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Abstract:

The term “flash drought” is frequently invoked to describe droughts that develop rapidly over a relatively short timescale. Despite
extensive and growing research on flash drought processes, predictability, and trends, there is still no standard quantitative
definition that encompasses all flash drought characteristics and pathways. Instead, diverse definitions have been proposed,
supporting wide-ranging studies of flash drought but creating the potential for confusion as to what the term means and how to
characterize it. Use of different definitions might also lead to different conclusions regarding flash drought frequency,
predictability, and trends under climate change. In this study, we compared five previously published definitions, a newly proposed
definition, and an operational satellite-based drought monitoring product to clarify conceptual differences and to investigate the
sensitivity of flash drought inventories and trends to the choice of definition. Our analyses indicate that the newly introduced Soil
Moisture Volatility Index definition effectively captures flash drought onset in both humid and semi-arid regions. Analyses also
showed that estimates of flash drought frequency, spatial distribution, and seasonality vary across the contiguous U.S. depending
upon which definition is used. Definitions differ in their representation of some of the largest and most widely studied flash
droughts of recent years. Trend analysis indicates that definitions that include air temperature show significant increases in flash
droughts over the past forty years, but few trends are evident for definitions based on other surface conditions or fluxes. These
results indicate that “flash drought” is a composite term that includes several types of events, and that clarity in definition is critical

when monitoring, forecasting, or projecting the drought phenomenon.
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1. Introduction:

The concept of flash drought (Svoboda et al., 2002) has drawn considerable attention in recent years (Anderson et al., 2013; Basara
et al., 2019; Chen et al., 2019; Christian et al., 2019a; Ford and Labosier, 2017; Gerken et al., 2018; Hunt et al., 2009; Koster et
al., 2019; Li et al., 2020; Liu et al., 2020; Otkin et al., 2013, 2018, 2019; Pendergrass et al., 2020; Yuan et al., 2019). While there
is no single quantitative definition for what constitutes such an event, it is widely understood that some of the most damaging
droughts in the United States in the past decade have been flash droughts, in that they have emerged rapidly and caused significant
damage to natural and managed vegetation (Zhang and Yuan, 2020). These flash droughts have been difficult to predict and monitor
(Chen et al., 2019; Ford and Labosier, 2017; Pendergrass et al., 2020). There is also an understanding that many flash droughts are
triggered or exacerbated by high temperatures leading to increased evaporative demand (Anderson et al., 2013; McEvoy et al.,
2016; Otkin et al., 2013, 2018). The significant impacts and limited predictability of these events and their apparent link to high
temperatures has led to studies of customized event inventories, forecast methods, and trend analysis (e.g., Mo and Lettenmaier,
2015, 2016; Ford and Labosier, 2017).

The burst of research interest in flash droughts has yielded useful insights on process and predictability. But in the absence of a
single generalizable definition, there is potential for divergent results and general fragmentation of research agendas insomuch as
the same term “flash drought” might be applied in inconsistent ways. This potential is evident in Fig. 1, which offers a simplified
schematic of key flash drought processes, drawing on previous literature. Flash drought can be triggered due to one or more
processes, as for example in Fig 1, pre-drought conditions such as: early vegetation green-up due to a warm spring can be a key
indicator of vulnerability (Wolf et al., 2016). Therefore, a feedback between pre-drought conditions and other climate variables
should be considered when defining and identifying a flash drought event. Different colored boxes in the figure indicate variables
or processes that are included in different published definitions of flash droughts. For example, as will be described in detail in the
methods and results section, the “heat wave flash drought” definition (Mo and Lettenmaier, 2015) stresses the role of temperature
anomalies and identifies features with short duration, while definitions based on rapid soil drying (e.g., Hunt et al., 2009; Ford and
Labosier, 2017; Yuan et al., 2019) focus on the rate of change in soil moisture. Other researchers (e.g., Christian et al., 2019a;
Pendergrass et al., 2020) have proposed definitions that use actual and/or potential evapotranspiration anomalies, and still others
have applied multivariate products like Quick Drought Response Index (QuickDRI) hybrid satellite-based maps or the United
States Drought Monitor, which consider vegetation status and agricultural impacts in addition to hydrological variables (e.g., Chen
etal.,2019).

Given this range of variables used to assess flash drought risk and diagnose its occurrence, it is possible that the definitions are
capturing partially or entirely different pathways in the flash drought process (i.e., different boxes in Fig. 1).
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Figure 1: Schematic of flash drought states and processes. Arrows indicate suggested feedback directions and their relation to the
process or variable (for simplicity, not all proposed feedbacks are represented here). Each color represents a core group of
processes used to represent the different definitions of the onset of flash drought events.

This diversity of definitions is not necessarily a weakness of the literature. Flash droughts, like droughts in general, are likely a
composite class for which no single definition can meet all needs (Heim Jr., 2002). But it is important to understand the extent to
which flash drought inventories are sensitive to the choice of definition, as these inventories are the basis for assessing which
regions are most vulnerable to flash droughts and whether there are trends in flash drought frequencies in any region. These
inventories also determine the population of flash drought events used as prediction targets when developing forecast systems.

With this motivation, this study presents inventories generated using a number of prominent published flash drought definitions.
In some cases, these definitions have already been used to generate inventories, and we simply recalculate those inventories using
a common set of input data and thresholds. In other cases, the definitions were published without an inventory, and sometimes
without any recommended thresholds. For those definitions we adapt the descriptive definitions to a quantitative framework for
the purpose of creating an inventory. In addition, we propose our own definition, based on root zone soil moisture volatility, which
is designed to complement existing definitions, and we compare all proposed flash drought definitions to selected indicators of
drought impacts.

In comparing definitions, we can: (1) evaluate whether the current diversity of flash drought definitions is convergent or
divergent—i.e., is the concept of flash drought robust to different definitions?; (2) identify and characterize the potential divergence
between definitions, and assess whether different definitions capture similar processes but diverge because of threshold effects,
timing of diagnosis, or extent of drought, or whether they capture fundamentally different types of events; and (3) identify events
that are considered to be flash droughts under some definitions but not others, and learn from these case studies what elements of
a definition are important when attempting to identify particular kinds of flash droughts. We emphasize that the comparison of
definitions is not designed to choose a single, “best” way to define flash droughts. Rather, cases of divergence between definitions
can be used to examine different characteristics of rapidly intensifying drought events.

2. Data and Methods:
2.1. Flash Drought Definitions:

We inventory potential flash drought events using a range of definitions. As we are concerned primarily with drought impacts on
agriculture and natural vegetation, we focus our analysis on spring (MAM), summer (JJA) and fall (SON) and do not consider
winter months. We consider seven methods for identifying a flash drought. The first—the Soil Moisture Volatility Index (SMVI)—
is a new definition proposed here. The next five are drawn from published literature on flash droughts, and the seventh is based on
a remotely sensed product designed to be sensitive to rapid onset droughts. Where data coverage allows, we use the 1979-2018
period for index calculation and comparisons. For some products, there is a more limited data record, and in those cases, we use
all available data. Differences in input dataset requirements and baseline period can affect comparisons across definition, and are
noted when relevant. Here we describe each definition and present the datasets used to calculate them.

1.  SMVI (Soil Moisture Volatility Index):

As flash droughts are characterized by rapid onset, we adopt an approach inspired by studies of market volatility, where robust
identification of rapid yet significant changes in stock prices is critical. In this definition, a flash drought is said to occur when: (1)
the 1-pentad (5 day) running average root zone soil moisture (RZSM) falls below the 4-pentad (20 day) running average for a
period of at least 4 pentads; (2) by the end of the period, RZSM drops below the 20" percentile for that time of year according to
the 1979-2018 period of record. Figure 2 shows an example for the proposed definition applied over Montana, where the vertical
red-shaded region represents the suggested flash drought onset (climate variables during the event are shown in Fig. S1). However,
specifying the duration of the event, including transition from flash drought to standard drought, is a subject of ongoing research.
RZSM is chosen over the surface SM on account of its relevance to vegetation, low noise relative to surface soil moisture, and
consistency with previous studies’ recommendations (Ford and Labosier, 2017; Hunt et al., 2009). Within the framework of the
SMVI, the l-pentad running average represents rapid changes in RZSM (short memory), while the 4-pentad running average
represents slower changes (longer memory). The 20% percentile threshold is selected as recommended by the USDM to represent
“Moderate Drought — D1” conditions, under which vegetation may start showing signs of water stress. The minimum
intensification period of 4 pentads is consistent with recommendations from Otkin et al., (-2018) that a 2-week period of rapid
intensification is the minimum length required to capture rapid changes relevant to vegetation health.

SMVI is a soil moisture-based index (yellow box in Fig. 1). The strength of the novel SMVI method lies in its ability to capture
rapid changes with respect to a slower drying trend. The index is sensitive to interruptions in drought onset, however, as it can be
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reset by rain events. Since RZSM is key to computing SMVI—as it is to several other flash drought definitions—we prioritize use
of a high-quality soil moisture estimate. For this reason, we use the Soil MERGE (SMERGE) product. SMERGE is a hybrid daily
12.5 km resolution product generated by combining satellite observations from the European Space Agency Climate Change
Initiative and the North American Land Data Assimilation System-2 (NLDAS-2; Xia et al., 2012a, 2012b) Noah Land Surface
Model output for RZSM averaged from 0-40 cm (Tobin et al., 2019). The SMERGE dataset has been evaluated against Normalized
Different Vegetation Index (NDVI) products as well as in situ observations, indicating reliability for agricultural and ecological
applications. For drought monitoring, this product has the advantage of offering spatially and temporally complete RZSM estimates
on an NLDAS-2 grid, while incorporating additional satellite-derived information intended to improve these RZSM estimates.
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Figure 2: SMVI proposed definition as applied to a grid point within the state of Montana in 2017. Shaded red region represents
the flash drought event. Gray shading represents the 10™ to 90" percentile climatology of daily RZSM. Vertical blue bars are the
region’s averaged daily precipitation. Vegetation deterioration is evident during the defined flash drought event as NDVI (solid
green line) drops below the climatological NDVI (dashed green line) acquired from MODIS.

2. SMPD (Soil Moisture Percentiles Drop)

Ford and Labosier (2017) introduced a definition based on a characterization of flash drought as a rapid descent into agricultural
drought conditions, referred to hereafter as the Soil Moisture Percentiles Drop (SMPD) method. It defines flash drought onset as
occurring when the 1-pentad running average RZSM falls from the 40 to the 20" percentile in a period less than or equal to 4
pentads. The original definition is based on RZSM from the NLDAS-2 (Xia et al., 2012a, 2012b) dataset in the eastern U.S. for
the top 40 cm of the soil column. Here, we apply the definition to gridded 12.5 km resolution SMERGE data for the 1979-2018
period to generate a dataset that can be compared to those derived using other definitions. Like SMVI, SMPD is a soil moisture-
based index (yellow box in Fig. 1).

3. SESR (Standardized Evaporative Stress Ratio):
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Whereas SMVI and SMPD focus directly on soil moisture, the Standardized Evaporative Stress Ratio (SESR) of Christian et al.,
(2019a) diagnoses flash drought occurrence on the basis of the normalized ratio between estimated actual and potential
evapotranspiration. This approach is guided by the principle that development of vegetation stress is key to an impactful flash
drought event, and this stress induces a rapid decrease in the transpiration flux during the drought intensification process (Basara
et al., 2019; Christian et al., 2019b, 2020). For SESR, six pentads is defined as the minimum length for flash drought development
with a final SESR value less than the climatological 20™ percentile. These two criteria are used to satisfy the drought component
of flash drought and to capture flash drought events that lead to drought impacts. The rate of rapid drought intensification is also
evaluated with the methodology. Overall, the methodology requires the mean change in SESR during the six pentads to be less
than the 25" percentile to ensure that the events identified have an overall rapid rate of development toward drought conditions.
The percentiles are determined from the climatological distribution of SESR changes for the given time of year of the flash drought
event, with lower percentiles of SESR changes representing a more rapid rate toward drought conditions. Additional details of the
criteria and an example schematic of the identification process are available in Christian et al. (2019a). It is important to note that
SESR has strong criteria that limit flash drought identification to very rapid drought development, and so it is designed not to
capture “flash drought” unless there are general drought conditions. Variables used in SESR are shown in the cyan boxes in Fig.
1.

In this paper we use SESR exactly as it was implemented in the original publication, using the North American Regional Reanalysis
(NARR) dataset to provide input variables. NARR is a high-resolution atmospheric reanalysis for North America, performed at
approximately 0.3-degree resolution. The NARR is an appropriate dataset for hydrological applications due to the improved
analysis of the climate variability and diurnal cycle within the model and data assimilation system (Mesinger et al., 2006). We re-
grid SESR to match the 12.5 km resolution of the other products (SMERGE and NLDAS-2).

4. HWD (Heatwave Driven):

In a set of papers, Mo and Lettenmaier (2015, 2016) introduce two paradigms for flash drought definitions. The first is a heatwave
driven (HWD) flash drought definition, which diagnoses flash drought conditions for any pentad in which the 2 m air temperature
anomaly is greater than one standard deviation, 1 m depth SM falls below the 40™ percentile, and the evapotranspiration anomaly
is greater than zero. This third condition is designed to capture events in which high temperature and low soil moisture are defining
characteristics, but for which evapotranspiration has not yet become anomalously low. The HWD definition incorporates
information from the red, yellow, and (actual ET) cyan box in Fig. 1.

We apply the HWD definition using NLDAS-2 meteorological forcing data and the NLDAS-2 implementation of the Noah Land
Surface Model. We use NLDAS-2 because SMERGE does not contain all variables required for the calculation. However, we have
confirmed that replacing NLDAS-2 RZSM with SMERGE RZSM has little impact on our HWD flash drought inventory.

5. PDD (Precipitation Deficit Driven)

The second paradigm suggested by Mo and Lettenmaier (2015, 2016) is the precipitation deficit driven flash drought (PDD). In
this study we have adopted their recommended definition where in a 1-pentad period precipitation drops below the 40™ percentile
and the 2 m air temperature anomaly is greater than one standard deviation (similar to the HWD), while the evapotranspiration
anomaly is negative. The PDD definition incorporates information from the red, blue, and cyan boxes in Fig. 1. Like the HWD,
we have also used the NLDAS-2 forcing and Noah model datasets to calculate the definition and to inventory our results.

We note that PDD and HWD differ from other proposed flash drought indices in their explicit use of multiple meteorological and
hydrological variables. Additionally, these definitions diagnose flash droughts on the basis of the duration of anomalies rather than
their change over time. That is, flash droughts in PDD and HWD are acute deviations from climatology, rather than periods of
rapid intensification.

6. USDM (U.S. Drought Monitor)

The United States Drought Monitor (USDM) (Svoboda et al., 2002), produced by the National Oceanic and Atmospheric
Administration, the United States Department of Agriculture, and the National Drought Mitigation Center, classifies drought into
5 intensity categories, ranging from Abnormally Dry (D0) to Exceptional Drought (D4). The USDM is produced in a hybrid
process, in which regional expert “authors” are provided information on more than 40 drought-relevant variables, and these authors
then work as a team to establish the drought map each week. The final product embodies a best estimate of drought conditions as
informed by quantitative indicators, field reports, and expert judgment. Data are released as shapefiles, which we rasterized to
match the resolution of the other products. Following Chen et al. (2019), we then define a flash drought as a degradation of two
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categories or more in a four-week period. The USDM-based flash drought definition potentially includes all boxes in Fig. 1, as the
USDM authors are provided with information on all of these variables. USDM data are available from 2000-present.

7. QuickDRI (Quick Drought Response Index)

QuickDRI (Quick Drought Response Index) is a Classification and Regression Trees (CART) machine learning model developed
by the National Drought Mitigation Center (NDMC) and the Center for Advanced Land Management Information Technologies
(CALMIT) at the University of Nebraska. The index was developed specifically to capture rapidly changing drought conditions.
QuickDRI maps drought intensification across CONUS at 1 km, weekly resolution on the basis of nine variables (two vegetation,
two hydrologic, one climatic, and four static biophysical parameters) to estimate drought conditions, with resulting drought
intensification values scaled according to the Standardized Precipitation Evaporation Index (SPEI) (https://quickdri.unl.edu/). The
QuickDRI inputs span the yellow (included as the soil moisture), blue (included as the standardized precipitation index - SPI),
cyan (included as the evaporative stress index - ESI), and green (included as the standardized vegetation index - SVI) boxes in Fig.
1.

As QuickDRI generates estimates of drought intensification as a continuous variable, it is necessary to define a threshold for flash
drought occurrence. We set this threshold as one standard deviation below the 4-week historical normal, referred to hereafter as
the QuickDRI model flash drought definition (QD1.0). Since QuickDRI relies heavily on real-time remotely sensed data, there are
gaps and noise in the record that must be addressed. We fill in missing data through linear temporal interpolation, and we mask
values greater than + 4 standard deviations. QuickDRI data are available from 2000-present.

2.2. Methods

The analyses presented here have been organized using Bukovsky Regions. The Bukovsky Regions are 29 eco-regions over United
States, Canada, and northern Mexico designed to represent climatically homogeneous areas. They are similar to the National
Ecological Observatory Network (NEON) (Kampe, 2010) ecological regions, with similar sensitivity to variations in regional
climatology (Bukovsky, 2011). Analyses were conducted over the 17 unique regions within CONUS (Fig. 3) as well as the eight
grouped regions as suggested by Bukovsky (2011). Here we present results for a subset of regions that capture a relevant diversity
of results, while results for all regions are available at (https://github.com/mosman01/Flash Droughts/).

The flash drought inventories presented in this paper are based on flash drought occurrence: as soon as a flash drought is identified
according to a given definition in a given grid cell, that grid cell is tallied as having experienced flash drought in that year. That is,
we are concerned with spatial pattern and general seasonality of the occurrence of flash drought events as diagnosed by different
definitions. Intensity and duration of drought are not evaluated. Also, since definitions differ in if and how they mark the end of a
flash drought event, we count only the first flash drought identified for a grid cell in each year. The season of this flash drought
(MAM, JJA, or SON) is assigned based on onset date. This approach risks missing cases where two distinct flash drought events
hit a single location in one growing season, but it allows for a consistent inventory across definitions on the basis of “years with
flash droughts.” The problem of counting multiple events at the same location in a single year using different definitions is a point
for further research, as differences and ambiguities in how different definitions define the end of a flash drought can lead to cases
where one definition diagnoses multiple flash droughts within a period that is classified as a single flash drought in another
definition. We do note that this approach captures the first drought, so it undercounts late season droughts if they occur in the same
location as an early season drought. When calculating frequency, we use all the available data for each definition from 1979 to
2018.

For results presented by Bukovsky Region we calculate the percentage of area within each region hit by flash drought in each year.
This metric is used for qualitative comparison of definitions for selected events and for quantitative comparison using Pearson
correlations. Spearman and Kendall correlations were also calculated but yielded similar results and are not presented. Finally, an
analysis of the trends in flash droughts annual footprint is carried out for each climatic region within the Bukovsky regions using
the Mann-Kendell nonparametric trend test. Trend analysis is only performed for the definitions that can be calculated for the full
40-year period (1979-2018).
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3. Results and Discussion:
3.1. Spatial distribution of flash droughts

As flash droughts have become recognized as a significant climate hazard, one key question is whether certain regions have an
elevated probability of experiencing flash drought. As shown in Fig. 4, the seven drought definitions considered in this paper offer
different answers to this question. This figure depicts the frequency of flash drought onset at each grid point within the specified
season over the period of data availability for each definition through 2018. As noted in Christian e al. (2019a), the SESR identifies
the Great Plains and western Great Lakes regions as hot spots for flash droughts. This band of high flash drought frequency running
down the middle of the country resembles the region of strong land-atmosphere coupling identified in Koster ef al. (2004) and in
subsequent studies of climate feedback zones. In this sense, the SESR, which depends directly on the ratio of actual to potential
evapotranspiration, may be emphasizing flash droughts that emerge through land-atmosphere temperature and evaporation
couplings, which are strongest in transitional climate zones. There is a tendency for this SESR hot spot to emerge in the southern
Great Plains in the spring (MAM) and to move further north in the summer (JJA).

Interestingly, this SESR pattern is nearly inverse to the pattern seen for PDD. In PDD, we see the strongest hotspot in the southwest,
with a secondary maximum in the more humid eastern United States. While PDD includes actual evapotranspiration and
temperature rules in its definition, it is designed to capture short meteorological droughts triggered by precipitation deficit. This
results in higher frequencies in semi-arid regions with high precipitation variability and, to some extent, in regions where average
rainfall is high and a significant negative anomaly in precipitation generally occurs in concert with the warm conditions required
by the PDD definition. In contrast to PDD, the HWD yields a relatively uniform pattern of flash drought frequency, with lower
totals overall.

Looking at the two soil moisture definitions, SMVI and SMPD, we see differences in overall frequency and spatial and seasonal
distribution—which may reflect choice of threshold values. SMVI shows a relatively muted spatial pattern, with a broad maximum
extending across the middle of the country and the western northern tier in summer, and a southwestern maximum in fall. SMPD
has a springtime maximum in humid regions of the eastern United States and the Pacific Northwest, followed by a summertime
pattern that includes significant frequency in the southwest. These differences trace to conceptual differences in the definition.
Where SMPD focuses on soil moisture decline over several pentads, and thus is likely to capture vegetation-enhanced soil moisture
draw-down that occurs in warm or dry springs in highly vegetated areas, SMVI controls for steady decline in order to isolate very
rapid soil moisture drops. This makes it relatively less sensitive to seasonal forcing (e.g., warm springs leading to steady drying)
and more sensitive to subseasonal processes. SMPD shows a noticeably high frequency of flash drought onset due to the duration
threshold of 4 pentads or less, which allows short meteorological droughts to be misclassified as flash drought events.

Considering the hybrid products, USDM and QuickDRI both show a summertime maximum in flash drought frequency, but with
distinctly different spatial patterns. In general, the QuickDRI areas of maximum frequency occur in drier regions in the western
United States while USDM shows a maximum in the middle of the country that resembles the summertime SESR and SMVI
patterns, though with a stronger maximum in Texas and Oklahoma. While it is difficult to diagnose the source of these patterns in
a precise way given the composite nature of both products and the subjective component to USDM, it is likely that USDM authors
are particularly attuned to agricultural impacts, and thus focus on rapid drying events that have severe impacts on crops and
pastures, while the QuickDRI satellite-derived product may also be capturing variability in natural ecosystems and regions with
less intensive agricultural activities. Different datasets and different algorithms involved within such complex model-based
products could be a considerable source of uncertainty and variability.

The identification of geographic or seasonal flash drought hot spots, then, depends strongly on the definition. This choice of
definition, in turn, will depend on the objective of the flash drought study. Investigating flash drought with an emphasis on
vegetative impact, for example, might usefully apply a flux-informed definition like SESR, and would consequently focus on flash
droughts in regions with land cover types associated with denser vegetation (e.g., agriculture, grasslands, and forests). A study or
forecast system primarily concerned with the rapid intensification of a flash drought over either a humid or semi-arid region might
employ SMVI, which explicitly controls for more gradual drying in order to isolate the most rapidly intensifying portion of the
events.
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Figure 4: Flash drought onset frequency for the selected definitions, calculated for the period of available data for each definition
through 2018 (1979-2018 for SMVI, SMPD, HWD, PDD, and SESR; 2000-2018 for USDM and QD1.0). White color represents
zero frequency.

3.2. Interannual variability

The definition-based differences in the geography and seasonality of flash drought frequency described above suggest that
definitions might also differ with respect to interannual variability. This is a particularly relevant issue for forecasting, as
differences in interannual variability imply differences in the prediction-relevant drivers of flash droughts. Indeed, if we examine
interannual variability in flash drought extent—defined as the percent area that experiences at least one flash drought in a given
year, within a specified region of interest—we see substantial differences between definitions. Figure 5 shows the Pearson’s
correlation coefficients between different definitions’ area hit by flash droughts annually for four different climatic regions. At
CONUS scale (Fig. 5a), the correlation between certain definitions, such as the two soil-moisture based definitions (SMPD and
SMVI) and the USDM is relatively high (> 0.7). This still leaves substantial unexplained variability between definitions, but the
differences between definitions are larger when comparing definitions that include other variables. SESR and PDD, for example,
have virtually no correlation in interannual variability at CONUS scale, which is consistent with the differences seen in Fig. 4 and
with the fact that the two definitions are based on very different principles and variables.

These differences become even more pronounced at regional scale. Figs 5b-d show regions in which differences are particularly
dramatic—the Southern Plains, Pacific Southwest, and North Atlantic Bukovsky Regions—and supplementary Fig. S+S2 shows
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the remaining regions. We note that Fig. 5 is designed to highlight regions with substantial disagreement between definitions; the
full suite of regions shown in Fig. S+-S2 includes a number of regions where definitions are in closer agreement with each other.

The Southern Plains is of particular interest, since it is a hotspot in the USDM-based definition and is an active agricultural region.
Here we see that the PDD and HWD definitions have no positive correlation with the USDM definition, which is again consistent
with differences in spatial patterns seen in Fig. 4 and with the fact that PDD and HWD are defined to capture short droughts rather
than periods of rapid intensification. Across other definitions, the correlations for the Southern Plains also tend to be (though are
not always) lower than the CONUS scale correlations. In the North Atlantic region, the PDD shows very weak correlations with
all definitions except the HWD since they share the common heatwave condition. Moving to the more arid Pacific Southwest and
Desert regions, we begin to see extremely low correlations across definitions, which in part reflects low signal to noise ratio for
drought indicators in dry climate zones and in part may point to implicit limitations in the useful climatic range of each definition.
In the Pacific Southwest, SESR stands out as having no positive correlation with any other definition except with QD1.0, which is
small, and the USDM also shows very weak association with other definitions. This is a complicated region that includes arid
zones and irrigated agriculture, which would pose complications for an expert-informed composite indicator like USDM, and
which is not represented in NARR or NLDAS. Large expanses of arid areas with sparse vegetation coverage might also reduce the
utility of a flash drought indicator based on the actual to potential evapotranspiration ratio, such as SESR. Nevertheless, it is still
possible that rapid onset droughts matter in the region, particularly if they drive up irrigation demand or impact natural semi-arid
ecosystems. Specifically, for the Pacific Southwest region, all definitions show relatively lower flash droughts frequency (SMVI,
SMPD, USDM, SESR, and QD1.0; local minimums in Fig. 4) except for PDD.
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Figure 5: Pearson’s correlation coefficients matrix for the different definitions’ percentage of area hit by flash droughts over the
Bukovsky regions: (a) CONUS, (b) Southern Plains, (c) Pacific Southwest, (d) North Atlantic.

3.3. Representation of Major Flash Drought Events

Though there is no single agreed-upon definition for flash droughts, a number of major events in the past decade are widely
recognized as having flash drought characteristics, to the point that these events can be thought of as canonical flash drought events.
In addition, several major droughts that occurred prior to the popularization of the term “flash drought” have since been recognized
as being consistent with flash drought. To obtain a clearer picture of how different definitions capture flash droughts, we examine
several of these canonical flash droughts in greater detail.
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We begin with an event that pre-dates the term flash drought, but has since been recognized as a member of the class (Basara et
al., 2020; Jencso et al., 2019; Trenberth et al., 1988; Trenberth and Guillemot, 1996). The 1988 drought in the northwest, central
and midwest United States developed over a period of less than 5 weeks, resulting in severe to extreme dry conditions over more
than 10 states that cost the nation at least $30 billion dollars (National Oceanic and Atmospheric Administration, 1988). There was
below average precipitation prior to the onset of the event, which contributed to its evolution. However, the most dramatic
meteorological forcings were the pronounced and extended series of heatwaves that gripped the country in June, July, and August,
and which were in their own right responsible for thousands of deaths (Changnon et al., 1996; Ramlow and Kuller, 1990; Whitman
et al., 1997). These heatwaves occurred in combination with below average precipitation in June and July (Lyon and Dole, 1995).
As this event predates QuickDRI and the USDM, we present a simple comparison of the other five flash drought definitions (Fig.
6). All definitions capture widespread drought, but timing and patterns differ. For example, whereas HWD emphasizes acute
drought associated with high temperatures in JJA in the northern tier, SESR is more sensitive to evapotranspiration deficits across
the middle of the country, which appear as a MAM signal in these seasonal maps. Similarly, SMPD is sensitive to dryness that
appears in MAM, particularly in the eastern United States (consistent with the general spatial pattern of this definition; Fig. 6),
while SMVTI has characteristics of both the dry signal in the MAM window and intensification in the JJA period. We note that our
seasonal cutoff dates are arbitrary, and could mask differences in timing within a season (e.g., March vs. May) while emphasizing
relatively small timing differences that cross a seasonal break (e.g., May vs. June). Nevertheless, the analysis captures the general
character of the seasonal timing of events.
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Figure 6: Flash drought onset maps as captured by different definitions for the years 1988, 2011, 2012, 2016 and 2017. USDM
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Jumping forward, in 2011, the Southern Plains experienced a rapid onset, geographically focused flash drought that led into an
extended drought during the remainder of the year, making this one of the driest years in Texas since 1917 (Ejeta, 2012; Nielsen-
Gammon, 2012). The different flash drought definitions show signs of an early onset in spring in Texas and the southeast (Fig. 6),
which was the actual scenario according to the Office of the State Climatologist in Texas (Nielsen-Gammon 2012), that then spread
to other regions during the summer. SESR shows a more eastern pattern (where it is more humid), while the QD1.0 has a broad
drought signal across the southern tier of the county, but overall agreement across definitions is quite good. This suggests that the
2011 flash drought has a consistent signature in multiple meteorological and hydrological variables, which can be explained due
to the strong relationship between surface fluxes in the Southern Great Plains region (Mo and Lettenmaier, 2016).

The following year, 2012, produced one of the largest and most well documented flash droughts to date (Basara et al., 2019; Fuchs
et al., 2012; Hoerling et al., 2013, 2014; Mallya et al., 2013; Otkin et al., 2016). According to post-event analysis, large scale
teleconnections may have set the stage for the flash drought onset in spring and early summer (Basara et al., 2019; Fuchs et al.,
2012), with rapid intensification coming in summer as vegetation stress and heat set in. Results from the definitions (Fig. 6) show
different patterns for the spread of the drought. While an extensive drought in the middle of the country was in some form by all
definitions, the geographic pattern differed. Both HWD and SMVI, for example, capture a rapid drying in spring in Missouri and
surrounding regions, as abnormally warm conditions led to rapid soil moisture drawdown. The USDM-based definition, in contrast,
shows only limited drought in the MAM window, with widespread flash drought emerging in JJA. This likely reflects the fact that
the USDM did not make extensive use of vegetation indices in 2012, such that it is not optimized to capture rapid droughts (Senay
et al., 2008), and the warm spring conditions that set the stage for the catastrophic drought of summer are not identified as flash
drought when using the USDM as the input variable.

In 2016, the southeast has been hit by an “exceptional drought” (Svoboda et al., 2002), which has-sparked unusual wildfires that
covered area more than ever occurred since 1984 leading to the destruction of thousands of structures (Park Williams et al., 2017)
and severe ecological and socioeconomic impacts (Konrad II and Knox, 2018). The southeast region has generally experienced an
exceptional precipitation deficit since 1939 beside a rapid substantial increase in maximum air temperature and solar radiation
(Konrad IT and Knox, 2018; Park Williams et al., 2017) which amplified the event and resulted in the observed severe flash drought
event over the months of the fall (Otkin et al., 2018). The 2016 flash drought was expected to extend eastward towards the Carolinas

but heaVV nrecmltatlon from the troplcal storms and humcanes (Hermme and Matthew) that h1t the reglon ended the catastrophlc

and ended the catastrophlc event (Konrad I and Knox, 2018) Results from SMVI and USDM- based deﬁnltlons (F1g 6) show
similar spatial patterns, however, the USDM one shows an early timing for the onset in MAM and JJA which is similar to what is
captured by the QuickDRI based definition. SESR definition has-underestimated the spread of the drought event capturing only
very few spots of onset in spring and summer months. Despite the high temperatures and precipitation deficit, HWD and PDD did
not show a clear pattern for the onset which may be due to the lack of the rapid intensification criteria in both definitions (Otkin et
al., 2018).

Finally, we examine the 2017 northern high plains flash drought. This was a geographically focused drought event that primarily
affected Montana, North Dakota, and South Dakota (Jencso et al., 2019). In contrast to the geographically focused flash drought
event of 2011, which was captured in a relatively similar way by most definitions, there is little consensus in the representation of
the 2017 event (Fig. 6). Both USDM and SMVI show spotty areas of drought in the northern high plains in MAM that expanded
during JJA, which is similar to the observed onset (Gerken et al., 2018; He et al., 2019; Jencso et al., 2019). This pattern is almost
entirely absent in HWD (despite the likelihood of being driven by reduction in snowpack due to an early spring heat wave; Kimball
et al., 2019) and is evident only in spots in Montana for PDD and North Dakota for SESR. SMPD identifies flash drought in this
region in MAM and in some areas in JJA, but the region does not stand out relative to the rest of the country. Similarly, QuickDRI
shows widespread drought conditions that are not focused on the northern high plains. These results show that the 2017 event
qualified as a flash drought for some but not for all methods.

3.4. Climate drivers

Building on the event analysis presented in the preceding section, we now examine meteorological fields in the region of maximum
drought intensity for the 2011 and 2017 events—i.e., two regionally focused events, one of which presents relatively similar results
across all of the definitions (2011) and one which does not (2017). To simplify the problem, we examine only the main climate
variables used in creating the flash drought definitions (precipitation, RZSM, temperature, and actual and potential
evapotranspiration).

During the 2011 flash drought event, temperatures rapidly went extremely high and stayed that way for most of the spring and the
whole summer, as did potential evapotranspiration. While precipitation anomalies remained negative with very few exceptions,
actual evapotranspiration decreased just after the rapid increase in potential evapotranspiration. The RZSM shows a relatively rapid
decline in early summer, which occurs on top of a negative RZSM anomaly inherited from spring (Fig. 7a). In short, all of the key
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variables applied in the flash drought definitions show a clear signal of rapid change to dry and hot conditions that were sustained
throughout the event, while precipitation stayed consistently low. For this type of event, choice of definition may not be critical
when attempting to characterize, monitor, or predict the drought.

In contrast, during the 2017 Northern High Plains drought (Fig. 7b) temperature was highly variable, and SM and ET did not fulfill
the HWD conditions for drought onset, so the HWD does not capture the observed drought onset. Precipitation was also less
consistent, explaining why PDD is spotty and may have missed the onset in multiple locations. Potential evapotranspiration,
interestingly, is fairly consistent even though temperature was noisy, so SESR captures the onset in some areas (though mostly
misses Montana), and RZSM gives the clearest signal, which is why SMVI and, to some extent, SMPD do well. In essence, the
2017 event is a flash drought primarily from the perspective of rapid soil drying, likely reinforced by high evaporative demand. It
is not a cleanly defined heatwave flash drought, and the rainfall signal is noisy. This suggests that efforts to understand and forecast
an event like 2017 will be concerned with different variables and different biophysical intensification processes than were active
in events like 2011.
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Figure 7: Timeseries of standardized main climate variables formulating the different flash droughts definitions averaged within
regions of observed flash drought events. (a) 2011 flash drought observed over Southern Plains. (b) 2017 Northern Plains flash
drought event. Grey horizontal lines represent £0.5 standard deviation which is roughly equivalent to the 30" percentile of each

variable’s climatology.
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3.5. Trends

Over the past century there has been an increase in precipitation over much of the United States (IPCC, 2018). Studies over the
CONUS (Andreadis and Lettenmaier, 2006) also show positive trends in soil moisture and runoff, which lead to fewer hydrological
drought events. At the same time, temperature has increased for much of CONUS in recent decades, and Mo and Lettenmaier,
(2016) show that there was a dramatic increase in HWD events in the 90’s due to this rapid warming. An increasing trend in flash
drought frequency according to this definition may be attributed to anthropogenic climate change as the rising temperature
increases evapotranspiration in humid and densely vegetated regions, which consequently causes a decrease in soil moisture (Wang
etal., 2016; Yuan et al., 2019).

In our analysis of flash droughts trends from 1979 to 2018 (USDM and QuickDRI definitions are not included due to the short
period of data availability), we see an increase in areas hit by HWD and PDD over most of the CONUS region in the past decade
(2009-2018) compared to (1979-1988) and almost no difference in SM and evaporative demand-based flash droughts definitions
(Fig. 8 and Fig. 9). Insomuch as HWD and PDD indices capture acute drought anomalies rather than the rapid intensification
targeted by other definitions, these results suggest that there is consensus across definitions that the frequency of rapidly
intensifying flash droughts did not increase between 1979-1988 and 2009-2018.

Considering each Bukovsky region (Fig. 8), however, we do observe different patterns of change in percentage of area experiencing
flash droughts over time. For example, the western coast (Pacific regions and Southwest) show an increase in areas experiencing
flash droughts while the Northern Plains and Rockies are characterized by a decrease in flash drought impacted areas. PDD shows
positive trends in almost all regions, and about half of the regions show a statistically significant trend. HWD is also positive in
almost all regions, with the majority of these trends showing statistical significance (Mann-Kendall test at p < 0.05; Fig. 8). Trends
in PDD and HWD are also positive and significant for CONUS on the whole. Trends for SMVI, SMPD, and SESR are mixed in
sign and generally not significant.

The presence of significant trends in PDD and HWD can be attributed to the fact that both directly depend, in part, on air
temperature. The other definitions are indirectly influenced by air temperature through its impact on evaporative demand and soil
moisture, but trends in those mediating variables are not as clear as the trend in temperature over the period of study. Insomuch as
there are systematic trends in flash drought across CONUS, then, it appears that those trends are only prevalent in definitions that
include the meteorological drivers of flash drought in the definition of the event. In this study, those definitions are limited to PDD
and HWD, which are definitions that target acute drought anomalies rather than rapidly intensifying flash droughts. The trends are
not evident when a definition depends only on a drought outcome of interest, such as soil moisture or evaporative stress. We do
note that there are very few cases of direct disagreement in sign between statistically significant trends across definitions. This
only occurs in the Central Plains, where SMPD differs in sign from HWD and PDD, and in the arid Great Basin region, where
SMVI shows a significant positive trend while SESR is significantly negative.
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4. Conclusion:

The present diversity in definitions of flash drought can be thought of as a feature, rather than a bug, of research in this field. This
diversity supports investigations of rapidly intensifying drought hazards from perspectives of meteorological forcing, drought
impacts, and various drought dynamics and feedbacks. However, trends and hotspots should be cautiously defined to avoid the
confusion that may arise due to the diversity of definitions and their ability to capture different aspects of flash drought. To answer
the question “are flash droughts increasing in the United States?”” one needs to be clear on the manner in which the events are being
defined and calculated.

In applying definitions to the historic record, we see that the spatial coverage of some canonical flash drought events is well-
captured by most or all of the evaluated definitions. This includes the Southern Plains event of 2011, where consistent high
temperature and rainfall deficit led to a rapid and sustained increase in potential evapotranspiration, soil moisture drawdown, and
reduced evaporation. For other events, however, the definitions differed substantially in their assessment of the extent and timing
of the drought, or even on whether a notable flash drought had occurred at all. This was the case for the northern High Plains in
2017, for example, where variable temperatures and a noisy rainfall record interfered with some definitions, even as a rapid and
highly damaging drought struck the region. These results strongly indicate that “flash drought” represents a composite class of
events, with several possible pathways all leading to rapidly intensifying drought conditions. When assessing risk patterns,
developing forecast systems, or quantifying and projecting climate change impacts, it is critically important to be clear in the choice
of definition and the rationale in making that choice.

The SMVI definition shows an ability to capture the onset of major reported flash drought events regardless of the vegetation or
humidity conditions of the region similar to the observed impacts on vegetations as seen in Fig. S2-S3 and S3S4. Ongoing research
will enhance the definition’s capabilities to report flash droughts severity and intensity.

Acknowledgement:

This research was supported primarily by the National Science Foundation PREEVENTS program Grant number: 1854902. We
also would like to thank the research project team: Trevor Keenan from UC Berkeley, Christopher Hain and Thomas Holmes from
NASA and David Lorenz from University of Wisconsin-Madison for their helpful comments and discussion. We sincerely thank
the journal editor and the anonymous reviewers for their constructive comments.

Author Contribution:
MO and BZ took the lead in writing the manuscript. BZ and HB supervised the formulation of the introduced definitions. JC and

TT provided research data and provided critical feedback and edits. JO and MA aided in interpreting the results and helped shape
the research and analysis. All authors discussed the results and contributed to the final manuscript.

20



464

465
466
467

468
469

470
471

472
473
474

475
476

477
478

479
480

481
483

484
485

486
487

488
489

501
502

References:

Anderson, M. C., Hain, C., Otkin, J., Zhan, X., Mo, K., Svoboda, M., Wardlow, B. and Pimstein, A.: An Intercomparison of
Drought Indicators Based on Thermal Remote Sensing and NLDAS-2 Simulations with U.S. Drought Monitor Classifications, J.
Hydrometeorol., 14(4), 1035-1056, doi:10.1175/jhm-d-12-0140.1, 2013.

Andreadis, K. M. and Lettenmaier, D. P.: Trends in 20th century drought over the continental United States, Geophys. Res. Lett.,
33(10), doi:10.1029/2006GL025711, 2006.

Basara, J. B., Christian, J. I., Wakefield, R. A., Otkin, J. A., Hunt, E. H. and Brown, D. P.: The evolution, propagation, and spread
of flash drought in the Central United States during 2012, Environ. Res. Lett., 14(8), doi:10.1088/1748-9326/ab2cc0, 2019.

Basara, J. B., Christian, J., Wakefield, R., Otkin, J. A., Hunt, E. D. and Grace, T. M.: A Look Back at a Historic Flash Drought
Event — The Central United States Drought of 1988, in 34th Conference on Hydrology, AMS, Boston, MA. [online] Available
from: https://ams.confex.com/ams/2020Annual/webprogram/Paper367992.html (Accessed 11 July 2020), 2020.

Bukovsky, M. S.: Masks for the Bukovsky regionalization of North America, [online] Available from:
http://www.narccap.ucar.edu/contrib/bukovsky/, 2011.

Changnon, S. A., Kunkel, K. E. and Reinke, B. C.: Impacts and Responses to the 1995 Heat Wave: A Call to Action, Bull. Am.
Meteorol. Soc., 77(7), 1497-1506, doi:10.1175/1520-0477(1996)077<1497:IARTTH>2.0.CO;2, 1996.

Chen, L. G., Gottschalck, J., Hartman, A., Miskus, D., Tinker, R. and Artusa, A.: Flash Drought Characteristics Based on U.S.
Drought Monitor, Atmosphere (Basel)., 10(9), 498, doi:10.3390/atmos10090498, 2019.

Christian, J. 1., Basara, J. B., Otkin, J. A., Hunt, E. D., Wakefield, R. A., Flanagan, P. X. and Xiao, X.: A Methodology for Flash
Drought Identification: Application of Flash Drought Frequency Across the United States, J. Hydrometeorol., JHM-D-18-0198.1,
doi:10.1175/JHM-D-18-0198.1, 2019a.

Christian, J. L., Basara, J. B., Otkin, J. A. and Hunt, E. D.: Regional characteristics of flash droughts across the United States,
Environ. Res. Commun., 1(12), 125004, doi:10.1088/2515-7620/ab50ca, 2019b.

Christian, J. L., Jeffrey, B. B., Hunt, E. D., Otkin, J. A. and Xiao, X.: Flash drought development and cascading impacts associated
with the 2010 Russian Heatwave, Environ. Res. Lett., doi:10.1088/1748-9326/ab9faf., 2020.

Ejeta, M.: The 2011 Texas Drought in Hindsight, pp. 2464-2471, World Environmental And Water Resources Congress,
Albuquerque, New Mexico, United States., 2012.

Ford, T. W. and Labosier, C. F.: Meteorological conditions associated with the onset of flash drought in the Eastern United States,
Agric. For. Meteorol., 247, 414-423, doi:10.1016/J. AGRFORMET.2017.08.031, 2017.

Fuchs, B., Wood, D. and Ebbeka, D.: From Too Much to Too Little: How the Central US Drought of 2012 Evolved Out of One of
the Most Devastating Floods on Record in 2011, Natl. Integr. Drought Inf. Syst., 105 [online] Available from:
https://www.drought.gov/drought/sites/drought.gov.drought/files/media/reports/regional outlooks/CentralRegion2012DroughtAs
sessment 1-5-15.pdf, 2012.

Gerken, T., Bromley, G. T., Ruddell, B. L., Williams, S. and Stoy, P. C.: Convective suppression before and during the United
States Northern Great Plains flash drought of 2017, , 22(8), 41554163, doi:10.5194/hess-22-4155-2018, 2018.

He, M., Kimball, J. S., Yi, Y., Running, S., Guan, K., Jensco, K., Maxwell, B. and Maneta, M.: Impacts of the 2017 flash drought
in the US Northern plains informed by satellite-based evapotranspiration and solar-induced fluorescence, Environ. Res. Lett.,
14(7), doi:10.1088/1748-9326/ab22c3, 2019.

Heim Jr., R. R.: A Review of Twentieth-Century Drought Indices Used in the United States, Bull. Am. Meteorol. Soc., 83(8),
1149-1166, doi:10.1175/1520-0477-83.8.1149, 2002.

21



503
504

505
506

507
508

509
510
511

512
513
514
515
516

517
518

519
520
521

531

533
534
535

536
537

538
539

540
541
542

543
544

Hoerling, M., Schubert, S. and Mo, K. C.: An Interpretation of the Origins of the 2012 Central Great Plains Drought Assessment
Report., 2013.

Hoerling, M., Eischeid, J., Kumar, A., Leung, R., Mariotti, A., Mo, K., Schubert, S. and Seager, R.: Causes and Predictability of
the 2012 Great Plains Drought, Bull. Am. Meteorol. Soc., 95(2), 269-282, doi:10.1175/bams-d-13-00055.1, 2014.

Hunt, E. D., Hubbard, K. G., Wilhite, D. A., Arkebauer, T. J. and Dutcher, A. L.: The development and evaluation of a soil moisture
index, Int. J. Climatol., 29(5), 747-759, d0i:10.1002/joc.1749, 2009.

IPCC: Summary for Policymakers. In: Global Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of
1.5°C above pre-industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the global
response to, Geneva, Switzerland. [online] Available from: https://www.ipcc.ch/sr15/chapter/spm/, 2018.

Jencso, K., Parker, B., Downey, M., Hadwen, T., Hoell, A., Rattling Leaf, J., Edwards, L., Akyuz, A., Kluck, D., Peck, D., Rath,
M., Syner, M., Umphlett, N., Wilmer, H., Barnes, V., Clabo, D., Fuchs, B., He, M., Johnson, S., Kimball, J., Longknife, D., Martin,
D., Nickerson, N., Sage, J. and Fransen, T.: Flash drought: Lessons learned from the 2017 drought across the U.S. northern plains
and Canadian prairies. [online] Available from:
https://www.drought.gov/drought/sites/drought.gov.drought/files/NIDIS LL FlashDrought 2017 high-res Final.pdf, 2019.

Kampe, T. U.: NEON: the first continental-scale ecological observatory with airborne remote sensing of vegetation canopy
biochemistry and structure, J. Appl. Remote Sens., 4(1), 043510, doi:10.1117/1.3361375, 2010.

Kimball, J. S., Jones, L., Jensco, K., He, M., Maneta, M. and Reichle, R.: Smap L4 Assessment of the Us Northern Plains 2017
Flash Drought, in International Geoscience and Remote Sensing Symposium (IGARSS), pp. 53665369, Institute of Electrical and
Electronics Engineers Inc., 2019.

Konrad II, C. E. and Knox, P.: The Southeastern Drought and Wildfires of 2016. [online] Available from:
http://www.sercc.com/NIDISDroughtAssessmentFINAL.pdf, 2018.

Koster, R. D., Dirmeyer, P. A., Guo, Z., Bonan, G., Chan, E., Cox, P., Gordon, C. T., Kanae, S., Kowalczyk, E., Lawrence, D.,
Liu, P., Lu, C. H., Malyshev, S., McAvaney, B., Mitchell, K., Mocko, D., Oki, T., Oleson, K., Pitman, A., Sud, Y. C., Taylor, C.
M., Verseghy, D., Vasic, R., Xue, Y. and Yamada, T.: Regions of strong coupling between soil moisture and precipitation, Science
(80-.)., 305(5687), 1138-1140, doi:10.1126/science.1100217, 2004.

Koster, R. D., Schubert, S. D., Wang, H., Mahanama, S. P. and Deangelis, A. M.: Flash drought as captured by reanalysis data:
Disentangling the contributions of precipitation deficit and excess evapotranspiration, J. Hydrometeorol., 20(6), 12411258,
doi:10.1175/JHM-D-18-0242.1, 2019.

Li, J., Wang, Z., Wu, X., Guo, S. and Chen, X.: Flash droughts in the Pearl River Basin, China: Observed characteristics and future
changes, Sci. Total Environ., 707, doi:10.1016/j.scitotenv.2019.136074, 2020.

Liu, Y., Zhu, Y., Ren, L., Otkin, J., Hunt, E. D., Yang, X., Yuan, F. and Jian, S.: Two different methods for flash drought
identification: Comparison of their strengths and limitations, J. Hydrometeorol., 21(4), 691-704, doi:10.1175/JHM-D-19-0088.1,
2020.

Lyon, B. and Dole, R. M.: A Diagnostic Comparison of the 1980 and 1988 U.S. Summer Heat Wave-Droughts, J. Clim., 8(6),
1658-1675, doi:10.1175/1520-0442(1995)008<1658:ADCOTA>2.0.CO;2, 1995.

Mallya, G., Zhao, L., Song, X. C., Niyogi, D. and Govindaraju, R. S.: 2012 Midwest drought in the United States, J. Hydrol. Eng.,
18(7), 737-745, d0i:10.1061/(ASCE)HE.1943-5584.0000786, 2013.

McEvoy, D. J., Huntington, J. L., Hobbins, M. T., Wood, A., Morton, C., Anderson, M. and Hain, C.: The evaporative demand
drought index. Part II: CONUS-wide assessment against common drought indicators, J. Hydrometeorol., 17(6), 1763-1779,
doi:10.1175/JHM-D-15-0122.1, 2016.

Mesinger, F., DiMego, G., Kalnay, E., Mitchell, K., Shafran, P. C., Ebisuzaki, W., Jovi¢, D., Woollen, J., Rogers, E., Berbery, E.
H., Ek, M. B, Fan, Y., Grumbine, R., Higgins, W., Li, H., Lin, Y., Manikin, G., Parrish, D. and Shi, W.: North American regional

22



545

546
547

548
549

550
551

552
553

554
555
556

557
558
559
560
562
563

565

585
586

reanalysis, Bull. Am. Meteorol. Soc., 87(3), 343-360, doi:10.1175/BAMS-87-3-343, 2006.

Mo, K. C. and Lettenmaier, D. P.: Heat wave flash droughts in decline, Geophys. Res. Lett., 42(8), 2823-2829,
doi:10.1002/2015g1064018, 2015.

Mo, K. C. and Lettenmaier, D. P.: Precipitation Deficit Flash Droughts over the United States, J. Hydrometeorol., 17(4), 1169—
1184, doi:10.1175/jhm-d-15-0158.1, 2016.

National Oceanic and Atmospheric Administration: The Drought of 1988 and Beyond. [online] Available from:
https://repository.library.noaa.gov/view/noaa/10952/noaa_10952 DS1.pdf?, 1988.

Nielsen-Gammon, J.: The 2011 Texas Drought, Texas Water J., 3(1), 59-95 [online] Available from:
https://journals.tdl.org/twj/index.php/twj/article/view/6463, 2012.

Otkin, J. A., Anderson, M. C., Hain, C., Mladenova, 1. E., Basara, J. B. and Svoboda, M.: Examining Rapid Onset Drought
Development Using the Thermal Infrared—Based Evaporative Stress Index, J. Hydrometeorol., 14(4), 1057-1074,
doi:10.1175/JHM-D-12-0144.1, 2013.

Otkin, J. A., Anderson, M. C., Hain, C., Svoboda, M., Johnson, D., Mueller, R., Tadesse, T., Wardlow, B. and Brown, J.: Assessing
the evolution of soil moisture and vegetation conditions during the 2012 United States flash drought, Agric. For. Meteorol., 218—
219, 230-242, doi:10.1016/j.agrformet.2015.12.065, 2016.

Otkin, J. A., Svoboda, M., Hunt, E. D., Ford, T. W., Anderson, M. C., Hain, C., Basara, J. B., Otkin, J. A., Svoboda, M., Hunt, E.
D., Ford, T. W., Anderson, M. C., Hain, C. and Basara, J. B.: Flash Droughts: A Review and Assessment of the Challenges Imposed
by Rapid-Onset Droughts in the United States, Bull. Am. Meteorol. Soc., 99(5), 911-919, doi:10.1175/BAMS-D-17-0149.1, 2018.

Otkin, J. A., Zhong, Y., Hunt, E. D., Basara, J., Svoboda, M., Anderson, M. C. and Hain, C.: Assessing the evolution of soil
moisture and vegetation conditions during a flash drought-flash recovery sequence over the South-Central United States, J.
Hydrometeorol., 20(3), 549562, doi:10.1175/JHM-D-18-0171.1, 2019.

Park Williams, A., Cook, B. 1., Smerdon, J. E., Bishop, D. A., Seager, R. and Mankin, J. S.: The 2016 Southeastern U.S. Drought:
An Extreme Departure From Centennial Wetting and Cooling, J. Geophys. Res. Atmos., 122(20), 10,888-10,905,
doi:10.1002/2017JD027523, 2017.

Pendergrass, A. G., Meehl, G. A., Pulwarty, R., Hobbins, M., Hoell, A., AghaKouchak, A., Bonfils, C. J. W., Gallant, A. J. E.,
Hoerling, M., Hoffmann, D., Kaatz, L., Lehner, F., Llewellyn, D., Mote, P., Neale, R. B., Overpeck, J. T., Sheffield, A., Stahl, K.,
Svoboda, M., Wheeler, M. C., Wood, A. W. and Woodhouse, C. A.: Flash droughts present a new challenge for subseasonal-to-
seasonal prediction, Nat. Clim. Chang., 10(3), 191-199, doi:10.1038/s41558-020-0709-0, 2020.

Ramlow, J. M. and Kuller, L. H.: Effects of the summer heat wave of 1988 on daily mortality in Allegheny County, PA, Public
Health Rep., 105(3), 283-289 [online] Available from: /pmc/articles/PMC1579995/?report=abstract (Accessed 24 June 2020),
1990.

Senay, G. B., Budde, M. . B., Brown, J. . F. and Verdin, J. . P.: Mapping Flash Drought in the U.S. Southern Great Plains, in 22nd
Conference on Hydrology, AMS, New Orleans, LA, New Orleans, LA. [online] Available from:
https://ams.confex.com/ams/88 Annual/techprogram/paper_134349.htm, 2008.

Svoboda, M., LeComte, D., Hayes, M., Heim, R., Gleason, K., Angel, J. J. R. J., Rippey, B., Tinker, R., Palecki, M., Stooksbury,
D., Miskus, D., Stephens, S., Svoboda, M., LeComte, D., Hayes, M., Heim, R., Gleason, K., Angel, J. J. R. J., Rippey, B., Tinker,
R., Palecki, M., Stooksbury, D., Miskus, D. and Stephens, S.: The Drought Monitor, Bull. Am. Meteorol. Soc., 83(8), 1181-1190,
doi:10.1175/1520-0477-83.8.1181, 2002.

Tobin, K. J., Crow, W. T., Dong, J. and Bennett, M. E.: Validation of a New Root-Zone Soil Moisture Product: Soil MERGE,
IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens., 12(9), 3351-3365, doi:10.1109/JSTARS.2019.2930946, 2019.

Trenberth, K. E. and Guillemot, C. J.: Physical Processes Involved in the 1988 Drought and 1993 Floods in North America,
American Meteorological Society., 1996.

23



587
588

589
590

591
592

593
595

606
607

608

Trenberth, K. E., Branstator, G. W. and Arkin, P. A.: Origins of the 1988 North American drought, Science (80-. )., 242(4886),
16401645, doi:10.1126/science.242.4886.1640, 1988.

Wang, L., Yuan, X., Xie, Z., Wu, P. and Li, Y.: Increasing flash droughts over China during the recent global warming hiatus, Sci.
Rep., 6, d0i:10.1038/srep30571, 2016.

Whitman, S., Good, G., Donoghue, E. R., Benbow, N., Shou, W. and Mou, S.: Mortality in Chicago attributed to the July 1995
heat wave, Am. J. Public Health, 87(9), 1515-1518, doi:10.2105/AJPH.87.9.1515, 1997.

Wolf, S., Keenan, T. F., Fisher, J. B., Baldocchi, D. D., Desai, A. R., Richardson, A. D., Scott, R. L., Law, B. E., Litvak, M. E.,
Brunsell, N. A., Peters, W. and Van Der Laan-Luijkx, I. T.: Warm spring reduced carbon cycle impact of the 2012 US summer
drought, Proc. Natl. Acad. Sci. U. S. A., 113(21), 5880-5885, doi:10.1073/pnas.1519620113, 2016.

Xia, Y., Mitchell, K., Ek, M., Cosgrove, B., Sheffield, J., Luo, L., Alonge, C., Wei, H., Meng, J., Livneh, B., Duan, Q. and
Lohmann, D.: Continental-scale water and energy flux analysis and validation for North American Land Data Assimilation System
project phase 2 (NLDAS-2): 2. Validation of model-simulated streamflow, J. Geophys. Res. Atmos., 117(D3),
doi:10.1029/2011JD016051, 2012a.

Xia, Y., Mitchell, K., Ek, M., Sheffield, J., Cosgrove, B., Wood, E., Luo, L., Alonge, C., Wei, H., Meng, J., Livneh, B., Lettenmaier,
D., Koren, V., Duan, Q., Mo, K., Fan, Y. and Mocko, D.: Continental-scale water and energy flux analysis and validation for the
North American Land Data Assimilation System project phase 2 (NLDAS-2): 1. Intercomparison and application of model
products, J. Geophys. Res. Atmos., 117(D3), doi:10.1029/2011JD016048, 2012b.

Yuan, X., Wang, L., Wu, P., Ji, P., Sheffield, J. and Zhang, M.: Anthropogenic shift towards higher risk of flash drought over
China, Nat. Commun., 10(1), 1-8, doi:10.1038/s41467-019-12692-7, 2019.

Zhang, M. and Yuan, X.: Rapid reduction in ecosystem productivity caused by flash drought based on decade-long FLUXNET
observations, Hydrol. Earth Syst. Sci. Discuss., 1-39, doi:10.5194/hess-2020-185, 2020.

24



