figure 6. (a) Number of flash drought events and their (b) maximum flash has the highest flash drought occurrence across much of the U.S. Large

drought intensity index averaged across all land grid points for the soil maxima exceeding 8% of weeks cover wide swaths of the U.S. characterized

moisture, Evaporative Stress Index, SPEI, EDDI, SPI, COMB, and USDM.
Results are computed using weekly data from the 2001-2021 growing

by very different climates ranging from the arid desert Southwest to the semi-

seasons (April-October) for the NWUS, SWUS, NCUS, SCUS, NEUS, and arid central High Plains and the moist and cool northeastern U.S. (NEUS).
SEUS regions.

Though the structure of the EDDI flash drought occurrence pattern is very

different than those of the ESI and SM in the western U.S., a similar pattern is
seen in the SPEI and SPI in this region. This again indicates differences in flash drought detection when using
meteorological and land surface indicators.

Inspection of the COMB statistics shows that the average FD-INT, DRO-SEV, and FDII associated with it are
much smaller across most of the U.S. when compared to the single-variable indicators. The smaller COMB values
are a consequence of its multivariate nature that averages contributions from multiple flash drought drivers and
impacts into a single value. If flash drought signals are absent in one or more indicators, or cascade with time
across different variables (Christian et al., 2020; Otkin et al., 2018), the value shown by COMB will be lower than
the single-variable indicators because of differences in flash drought occurrence and peak severity. An advantage
of COMB however is that greater confidence can be assigned to flash drought detections because at least two of
the indicators must have an FDII >0 for the COMB FDII to be non-zero. The COMB FDII indicates that the
strongest multivariate flash droughts occur across the central and SEUS, which is consistent with previous studies
(Christian et al., 2019; Otkin et al., 2016) showing these regions to be susceptible to high-impact flash droughts.
Despite having small average FDII, the COMB data set shows a high occurrence of flash drought across the U.S.
and is an amalgam of the single-variable occurrence patterns. The high occurrence of COMB flash droughts in the
western and northern U.S. is primarily due to the large number of EDDI and SPEI flash droughts. This leads to
large differences across the northeastern and western U.S. where flash droughts are largely absent in the USDM.
Though the EDDI values are probably too high (e.g., Ford et al., 2023), all indicators show that flash droughts
occur in these regions, which suggests that the USDM may be too conservative depicting rapid drought inten-
sification in the cooler NEUS and the arid and semi-arid western U.S. The less frequent USDM flash droughts
could also reflect challenges associated with using a categorical drought index for flash drought identification.

4.3. Regional Flash Drought Analysis

In this section, we examine the multivariate characteristics of flash droughts for six regions of the U.S. (refer to
Figure 1) that were chosen based on the geographic distribution of flash droughts in Figure 5 and regional dif-
ferences in climate. Figure 6 shows the number of flash drought events and their maximum FDII averaged across
all land grid points in each region. A flash drought for a given grid point and indicator is defined as a time period
containing one or more consecutive weeks with an FDII > 0. Overall, there are some large differences between
regions and indicators. In all regions except for the northwestern U.S. (NWUS), EDDI contains the most flash
droughts; however, their average maximum FDII is generally lower than the other single-variable indicators. The
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Figure 7. (a) Number of flash drought events that started in each month and their (b) maximum flash drought intensity index
averaged across all land grid points for the soil moisture, Evaporative Stress Index, SPEI, EDDI, SPI, COMB, and USDM.
The results are computed using weekly data during the 2001-2021 growing seasons (April-October) for the NWUS, SWUS,
NCUS, SCUS, NEUS, and SEUS regions.

increase in the number of EDDI flash droughts relative to other indicators is largest for the NEUS where its use
leads to around twice as many events. The fewest flash droughts are found in each region when using the USDM.
The COMB data set has the second or third most events but the smallest average FDII in each region.

Another interesting feature of Figure 6 is that the central U.S. does not stand out as a flash drought hotspot when
evaluated using the COMB data set despite its reputation as a prime area for flash drought. Most studies have used
changes in SM or ESI to develop flash drought climatologies (Christian et al., 2019; Ford & Labosier, 2017; Otkin
et al., 2021). These studies have found that flash droughts are most (least) common in the central and eastern
(western) U.S., which is consistent with the SM and ESI results shown in this study. This pattern is also evident in
the USDM, though it has fewer flash droughts overall. However, when meteorological data sets such as EDDI,
SPI, and SPEI are used to identify flash drought, more events are found in the western U.S. than in the central U.
S., which leads to more of the U.S. having a higher incidence of flash droughts.

To examine the seasonal characteristics of flash drought in each region, Figure 7 shows the number of flash
droughts that started in each month along with the maximum FDII averaged over all grid points and events. For
the NWUS, SM flash drought most often occurs during the first half of the growing season (May—July), whereas
flash drought is more likely to begin in mid-summer to early fall in the other indicators. Despite having fewer
flash droughts during the spring, these early season events tend to be stronger based on the maximum FDII. This
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indicates that flash droughts that begin in the spring are more likely to persist and intensify during the summer due
to the drier weather that prevails across the region during that time of the year. In contrast, the more numerous
flash droughts that develop during the second half of summer tend to have lower FDII because there is less time
for them to become severe before the return of cooler and wetter autumn weather. The USDM contains the fewest
flash droughts, but like most indicators, identifies the majority of these events during the second half of the
growing season with a peak in July.

For the southwestern U.S. (SWUS), the indicators show that flash drought onset occurs most often from July to
October with a secondary maximum in April. Similar to the NWUS, the maximum in April is likely associated
with an early onset of summer heat or the premature end to cool season precipitation. Flash droughts can develop
at any time of the year according to the SPEI and EDDI. The seasonal pattern in flash drought occurrence in-
dicates that flash droughts are often associated with poor summer monsoons that lead to flash drought onset
during the latter half of summer into autumn. This hypothesis is supported by the maximum in the USDM FDII in
July and August. There are also signals that land-atmosphere coupling processes may occur where rapid decreases
in SM and ESI during late summer contribute to more intense heat waves and below normal rainfall in autumn, as
indicated by the large number of EDDI, SPI, and SPEI flash droughts in September and October.

For the NCUS, flash drought onset occurs most frequently from July-September. Flash droughts during this time
of the year can greatly reduce crop yields because the moisture stress associated with them occurs during critical
stages for corn and soybean yield production (Jin et al., 2019; Otkin et al., 2016). In contrast, flash drought onset is
more common from April to July across the SCUS, which is similar to the flash drought climatology presented in
Christian et al. (2019). The tendency for flash droughts to develop earlier in the growing season in the SCUS is
likely due to the importance of spring and early summer rainfall and the climatologically earlier onset of hot
temperatures compared to areas further north. According to the SM and ESI, flash droughts in both regions are
slightly more severe on average when they develop during the spring and early summer. Though EDDI often has
the highest number of flash droughts in both regions, the average FDII associated with these events is relatively
small, especially for the SCUS.

A distinct seasonal cycle in flash drought occurrence is not evident in the NEUS or SEUS. A notable feature for
both regions is the high number of EDDI flash droughts relative to the other indicators. These events, however,
tend to be relatively weak according to the FDII, especially for the SEUS, which indicates that rapid changes in
evaporative demand are often not associated with rapid changes in land conditions. Similar to the central U.S., the
average FDII for most indicators shows that flash droughts tend to be slightly more severe when their onset occurs
during the first half of the growing season (April-June). According to the ESI and SM, severe flash droughts also
occur later in the year (August—October) across the SEUS, which could be associated with a below normal
tropical storm season. It also aligns with the occurrence of several high-impact flash droughts, such as the 2016
flash drought that increased wildfire risk and contributed to the devastating fires around Gatlinburg, TN (Case &
Zavodsky, 2018).

5. Discussion

All flash droughts have two components: rapid intensification and sufficient duration to cause a drought impact
(Otkin et al., 2018). Flash drought definitions, indicators, and monitoring tools developed over the past decade
have largely focused on the rapid intensification component when characterizing flash drought, and less so on the
cumulative severity of the event. However, impacts to agriculture, energy, and water resources are often caused
by droughts with cumulative severity over multiple months (Stagge et al., 2015); it is less clear how the rate of
intensification affects the frequency of severity of impacts (Otkin et al., 2022). Research has greatly advanced our
understanding of the drivers of rapid drought intensification and the frequency with which it occurs (Christian
et al., 2021; Mukherjee & Mishra, 2022; Nguyen et al., 2023; Osman et al., 2022; Yuan et al., 2023), but less is
known about the drivers of flash drought persistence that can ultimately produce drought impacts of societal
relevance. Our study is one of the first to comprehensively examine flash drought across the U.S. using a
multivariate framework that considers both rapid intensification and cumulative severity. We find that the
contributions of the rate of intensification and cumulative severity vary by drought indicator and region, which
has implications for assessing the risk of flash drought impacts in any location. For example, unusually rapid
intensification tends to produce larger responses in SM in the eastern U.S., whereas the cumulative severity of the
flash drought tends to be more important for SM response in the western U.S. This suggests that rapid increases in
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precipitation deficits—as illustrated by SPI or SPEI—in the western U.S. may not be sufficient to produce
drought impacts, and therefore the “flash” component of the hazard may be of less importance than the cumulative
severity.

Additionally, most flash drought studies have characterized this multivariate hazard using a single indicator, often
based on precipitation, ET, SM, or vegetation health (Lisonbee et al., 2021). Our findings show the fundamental
characteristics of flash drought, including the frequency of occurrence, the severity, and the rate of intensification,
are highly dependent on the flash drought indicator and the region in which that indicator is used. Similar evidence
of strong indicator-dependence for flash drought has been shown by Osman et al. (2021) and Ford et al. (2023)
among others; however our study is the first to demonstrate this important issue using a standardized framework
with which to compare indicators (FDII). In this way, our study adds to the growing evidence supporting the need
for multi-variable assessments of complex hazards like flash drought when determining climate-related water
resource risks. Management strategies for flash drought should be developed on more holistic assessments of the
hazard, including how meteorological drought conditions translate to socioeconomic and ecological impacts
(Otkin et al., 2022).

The results of our study also illustrate regional differences in flash drought and its various impacts. While pre-
cipitation indicators preferentially identify flash droughts in the western U.S., these meteorological flash droughts
do not translate to SM or vegetation impacts as effectively as in the eastern U.S. It is possible that vegetation stress
in the western U.S. develops over longer time scales than those used in this study (Albano et al., 2020; Kan-
nenberg et al., 2021). For example, Zhong et al. (2021) found the strongest, positive relationships between
meteorological drought and vegetation response in the western U.S. over 2—-6 months timescales. This suggests
that current flash drought definitions focusing on rapid changes over a few weeks may need to be extended to
changes occurring over longer timescales (e.g., seasonal) in more arid regions such as the western U.S. In
addition, EDDI is the only meteorological drought indicator with an occurrence maximum across the NEUS,
which appears to be unrealistic because drought itself was infrequent across the region during the study period
(Chen et al., 2019). The high number of EDDI flash droughts may be a factor of how EDDI is derived (e.g., Ford
etal., 2023), and not necessarily a robust flash drought signal. Meanwhile, meteorological anomalies tend to more
effectively produce SM and/or vegetation response on subseasonal timescales in the central and eastern U.S.,
resulting in flash drought “hot spots” in these regions based on SM indicators (Ford & Labosier, 2017; Lowman
et al., 2023). The results indicate that the DRO-SEV after the period of rapid intensification ends is a more
important driver of the overall SM flash drought intensity than it is for the other data sets.

Regional differences in flash drought occurrence and severity could also be caused by our use of standardized
change anomalies rather than percentiles to identify flash drought. Because an unusually rapid rate of intensi-
fication is the defining characteristic of flash drought, the thresholds used to determine this rate should account for
the climatological variability at a given location. For example, for a location characterized by large temporal
variability, a decline from above the 40th percentile to below the 20th percentile over two weeks—as is used in
many flash drought definitions—may not be unusual. This means that use of percentile-based identification
methods could result in erroneously large flash drought occurrence for locations with high variability, but too few
flash droughts in regions with lower variability. Accounting for local variability via standardized change
anomalies could lead to a stronger signal to noise ratio when identifying flash droughts across different regions
and seasons.

6. Conclusions and Future Work

This study developed a multivariate flash drought climatology for the contiguous U.S. through application of the
FDII framework to six widely used drought monitoring indicators that represent the meteorological drivers and
surface impacts of drought. The FDII framework is useful because it considers both the rate of intensification and
DRO-SEV when determining the strength of a flash drought. The flash drought climatology was developed using
weekly data from the 2001-2021 growing seasons (April-October).

Overall, there are large differences in flash drought occurrence and severity depending upon which drought
monitoring indicators are used to compute the FDII. The two precipitation indicators (SPI and SPEI) identified
more flash droughts across the western U.S. whereas indicators of vegetation moisture stress (SM and ESI)
identified more events in the central and eastern U.S. When assessed over the entire U.S., EDDI had the most flash
droughts while the USDM had the fewest. Large differences were also evident in the relative importance of the
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FD-INT and DRO-SEV terms for different regions and indicators. For example, the severity of SPI and SPEI flash
droughts was more strongly influenced by how quickly the precipitation deficits developed rather than by the size
of the subsequent deficits. Similar behavior occurred for EDDI across parts of the western and northern U.S.
where flash DRO-SEV was more closely related to how quickly the evaporative demand increased. Evaluation of
the SM and ESI data sets revealed a distinct longitudinal gradient in intensification rates, with larger values in the
central and eastern U.S. It was also shown that the magnitude of the drought conditions after the rapid intensi-
fication ends is a key driver of flash DRO-SEV in the more humid central and eastern U.S. When the COMB data
set was used, the strongest multivariate flash droughts were located in the central and SEUS. Together, these
results illustrate the need to use a multivariate assessment framework to identify flash droughts and to characterize
their severity.

The seasonal analysis of flash drought occurrence and severity revealed several notable differences between
regions and data sets. A distinct seasonal cycle in flash drought occurrence was evident in the western and central
U.S. regions but was not as apparent in the eastern U.S. Overall, flash droughts occurred more often from June-
September in the NWUS, July-October in the SWUS, July-September in the NCUS, and April-July in the SCUS.
According to the ESI, flash droughts are less common but more severe when they develop during the spring.
Severe SM and ESI flash droughts also frequently develop across the SEUS during autumn.

Future studies will investigate the potential impact of various physical drivers, such as the North American
Monsoon, tropical cyclones, and anomalous large-scale circulation patterns, on the occurrence and severity of
flash drought across different parts of the U.S. We also plan to modify the FDII so that it can be used in real-time
drought monitoring systems. The current version of the FDII is optimized to work with data sets containing
complete time series where the onset and maximum severity of a flash drought can be readily determined. For
real-time monitoring, changes will need to be made to the FDII because only the FD-INT term can be computed
during the initial stages of a flash drought. Alternative formulations such as the rapid change index (Otkin
et al., 2014) could also be used to assess the magnitude of the rapid intensification. Likewise, the DRO-SEV term
could be modified so that it represents the cumulative DRO-SEV up to the current date rather than the average
severity over a longer time period for which data is not yet available. Additional experiments could be performed
to assess the sensitivity of the FD-INT, DRO-SEV, and FDII to different baseline intensification rate and DRO-
SEV thresholds. It would also be beneficial to extend the FDII framework to include hydrological variables such
as streamflow, reservoir levels, and snow water equivalent to obtain additional information about the impact of
flash drought on water resource availability. Together, these future studies will promote efforts to improve un-
derstanding of flash droughts and the comprehensive monitoring of their evolution, both of which will aid
development of robust drought early warning systems.

Data Availability Statement

All of the following data sets used in this study are publicly available: NLDAS2 SM (https://hydrol.gesdisc.
eosdis.nasa.gov/data/NLDAS/NLDAS_NOAHO0125_H.002/), EDDI (https://psl.noaa.gov/eddi/), ESI (https:/
climateserv.servirglobal.net/map), and USDM (https://droughtmonitor.unl.edu/CurrentMap.aspx). SPI and SPEI
data are available through Ford et al. (2023). The multivariate FDII data sets generated during this project are
accessible via zenodo at https://zenodo.org/records/12702004. (Otkin et al., 2024).
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