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Abstract: Understanding the characteristics of flash drought events and further predicting the onset
of such events on subseasonal timescales is of critical importance for impact assessment, disaster
mitigation, and loss prevention. In this study, we employ a rate-of-change approach and define
a flash drought event as a drought event with greater than or equal to two categories degradation in
a four-week period based on the U.S. Drought Monitor. Unlike conventional drought, which can occur
year-round and everywhere in the United States, flash drought has preferred seasons and locations
to occur, mostly in the warm season and over the central United States. Widespread flash drought
over the United States is largely correlated with La Niña episodes. In contrast with conventional
drought, which is mainly driven by precipitation deficits, anomalously high evapotranspiration rates,
caused by anomalously high temperatures, winds, and/or incoming radiation, are usually present
before the onset of flash drought. Comparing to precipitation and soil moisture, evapotranspiration
typically has the largest decline rate during the fast-development phase. Three-month Standardized
Precipitation Indexes are mostly dry right before flash drought onset, but large deficits are not
required. As a result, monitoring rapid changes in evapotranspiration, along with precipitation and
soil moisture conditions, can provide early warnings of flash drought development.

Keywords: flash drought; frequency of occurrence; ENSO; evapotranspiration; antecedent condition;
drought onset; drought evolution; composite analysis

1. Introduction

Drought can develop and intensify in a short period of time and result in major agricultural losses
if it is not predicted and detected in a timely manner. Such phenomena were noted in the early 2000s
when the U.S. Drought Monitor (USDM) [1] was inaugurated, and they were termed “flash drought”
by USDM authors. In summer 2012, widespread areas over the central Great Plains experienced greater
than three categories drought intensification over a two-month period, causing major agricultural and
crop losses in the American heartland [2]. The inflation-adjusted cost of this flash drought is estimated
to exceed $30 billion across the nation [3]. The sudden onset of this drought and its devastating impacts
have led to an increasing awareness of flash drought and quests for more research and understanding.

Early research of flash drought is focused on the meteorological and hydrological conditions
leading to flash drought development. For example, Hunt et al. (2009) [4] developed a soil moisture
index to monitor soil water stress in the top 50 cm soil layer for flash drought alerts. Mo and Lettenmaier
(2015 and 2016) [5,6] identified two types of flash drought, namely heat wave flash drought and
precipitation deficit flash drought, based on precipitation (P), temperature (T), evapotranspiration (ET),
and/or soil moisture (SM) conditions. Another topic of research is focused on changes in evaporative
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stress and its relation to flash drought development. For instance, Otkin et al. (2013) [7] examined the
sudden onset of drought using a satellite-derived drought index, and further developed the Rapid
Change Index to highlight areas undergoing quick changes in moisture stress [8]. More recently,
Christian et al. (2019) [9] presented a methodology to identify flash drought using Standardized
Evaporative Stress Ratio (SESR) values and changes in SESR over some period. U.S. Geological Survey,
in collaboration with the National Drought Mitigation Center (NDMC) and others, also released
a new operational product—Quick Drought Response Index (QuickDRI)—to provide early detection
of flash drought (available at https://quickdri.unl.edu/). QuickDRI is a short-term drought index
that combines multiple input data of P, SM, ET, vegetation health, and landscape characteristics to
indicate anomalously dry or wet conditions over the past four weeks. Otkin et al. (2018) [10] provided
a comprehensive review of flash drought literature to date.

At the National Oceanic and Atmospheric Administration’s Climate Prediction Center
(NOAA/CPC), a primary responsibility is to monitor and predict drought by issuing official weekly
USDM (every Tuesday), Seasonal Drought Outlook (SDO; in the middle of the month), and Monthly
Drought Outlook (MDO; at the end of the month). The 2017 Northern Plains Flash Drought [11,12]
caught forecasters off guard and the April MDO and SDO did not verify well. In order to improve
our understanding of flash drought and hence better forecast its onset, we carry out a climatological
analysis by examining fast-developing drought events identified from USDM. This approach is different
from the approach used by Christian et al. (2019) [9] or QuickDRI. Our goal is to provide a pertinent
reference directly aligned with CPC’s work. In this study, we define a flash drought event as a drought
event with greater than or equal to two categories degradation in a four-week period based on
USDM. Our objectives are to (1) summarize the characteristics of flash drought events, including
when and where these events occur, (2) assess antecedent conditions of these events prior to drought
intensification, and (3) identify potential natural precursors for flash drought prediction.

In the following, Section 2 describes the USDM and North American Land Data Assimilation
System (NLDAS) data used in the study; Section 3 presents the analysis on the frequency of occurrence
for both flash drought and conventional drought; Section 4 discusses the relation between flash drought
coverage and the El Niño–Southern Oscillation (ENSO); Section 5 examines the antecedent conditions
and evolution of five selected flash droughts; Section 6 carries out composite analysis of flash drought
events; and finally, Section 7 summarizes the major findings and conclusions from the investigation.

2. Data

2.1. U.S. Drought Monitor (USDM)

The U.S. Drought Monitor is a joint effort by NOAA’s CPC and National Centers for Environmental
Information, NDMC at the University of Nebraska–Lincoln, and the United States Department of
Agriculture. USDM maps are produced weekly through expert synthesis of various data sources,
including precipitation, soil moisture, streamflow, snow water equivalent and snowpack, crop and
vegetation conditions, and reservoir and groundwater levels. These data sources are coupled with
inputs from local, state, regional, and federal levels (e.g., local impact reports) to depict short- and
long-term drought conditions. USDM is officially released on a Thursday morning and includes data up
through 12Z the previous Tuesday morning. Svoboda et al. (2002) [1] provided an extensive overview
of the production process of USDM maps. On USDM maps, drought conditions are classified into five
categories: D0 (abnormally dry), D1 (moderate drought), D2 (severe drought), D3 (extreme drought),
and D4 (exceptional drought). USDM maps contain valuable information of drought occurrence,
severity, and extent, and are used by U.S. government agencies for official drought declarations.
The original USDM maps are created in ArcGIS shapefile format. In order to use USDM as a data source
for numerical analysis, we rasterized USDM maps into gridded outputs with 1/8 degree resolution,
covering the contiguous United States (CONUS). For each grid point, we assigned a numerical value
of 0, 1, 2, 3, or 4 in correspondence to the D0, D1, D2, D3, and D4 categories. For areas with no
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drought, we assigned the grid points with a value of −1. In this study, we used the USDM maps from
4 January 2000 to 26 December 2017 on every Tuesday (939 maps in total).

2.2. Phase 2 of the North American Land Data Assimilation System (NLDAS-2)

Because long-term, in situ measurements of soil moisture and evapotranspiration are either
unavailable or limited in areal coverage, model-simulated data are often used as a proxy for
observations [13]. In this study, we use P, T at 2 m, ET, total column SM, and total surface runoff (R) data
from the Phase 2 of NLDAS (NLDAS-2) to examine meteorological and hydrological conditions prior to
rapid drought intensification and in the evolution of drought. In NLDAS-2, different land surface models
are forced by hourly precipitation, radiation, and low-level winds to produce land surface states and
fluxes at a horizontal resolution of 1/8 degree [14,15]. The P forcing is derived from CPC’s gauge-based
precipitation analysis [16] and the atmospheric forcing (temperature, radiation, etc.) is obtained from
the North American Regional Reanalysis [17]. NLDAS-2 consists of four land surface models running
uncoupled: (1) The NOAH model [18]; (2) NASA’s Mosaic model [19,20]; (3) the Variable Infiltration
Capacity (VIC) model [21,22]; and (4) the Sacramento SAC model [23,24]. In this study, we use the ET,
SM, and R data from the VIC model. The strategy of using the VIC model outputs permits alignment
with the CFSv2_VIC forecast system developed at CPC by Mo et al. (2012) [25], which will be used
in subsequent research for flash drought prediction. The hourly NLDAS-2 outputs were aggregated
to daily data from 00Z to 00Z for the analyses, and the rasterized USDM data were mapped to the
NLDAS-2 grid system to be consistent.

3. Frequency of Occurrence

To improve our understanding of flash droughts (i.e., when and where these events occur),
we examine their frequency of occurrence using historical USDM data. In this analysis, we first
compute the occurrence frequency for all drought events. A drought event is defined as an event with
drought category of D1, D2, D3, or D4 on a USDM map. At each grid point, the number of drought
events is counted for each month based on the issued dates of USDM, and then the percentage is
calculated by dividing the number of drought events by the total number of USDM maps. Figure 1
shows the maps of drought occurrence frequency (in percentage) based on the rasterized 2000–2017
USDM data (sample size of 939) for all 12 months. Drought can occur year-round and everywhere in
the United States. However, some regions, such as Nevada, Arizona, and southern California, are more
prone to drought than others, and drought occurrence is largely dependent on geographical location.
In the maps, an east–west contrast is observed for all months, indicating that the western United
States are more vulnerable to drought. Due to the slowly evolving nature of drought, there are small
variations among seasons. Yet, a slight increase in drought occurrence appears over the central and
southern United States during the warm season, implying that temperature (T) or its related quantities
(e.g., ET) may play a role in drought manifestation in summertime.

Figure 2 presents the maps of flash drought occurrence frequency (in percentage) for all 12 months.
In this analysis, a flash drought event is defined as a drought event with greater than or equal to
two categories degradation in a four-week period based on USDM, and each event is labeled with
a date the same as the ending date of the four-week period. That is, for a given grid point and
a given week, if its drought category on USDM is two or more categories worse than four weeks ago,
this drought is identified as a flash drought event. The percentage is calculated in a similar fashion to
the frequency of occurrence of all drought events, but with a sample size of 935. Clearly, there are
preferred seasons and regions for flash drought to occur. Unlike conventional, slowly evolving drought
that can occur year-round, most events occurred in the warm season and over the central United States.
This characteristic is very different from conventional drought driven mainly by P deficits, suggesting
that different approaches may be needed to predict flash drought.
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By cross-examining the spatial and temporal patterns of flash drought occurrence with ET and T
climatological maps derived from 1981–2010 NLDAS-2 data (Figures 3 and 4, respectively), there is
strong coherence between the flash drought occurrence maps and ET climatological maps. Both sets
of maps have large numbers in the warm season and over the central United States. In the cold
season, most flash drought events and ET activities are apparent over the southern United States.
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In contrast, the T climatological maps present a south–north progression from cold season to warm
season. This south–north progression is consistent across the eastern, central, and western United
States with small variations. Most differences observed are associated with elevation differences.
The similarity between the patterns of flash drought occurrence maps and ET climatological maps
suggests that flash drought development is more related to ET processes than T effects, since ET
processes are affected by not only T, but also vegetation and soil types. The various vegetation and soil
types across the CONUS (figures not shown) contribute to the preferred seasons and regions of flash
drought occurrence.Atmosphere 2019, 10, x FOR PEER REVIEW 5 of 15 
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4. Flash Drought and ENSO

To illustrate how flash droughts occurred over time, the bottom row of Figure 5 shows the time
series of flash drought coverage over the CONUS from 2000 to 2017. Contradicting the common
perception that flash droughts are rare events, they occurred frequently throughout the 18-year period.
Some years only have a small fraction of the CONUS experiencing flash drought development, and most
of these flash droughts went unnoticed. Although the 2017 Northern Plains Drought caused significant
agricultural damages and losses, the flash drought coverage of this event was limited to the northern
High Plains and did not stand out on the time series.
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(top) and flash drought coverage over the contiguous United States (bottom) from 2000 to 2017.

The top row of Figure 5 shows the time series of the Oceanic Nino Index (ONI) [26] from 2000 to
2017. The ONI is one of the primary indices used to monitor the El Niño–Southern Oscillation (ENSO)
at CPC. The ONI is the three-month running mean of sea surface temperature anomalies in the Niño-3.4
region (5◦ S to 5◦ N; 170◦ W to 120◦ W) of the east-central equatorial Pacific Ocean. The historical
ONI (starting from 1950) is published on the CPC website at http://www.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ensoyears.shtml. During the 2000–2017 period, five years (i.e., 2000,
2003, 2006, 2007, and 2012) had widespread fast development of drought, and four out of the five years
(except 2003) occurred after or during a La Niña episode, indicating that the ENSO plays an important
role in widespread flash drought development over the United States. The correlation coefficients
between the ONI and three-month average of flash drought coverage under La Niña conditions are
0.39, 0.44, and 0.45 for zero lag, one-month lag, and two-month lag, respectively, a significant increase
from the correlation coefficients calculated based on the entire time series, which are −0.11, −0.15,
and −0.18 for zero lag, one-month lag, and two-month lag, respectively.

During La Niña years, the effects of changes in Pacific Ocean temperatures are usually larger
during the winter months when the jet stream is stronger over the United States, causing warmer
and drier than normal conditions across the South and cooler and wetter conditions in the Pacific
Northwest [27,28]. The warmer and drier winter conditions set the stage for potential drought
development if the conditions persist into spring or summer. The conditions can be exacerbated if
followed by abnormally warm spring or summer heatwaves, resulting in flash drought development.
The physical mechanism of how a La Niña episode attributed to a flash drought in the United States

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
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varies case by case and is beyond the scope of this study. This topic will be further investigated in
subsequent research.

The 2012 flash drought over the central Great Plains [29] is historic, with about 18% of the CONUS
experiencing sudden deterioration of conditions at the peak of drought development. This drought
occurred after back-to-back La Niña episodes, further highlighting the effects of ENSO on rapid
drought development over the United States. The causes, evolution, impacts, and predictability of
this drought have been studied by many and are well documented [29–32]. The significance of this
drought (and the damages it caused) has led to the awareness of flash drought and motivated the
inauguration of the MDO at CPC in 2013.

5. Antecedent Conditions and Evolution of Selected Flash Droughts

In order to investigate the antecedent conditions prior to the rapid development of drought,
NLDAS-2 data of the five years with widespread flash drought development were gathered and
analyzed. Table 1 lists the specific location and time period of the five selected flash droughts used in
the analysis. We looked at the time series of P, T, SM, ET, and R, their anomalies, and standardized
drought indices, as well as the evolution of these five droughts. Our goal is to look for common
features during the drought development phase. Here, we use the 2000 southern U.S. flash drought as
an example to illustrate these features.

Table 1. Location and time period of five selected flash droughts used in this study.

No. Drought Year Fast-Development Period Location Lat-Lon Box

1 2000 4 July to 5 September Southern U.S. 28–37◦ N; 85–106◦ W
2 2003 1 July to 2 September Central U.S. 32–47◦ N; 88–104◦ W
3 2006 6 June to 1 August Northern Plains 40–49◦ N; 89–117◦ W
4 2007 3 July to 7 August Northern Rocky 42–49◦ N; 108–118◦ W
5 2012 1 May to 7 August Central U.S. 33–47◦ N; 80–114◦ W

Figure 6 presents the USDM maps at the beginning of the months from July to October for
the 2000 southern U.S. flash drought. On 4 July 2000, exceptional drought existed from the Florida
panhandle stretching into southeastern Alabama and central Georgia. There was only a small band
of moderate drought along the Texas–Mexico boundary, and the majority parts of Texas, Oklahoma,
and Arkansas were drought-free. From 4 July to 1 August, drought suddenly developed over central
Texas, Mississippi, and western Alabama. Some of these areas experienced three categories of
degradation in drought, as seen in Figure 7 (top right panel). The rapid intensification continued from
1 August to 5 September over northern Texas, Arkansas, and Louisiana (Figure 7, bottom left panel).
On September 5, all Gulf states were in drought with large areas of exceptional drought over Alabama
and portions of Louisiana.

Figure 8 depicts the time series of areal averaged three-month Standardized Precipitation Index
(SPI) [33] and seven-day mean anomalies of T, ET, and SM from 1 January 2000 to 31 December 2000.
All anomalies are departures from the average over the 1981–2010 period. Plotted values were
averaged over the latitude–longitude box area, indicated in Table 1 (also shown in Figure 7, top right
panel). Before the flash drought onset, this area was preceded by warmer and drier than normal
conditions in the winter, as shown by the time series of three-month SPI and seven-day mean T anomaly.
This is a typical La Niña pattern in the southern United States and Year 2000 was the second year
of back-to-back La Niña episodes. As a result, the areal averaged SM anomalies were below normal
during the wintertime, and ET activities in the area were minor from winter to spring. Spring showers
had recharged the area and brought the three-month SPI and seven-day mean SM anomaly up to
normal right before the flash drought onset. At the beginning of July, warm air/heatwave moved into
the region and there was a sudden decrease in seven-day mean ET anomaly, associated with a sudden
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decrease in seven-day mean SM anomaly and three-month SPI over the region, causing the rapid
development of drought.

Atmosphere 2019, 10, x FOR PEER REVIEW 8 of 15 

 

up to normal right before the flash drought onset. At the beginning of July, warm air/heatwave 
moved into the region and there was a sudden decrease in seven-day mean ET anomaly, associated 
with a sudden decrease in seven-day mean SM anomaly and three-month SPI over the region, causing 
the rapid development of drought. 

 
Figure 6. USDM maps on July 4 (top left), August 1 (top right), September 5 (bottom left), and 
October 3 (bottom right) in Year 2000. 

 
Figure 7. USDM change maps for the periods from June 6 to July 4 (top left), July 4 to August 1 (top 
right), August 1 to September 5 (bottom left), and September 5 to October 3 (bottom right) in Year 
2000. Areas without drought are shown in white. 

Figure 6. USDM maps on July 4 (top left), August 1 (top right), September 5 (bottom left), and October 3
(bottom right) in Year 2000.

Atmosphere 2019, 10, x FOR PEER REVIEW 8 of 15 

 

up to normal right before the flash drought onset. At the beginning of July, warm air/heatwave 
moved into the region and there was a sudden decrease in seven-day mean ET anomaly, associated 
with a sudden decrease in seven-day mean SM anomaly and three-month SPI over the region, causing 
the rapid development of drought. 

 
Figure 6. USDM maps on July 4 (top left), August 1 (top right), September 5 (bottom left), and 
October 3 (bottom right) in Year 2000. 

 
Figure 7. USDM change maps for the periods from June 6 to July 4 (top left), July 4 to August 1 (top 
right), August 1 to September 5 (bottom left), and September 5 to October 3 (bottom right) in Year 
2000. Areas without drought are shown in white. 

Figure 7. USDM change maps for the periods from June 6 to July 4 (a), July 4 to August 1 (b), August 1
to September 5 (c), and September 5 to October 3 (d) in Year 2000. Areas without drought are shown
in white.



Atmosphere 2019, 10, 498 9 of 15
Atmosphere 2019, 10, x FOR PEER REVIEW 9 of 15 

 

 
Figure 8. Time series of areal averaged three-month Standardized Precipitation Index (first row), 
seven-day mean temperature anomaly (second row), seven-day mean evapotranspiration anomaly 
(third row), and seven-day mean soil moisture anomaly (fourth row) from January 1, 2000 to 
December 31, 2000. The time period within the vertical purple lines is the fast-development period. 

The sudden decreases in seven-day mean ET and SM anomalies were not only observed in the 
2000 southern U.S. flash drought; they also appeared in four other flash droughts. All five flash 
droughts experienced warmer than normal temperatures during the rapid intensification periods as 
well. Their three-month SPIs were all negative during their deteriorations, but not all five droughts 
displayed sharp declines. Some droughts were preceded by a warm spring or winter and above 
normal ET activities. However, SM anomalies and three-month SPIs can be wetter than normal before 
the flash drought onset. Table 2 provides a summary of the antecedent conditions prior to the drought 
onset and features during the fast-development phase. 

Rapid changes in ET anomaly during flash drought development were also observed by Otkin 
et al. (2013) [7] using remote sensing data. Among the four cases they studied, the events could be 
generally characterized by warm air temperature and low cloud cover anomalies, accompanied by 
high winds and dewpoint depressions, resulting in swift depletion of SM storages through ET 
processes. Sun et al. (2015) [30] examined the onset mechanism of the 2012 Great Plains Flash 
Drought, using satellite observations, and found similar results. They attributed the rapid onset of 
the 2012 drought to unusually high temperatures in early summer, which activated strong ET 
activities and depleted SM in a short amount of time. The 2017 Northern Plains Flash Drought [11,12] 
exhibited comparable features, with much of the area in central to eastern Montana experiencing 
abnormally high ET rates during May 2017. As May progressed to June, the lack of P and depleted 
SM led to an accelerated decline in ET amounts, and exceptionally low ET anomalies were presented 
in large areas of central to eastern Montana and the Dakotas at the beginning of July. 
  

Figure 8. Time series of areal averaged three-month Standardized Precipitation Index (first row),
seven-day mean temperature anomaly (second row), seven-day mean evapotranspiration anomaly
(third row), and seven-day mean soil moisture anomaly (fourth row) from 1 January 2000 to
31 December 2000. The time period within the vertical purple lines is the fast-development period.

The sudden decreases in seven-day mean ET and SM anomalies were not only observed in the
2000 southern U.S. flash drought; they also appeared in four other flash droughts. All five flash
droughts experienced warmer than normal temperatures during the rapid intensification periods as
well. Their three-month SPIs were all negative during their deteriorations, but not all five droughts
displayed sharp declines. Some droughts were preceded by a warm spring or winter and above normal
ET activities. However, SM anomalies and three-month SPIs can be wetter than normal before the
flash drought onset. Table 2 provides a summary of the antecedent conditions prior to the drought
onset and features during the fast-development phase.

Rapid changes in ET anomaly during flash drought development were also observed by
Otkin et al. (2013) [7] using remote sensing data. Among the four cases they studied, the events could
be generally characterized by warm air temperature and low cloud cover anomalies, accompanied
by high winds and dewpoint depressions, resulting in swift depletion of SM storages through ET
processes. Sun et al. (2015) [30] examined the onset mechanism of the 2012 Great Plains Flash Drought,
using satellite observations, and found similar results. They attributed the rapid onset of the 2012
drought to unusually high temperatures in early summer, which activated strong ET activities and
depleted SM in a short amount of time. The 2017 Northern Plains Flash Drought [11,12] exhibited
comparable features, with much of the area in central to eastern Montana experiencing abnormally
high ET rates during May 2017. As May progressed to June, the lack of P and depleted SM led to
an accelerated decline in ET amounts, and exceptionally low ET anomalies were presented in large
areas of central to eastern Montana and the Dakotas at the beginning of July.
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Table 2. Summary of antecedent conditions prior to drought onset and features during the
fast-development phase for the five selected flash droughts.

Drought No. Three-month SPI
(Sharp Decline?)

T Anomaly
(Sharp Decline?)

ET Anomaly
(Sharp Decline?)

SM Anomaly
(Sharp Decline?)

a. Within 3 Months before Drought Onset
1 BN to NN (N) AN (N) BN (N) BN (N)
2 AN (N) NN (N) AN (N) NN (N)
3 AN (N) AN (N) AN (N) AN (Y)
4 BN (N) AN (N) AN (N) AN to BN (Y)
5 NN (N) AN (N) AN (N) BN (N)

b. During the Fast-Development Phase
1 BN (Y) AN (N) BN (Y) BN (Y)
2 AN to BN (Y) AN (N) BN (Y) BN (Y)
3 BN (Y) AN (N) AN to BN (Y) BN (Y)
4 BN (N) AN (N) AN to BN (Y) BN (Y)
5 BN (Y) AN (N) AN to BN (Y) BN (Y)

Note: AN—above normal, NN—near normal, and BN—below normal. Inside parentheses: Y—yes, and N—no.

Evapotranspiration varies regionally and seasonally (Figure 3) and depends on a number of factors,
including air temperature, water availability, humidity, wind speed, and incoming radiation. If SM
supply/water availability is sufficient, ET increases during warm and windy atmospheric conditions
(energy-limited regime), and vegetation can accelerate depletion of root-zone SM due to enhanced
ET. As SM decreases, ET decreases because plants will limit transpiration in order to conserve water,
leading to water-limited conditions. As transpiration continues to decrease, ET anomalies change
sign from positive to negative during the onset of flash drought, and plants reduce their growth to
limit the potential for mortality, resulting in declines in vegetation health and agriculture production.
This unique feature of changing sign from positive to negative makes ET an excellent predictor for
flash drought development. Although SM also presents sharp declines during the fast-development
phase, its unspecified state in the antecedent conditions creates more uncertainties/difficulties to foresee
the future; however, below-normal SM and P are necessary for drought to occur. Therefore, closely
monitoring rapid changes in ET, along with soil moisture and precipitation/vegetation conditions,
is the key to predicting the onset and evolution of flash drought.

6. Composite Analysis

To provide a more comprehensive analysis, we compute the composites under flash drought
conditions (based on the ending dates of identified flash drought events from USDM), four weeks
before drought onset (based on the beginning dates of identified flash drought events from USDM),
and three months before drought onset. Composites are commonly used in climatological analysis
to identify general patterns under a specific condition, such as ENSO [27,28]. The composites were
constructed using standardized indices by rescaling the distribution of a drought variable to standard
normal distribution with a mean of 0 and a standard deviation of 1, so they can be easily compared
across regions with different climates. In this study, for example, the three-month SPI composite
under flash drought conditions is the average of three-month SPI of the flash drought events identified
from USDM. That is, at each grid point, only the dates of identified flash drought events are used.
The composite is an overall representation of similar mechanisms under flash drought conditions,
and therefore, is physically meaningful.

Figures 9–11 show the composites for the seven-day Standardized Evapotranspiration Index (SETI),
three-month SPI, and seven-day Standardized Soil Moisture Index (SSMI), respectively. The seven-day
SETIs and three-month SPIs were derived by fitting three-parameter gamma distributions to ET and
P data, respectively, and then transforming the distributions to standard normal distribution [33],
and the seven-day SSMIs were calculated by fitting normal distributions to SM data and then rescaling
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the distributions to standard normal distribution. McKee et al. (1993) [33] provided the standard
procedure of SPI calculation. Since flash drought has preferred locations to occur, areas with less than
1% flash drought occurrence were excluded in the composites to ensure a sufficient sample for the
analysis. In the figures, we also show the differences of composites between flash drought conditions
and the conditions three months ago (Figures 9a, 10a and 11a), as well as the conditions four weeks
ago (Figures 9b, 10b and 11b).
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conditions and the conditions four weeks ago, (c) the conditions three months before drought onset,
(d) the conditions four weeks before drought onset, and (e) the conditions under flash drought onset.
Areas with less than 1% flash drought occurrence are shown in grey.
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Figure 10. Composites of three-month Standardized Precipitation Index for (a) differences between
flash drought conditions and the conditions three months ago, (b) differences between flash drought
conditions and the conditions four weeks ago, (c) the conditions three months before drought onset,
(d) the conditions four weeks before drought onset, and (e) the conditions under flash drought onset.
Areas with less than 1% flash drought occurrence are shown in grey.
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Figure 11. Composites of seven-day Standardized Soil Moisture Index for (a) differences between
flash drought conditions and the conditions three months ago, (b) differences between flash drought
conditions and the conditions four weeks ago, (c) the conditions three months before drought onset,
(d) the conditions four weeks before drought onset, and (e) the conditions under flash drought onset.
Areas with less than 1% flash drought occurrence are shown in grey.

Several important features were noticed from this analysis. First, three months before drought
onset, seven-day SETIs were positive in most areas (Figure 9c), while there were a mix of positives
and negatives in three-month SPI and seven-day SSMI composites (Figures 10c and 11c). This feature
suggests that monitoring unseasonal above-normal ET activities can provide early hints of potential
flash drought development. Second, four weeks before drought onset, three-month SPIs were mostly
in the range between 0 and −0.8, except a few areas (Figure 10d), indicating that P deficit is a necessary
component for flash drought to occur, but large deficit is not required. Third, although seven-day
SSMIs tended to be dry four weeks before drought onset, some areas (e.g., Montana) could still
have above-normal SM prior to the swift development (Figure 11d). This feature makes SM less
favorable to be used as a primary predictor for flash drought because it can be wet or dry before
drought onset. Lastly, for all three drought indices, the conditions quickly deteriorated in three months
(Figures 9a, 10a and 11a) for flash drought events. Nevertheless, they declined in different rates during
the fast-development phase. Although ET is a small quantity, its standardized index (seven-day SETI)
had the largest rates of change in four weeks in some areas (Figure 9b). Comparing to the other two
drought indices, seven-day SSMIs tended to have smaller rates of change in four weeks (Figure 11b).

These results are consistent with the analysis of selected flash droughts and further support the
findings from the previous section. From this analysis, we can characterize a typical flash drought
event, while keeping in mind that many factors can affect drought development under various
situations and contribute to different flavors of flash drought. About three months before flash drought
onset, above-normal ET (due to anomalously high temperatures, winds, and/or incoming radiation)
is presented. Before flash drought onset, three-month SPIs are mostly below normal, but P deficits
do not need to be large. SM can be wet or dry before drought onset, although below-normal SM will
enhance odds for flash drought development. Most critically, large rates of change in ET occur during
the fast-development phase. Therefore, closely monitoring rapid changes in ET, along with P and SM
conditions, can provide early warnings of potential flash drought development.
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7. Summary and Conclusions

In this study, we employ a rate-of-change approach and define a flash drought event as a drought
event with greater than or equal to two categories degradation in a four-week period. We have
examined flash drought characteristics using historical USDM and NLDAS-2 data. Unlike conventional
drought, which can occur year-round and everywhere in the United States, there are preferred seasons
and regions for flash drought to occur, mostly in the warm season and over the central United States.
In contrast to conventional, slowly evolving drought, mainly driven by precipitation deficits, the spatial
and temporal patterns of flash drought occurrence over the CONUS correspond to ET activities,
suggesting that ET processes may be a major mechanism responsible for the rapid intensification of
drought conditions. Widespread flash drought over the United States is largely correlated with La Niña
episodes. ENSO has been known to have strong connections to drought over the United States and
around the world [34–37]. It also plays an important role in widespread flash drought development
over the United States.

To further investigate the causes leading to swift drought development, we have analyzed the
antecedent conditions and evolution of five selected flash droughts using NLDAS-2 data. Overall,
we found that all five droughts had sudden decreases in ET anomaly over the drought regions before
onset. We also noticed sharp declines in soil moisture anomaly associated with the sudden decreases
in ET anomaly. Temperatures during the development periods were warmer than normal, due to
heatwaves in the regions, and the three-month Standardized Precipitation Indexes were negative
for all five droughts. These results, consistent with the findings from the composite analysis and
by others [7,10], suggest that closely monitoring rapid changes in ET (a responding variable to
temperature), along with soil moisture and precipitation conditions, can provide early warnings of
flash drought development.

Although the term “flash drought” is relatively new in the literature, it occurs more often than the
common perception. Flash droughts can cause major agricultural losses if they are not predicted and
detected in a timely manner, and the prediction of the onset of such events on subseasonal timescales
is of critical importance for impact assessment, disaster mitigation, and loss prevention. One core
mission of CPC is to issue Monthly Drought Outlooks and deliver subseasonal drought prediction
information to the public. In this study, we have identified ET as a primary natural precursor to predict
flash drought development. In subsequent research, we will utilize the knowledge gained from this
study to develop a flash drought prediction tool to advance our ability to forecast these events.
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