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ABSTRACT: As global mean temperature rises, extreme drought events are expected to increasingly affect regions of
the United States that are crucial for agriculture, forestry, and natural ecology. A pressing need is to understand and antici-
pate the conditions under which extreme drought causes catastrophic failure to vegetation in these areas. To better predict
drought impacts on ecosystems, we first must understand how specific drivers, namely, atmospheric aridity and soil water
stress, affect land surface processes during the evolution of flash drought events. In this study, we evaluated when
vapor pressure deficit (VPD) and soil moisture thresholds corresponding to photosynthetic shutdown were crossed during
flash drought events across different climate zones and land surface characteristics in the United States. First, the Dynamic
Canopy Biophysical Properties (DCBP) model was used to estimate the thresholds that define reduced photosynthesis by assimi-
lating vegetation phenology data from the Moderate Resolution Imaging Spectroradiometer (MODIS) to a predictive phenology
model. Next, we characterized and quantified flash drought onset, intensity, and duration using the standardized evaporative
stress ratio (SESR) and NLDAS-2 reanalysis. Once periods of flash drought were identified, we investigated how VPD and soil
moisture coevolved across regions and plant functional types. Results demonstrate that croplands and grasslands tend to be more
sensitive to soil water limitations than trees across different regions of the United States. We found that whether VPD or soil
moisture was the primary driver of plant water stress during drought was largely region specific. The results of this work will help
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to inform land managers of early warning signals relevant for specific ecosystems under threat of flash drought events.

KEYWORDS: Ecosystem effects; Humidity; Soil moisture; Stress; Water budget/balance

1. Introduction

Drought is a recurring feature of the natural climate system
that is often identified as falling into one or more of five cate-
gories: meteorological, agricultural, hydrological, socioeco-
nomic, and ecological (Wilhite and Glantz 1985; Crausbay
et al. 2017). When drought persists for years over a large area,
such as the western United States in the early twenty-first cen-
tury, the term “megadrought” has been adopted (Williams et al.
2020). At the other end of the temporal spectrum, droughts can
develop rapidly on subseasonal time scales, also known as flash
drought (Svoboda et al. 2002; Otkin et al. 2013, 2016, 2019;
Hunt et al. 2014; Ford et al. 2015; McEvoy et al. 2016; Lisonbee
et al. 2021; Pendergrass et al. 2020). In recent years, flash
droughts have been among the costliest natural disasters experi-
enced in the United States as a result of damages to agricultural
lands and forests (e.g., Smith 2020; Otkin et al. 2016). The rapid
onset of flash drought makes it difficult to assess whether drying
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conditions in the soil or atmosphere are driving the negative
outcomes observed on the land surface.

The term flash drought has been proposed for droughts
that develop more rapidly than conventional drought. Flash
droughts are defined by a rapid onset and intensification of
dry conditions caused by a lack of precipitation in combination
with above average air temperatures, wind speeds, solar radia-
tion, and lower humidity (Otkin et al. 2018). Flash droughts are
more likely to occur in regions of transition from humid to
semiarid climate regimes and in regions where the landscape is
dominated by row crop agriculture (Christian et al. 2019,
2021). Further, flash drought can lead to compound events (e.g.,
heat wave) and cascading impacts (e.g., food security impacts;
Hunt et al. 2021).

Over the past decade, several regions of the United States
have experienced notable flash drought events. Examples in-
clude the spring and summer of 2011 across the south-central
United States (Luo and Zhang 2012), the summer of 2012
across the central United States (Rippey 2015; Basara et al.
2019), the fall of 2016 across the Southeast (Williams et al.
2017), and the summer of 2017 across the northern Great
Plains (He et al. 2019). Flash droughts have been diagnosed
through standardized anomalies of near-surface and subsur-
face variables. These include soil moisture (Hunt et al. 2014;
Ford and Labosier 2017; Osman et al. 2021), temperature and
precipitation (Mo and Lettenmaier 2015), and evaporative
stress (Otkin et al. 2013, 2014; Christian et al. 2019b).

Flash drought can also be monitored in near-real time with
indices sensitive to rapid changes in hydrometeorological
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conditions. Examples include, but are not limited to, a soil
moisture index (SMI; Hunt et al. 2009), evaporative stress in-
dex (ESI; Anderson et al. 2007a,b), standardized precipitation
evapotranspiration index (SPEIL; Vicente-Serrano et al. 2010),
rapid change index (RCI; Otkin et al. 2014), a flash drought
intensity index (Otkin et al. 2021), and land surface water in-
dex (Christian et al. 2022). In addition, the standardized evap-
orative stress ratio (SESR) was developed to diagnose flash
drought in the United States (Christian et al. 2019b) and
around the globe (Christian et al. 2021). SESR is advanta-
geous for flash drought analysis as it has the potential to
diagnose both the drivers and impact of flash drought by ac-
counting for evapotranspiration (ET) and potential evapo-
transpiration (PET) at a particular location and given time.
As such, SESR is sensitive to areas where ET reductions are
occurring from water stress and where the atmospheric de-
mand is greater than normal, due to increased temperature
and vapor pressure deficit. While SESR is based on anomalies
in evapotranspiration, the metric itself has been demonstrated to
capture both meteorological and agricultural drought (i.e., daily
to subseasonal time scales; Edris et al. 2023), and changes in vege-
tation water status as characterized through the land surface water
index (LSWI; Christian et al. 2022).

Water stress in the atmosphere and soils can severely limit
vegetation functioning, and can result in worsening drought
conditions. High atmospheric aridity, often measured as vapor
pressure deficit (VPD), and low soil moisture lead plants to
reduce or completely stop photosynthesis to minimize water
losses through pores in the leaves (e.g., Oren et al. 1999).
Compound drought, where both low soil moisture and high
atmospheric aridity occur, are enhanced by land—atmosphere
feedbacks controlled by plant gas exchange (Zhou et al.
2019). The key mechanism that describes the ability for plants
to regulate water losses under stress conditions is referred to
as conductance (e.g., Medrano et al. 2002). Separating the
ecosystem impacts that result from elevated VPD and low soil
moisture observed during drought is challenging as the two
are strongly coupled (Fu et al. 2022; Rigden et al. 2020; Kimm
et al. 2020; Liu et al. 2020; Novick et al. 2016; Sulman et al.
2016). Recently, conditional probabilities for changes in plant
productivity linked to atmospheric dryness or soil water de-
pletion have been constructed by binning events with high
and low ranges of VPD and soil water content (Liu et al. 2020;
Fu et al. 2022). Using this approach, elevated values of VPD
were demonstrated to negatively impact plant productivity
along a range of soil moisture values from both eddy-covariance
data and Earth system models (Fu et al. 2022). Sulman et al.
(2016) and Novick et al. (2016) evaluated changes in photosyn-
thesis and transpiration associated with high VPD and low soil
moisture and found that fluctuations in VPD led to reductions
in fluxes of water and carbon controlled by plant activity. In
croplands located in the central United States, VPD was found
to exert a stronger control on variability in canopy conductance
using observations of VPD and soil moisture data from individ-
ual AmeriFlux sites (Kimm et al. 2020). Conversely, Rigden
et al. (2020) found that predictions of maize crop yields condi-
tioned on VPD, rather than soil moisture, would lead to inaccu-
rate estimates of damage.
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In addition to atmospheric conditions that can negatively
impact vegetation function, different land cover types may
also promote or moderate flash drought development. For ex-
ample, the central United States is a regional hotspot for
land-atmosphere coupling (Koster et al. 2004; Dirmeyer 2011),
and positive feedbacks between dry soils, limited evapotranspi-
ration, and increased evaporative demand may enhance the
rate of intensification toward drought (Gerken et al. 2018;
Basara et al. 2019; Chen et al. 2021). Specific land cover types
may also limit flash drought development. During a lack of pre-
cipitation and above average temperatures, greenness and pro-
ductivity of forests do not decline as much as grassland and
agricultural areas due to the deeper rooting depths of forests
(Cui et al. 2019). As a result, sustained evapotranspiration may
limit excessive evaporative stress and flash drought develop-
ment over vegetation in forest-dominated areas, compared to
agricultural locations that more quickly deplete near-surface
and root-zone soil moisture (Christian et al. 2020). However,
the role land cover types play in flash drought development has
not been extensively investigated, and remains a critical topic to
be addressed.

In this manuscript, we investigated the land surface impact
of flash drought via soil moisture and vapor pressure deficit
during known flash drought events in the contiguous United
States (CONUS) that occurred from 2010 to 2020. Specifi-
cally, we evaluated how flash drought development related to
worsening conditions defined by a coincidental increase in
VPD and a decrease in soil moisture. This is done by using
SESR as an independent metric to determine flash drought
onset and duration. Then, we evaluated how the stress condi-
tions of VPD and soil moisture evolved during the defined
flash drought period. We focused on the sensitivity of vegeta-
tion to anomalies in VPD and soil moisture during flash
drought, because these events create rapidly deteriorating con-
ditions for vegetation that alter their growth and photosyn-
thetic activity at short time scales (i.e., daily to subseasonal).
Special attention is given to how flash drought development
differs across different land cover types within the same cli-
mate region. The main research question we seek to answer is,
“How does the land surface response to flash drought differ
by land cover characteristics and what drives the observed
differences?”

2. Methods

The goal of this study was to characterize flash drought
events by the driving environmental factors that led to stunted
vegetation growth and/or complete shutdown of photosyn-
thetic activity. First, SESR is used to independently determine
the spatiotemporal bounds of flash drought. Second, we use
reanalysis data along with a predictive phenology model to
determine the parameters of VPD and soil moisture that bracket
the range of suboptimal vegetation function (i.e., between unin-
hibited photosynthesis and complete stomatal closure). Finally,
we evaluate whether or not VPD or soil moisture conditions
during the flash drought event surpassed maximum VPD or
minimum soil moisture where stomata are closed and photosyn-
thetic function shuts down. This indicates that conditions during
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FIG. 1. Domains of the study regions, including the central United States during 2012 (purple), the south-central United States in 2015
(green), the Southeast in 2016 (blue), and the northern Great Plains in 2017 (pink). Proportions of land cover types that make up each re-

gion are summarized as pie charts.

the flash drought worsened to the point that plants could no lon-
ger be productive. The overall method developed for this study
consists of the following steps:

1) Flash drought events were identified and characterized by
their onset and duration using SESR.

2) Thresholds for suboptimal vegetation function were de-
termined based on land cover type, soil texture, and cli-
mate using a predictive phenology model.

3) Exceedance probabilities of crossing VPD and soil water
potential thresholds are determined for each region be-
fore, during, and after the flash drought event.

The following subsections describe the data and procedures
used in this study for identifying flash drought events and
characterizing thresholds for suboptimal vegetation function.

a. Study regions

To evaluate the influence of regional climate and vegetation
type on the sensitivity of land cover response to deteriorating

soil moisture and VPD conditions, study regions were selected
using a set of criteria. In this study, specific flash drought
events and their corresponding spatial extent were selected as
study regions using the following criteria: 1) the flash drought
event was unambiguous and can be corroborated within the
existing literature, 2) selected events differ in terms of climate
and/or geographic region within CONUS, and 3) study areas
are comprised of different proportions of land cover types. We
additionally sought out case studies in which the duration of
the rapid intensification characteristic of flash droughts varied.
Further, we limited flash drought events to those that occurred
in the period 201020 (Fig. 1). The specific flash drought
events that met the criteria are summarized in Table 1.

The selected case studies provided a diverse set of conditions
to investigate changes in VPD and soil moisture during extreme
drydown events. During the flash drought event that occurred in
the northern Great Plains in 2017, damage to agricultural produc-
tion created losses exceeding $2.6 billion and seeded conditions
for wildfires in Montana (Hoell et al. 2020; Smith 2020). It is

TABLE 1. Summary of study regions.

Region

Temporal period

Reference(s)

Northern Great Plains
Central United States
South-central United States
Southeast

Spring-summer 2017
Spring-summer 2012
Summer—fall 2015
Summer—fall 2016

Hoell et al. (2020), Wang et al. (2019)
Otkin et al. (2016), Rippey (2015)
Otkin et al. (2019)

Williams et al. (2017)
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ranked as the second driest year of the period 1901-2017
(Wang et al. 2019). The 2012 flash drought devasted the
central United States and led to $2 billion of losses from agri-
culture and $800 million from timber production (Otkin et al.
2016). Sustained high temperatures created severe moisture
and heat stress throughout the central United States that
persisted for the remainder of the growing season (Rippey
2015). In 2015, an extreme flash drought began in the summer
after a relatively wet spring (Otkin et al. 2019). This event
was unusual as it quickly recovered following a wet period in
October. Finally, the 2016 flash drought event that affected
the Southeast was driven by low precipitation and elevated
temperatures that persisted for months (Williams et al. 2017),
unlike the rapid onset and recovery observed in the 2015
event. This drydown event led to wildfires in the region and
over $100 million in crop production losses.

The types and proportions of vegetation types represented
in the study regions differ as determined by the North American
Land Data Assimilation System (NLDAS) University of Mary-
land (UMD) land cover classification data (Fig. 1). The South-
east and south-central United States, which were regions
impacted by the 2016 and 2015 flash drought events, respec-
tively, are the most similar in terms of the types of vegetation
present. Both areas are predominantly occupied by woodland
and wooded grassland (50%). About 20% of each region is
covered by cropland. Evergreen needleleaf forest is the fourth
most prevalent land cover type in the south-central United
States and fifth most prevalent in the Southeast. While both
areas have 5% of the area classified as mixed forest, the South-
east has a much higher percentage of deciduous broadleaf for-
est (15.6%), whereas only 2.8% of the south-central United
States is classified as such. The strong similarity between land
cover compositions in these two regions can be attributed to
significant overlap between the two areas (Fig. 1). This overlap,
however, does not hinder the interpretation of further results
as each study area represents a separate flash drought event.

The central United States, the largest study region, was
devastated by the 2012 flash drought (Basara et al. 2019). This
area is largely dominated by croplands (44.4%, Fig. 1). The
next most prevalent land cover type is deciduous broadleaf
forest (12.3%). Wooded grassland and grassland both occupy
around 15% of the region. Woodland, mixed forest, and ever-
green needleleaf forests make up small percentages of the to-
tal land cover in the central United States.

Urban areas constitute less than 1% of land cover in all re-
gions (Fig. 1). The dominant land cover type in the northern
Great Plains is grassland, which makes up the majority of the
area (69.4%). The next most prevalent vegetation type is
cropland (12.5%). Evergreen needleleaf, open shrubland,
woodland, wooded grasslands, and open shrubland combined
make up 18% of the remaining area in the northern Great
Plains.

b. Data

Several datasets were leveraged to investigate the evolution
of root-zone soil moisture and vapor pressure deficit across
different land surface types during flash drought.
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For flash drought identification, evapotranspiration (ET)
and potential evapotranspiration (PET) were used from phase
2 of the NLDAS Noah-2.8 land surface model data (Xia et al.
2012). NLDAS-2 data have a spatial resolution of 0.125° and
are provided hourly. For this study, NLDAS-2 ET and PET
data from 1980 to 2020 were used.

In addition to the variables used for flash drought analysis,
land cover and soil texture classification data provided in
NLDAS-2 were used in this study. The NLDAS-2 land cover
data were derived from the UMD land cover classification
(Hansen et al. 2000). In the UMD classification scheme,
13 vegetation classes are included, with an additional class for
water. Soil texture data on the NLDAS-2 grid were derived
from the 1-km Pennsylvania State University STATSGO data
(Miller and White 1998). The STATSGO dataset provided
soil texture types in 16 classifications. A lookup table was
used to determine soil hydraulic parameters based on soil tex-
ture (Table S1 in the online supplemental material). The
Brooks—Corey and Campbell soil hydraulic parameters were
used to determine the air-entry pressure head and porosity
(Clapp and Hornberger 1978; Dingman 2015). Soil water infil-
tration parameters for suction front head and pore-size distri-
bution followed from Rawls and Brakensiek (1982) and
Rawls et al. (1991, 1992).

For modeling thresholds that define vegetation stress dur-
ing flash drought, VPD was derived from the NLDAS-2 rean-
alysis data for meteorological fields at a 0.125° grid spatial
resolution and an hourly temporal resolution (Xia et al.
2012). Surface temperature, pressure, and specific humidity
were used to estimate daily VPD from the NLDAS-2 data
2010-20. Daily average VPD (kPa) was calculated as the dif-
ference between saturated ey, and unsaturated e vapor
pressure:

VPD =e¢_, —e, (€]

where e (kPa) is calculated using daily averages of NLDAS-2
specific humidity g and surface pressure p (kPa),

e =q X pl0.622, ?2)

and e, (kPa) is calculated using Tetens equation (Monteith
and Unsworth 2013, p. 13)

3)

1727 X T
e, = 0.611 exp( 727 )7

T + 237.15

where T (°C) is the daily average temperature derived from
NLDAS-2.

Soil moisture data used in this study came from the Soil
MERGE (SMERGE) root-zone soil moisture product (Tobin
et al. 2019). This dataset provides root-zone soil moisture rep-
resenting the 0—40-cm layer for the contiguous United States
from NLDAS reanalysis merged with European Space Agency
Climate Change Initiative satellite data. It is available at a
daily temporal resolution and on the same 0.125° grid as
NLDAS-2. SMERGE soil moisture 6 is used to estimate soil
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water potential iy (J kgfl) via the Clapp and Hornberger
equation

0 -b
l'bsoil = lT,la (E) ’ (4)

where i, (J kg™!) is the air-entry water potential, ¢ is the po-
rosity, and b is an empirical parameter related to the pore-size
distribution (Dingman 2015; Campbell 1974; Lai and Katul
2000; see also Table S1 in the supplemental material).

Vegetation phenology data for canopy greenness and den-
sity were obtained from the Moderate Resolution Imaging
Spectroradiometer (MODIS) MOD15A2H v006 (Myneni et al.
2015). This satellite remote sensing product provides leaf area
index (LAI) and fraction of photosynthetically active radiation
(FPAR) at 8-day temporal resolution and 500-m spatial reso-
lution. The data were bilinearly interpolated to the same
0.125° spatial grid as NLDAS-2.

¢. Determining thresholds for vegetation stress

The Dynamic Canopy Biophysical Properties model (DCBP)
was used to determine the range for suboptimal vegetation
function for VPD and soil moisture using the method devel-
oped and validated by Lowman and Barros (2018). Lowman
and Barros (2018) previously demonstrated that the DCBP
model predicted changes in phenology consistent with MODIS
FPAR and LAI observations and, when coupled to a land
surface hydrology model, estimated photosynthesis rates that
matched observations from eddy-covariance flux towers during
wet and dry periods. The DCBP combines phenologic forecast-
ing with data assimilation to estimate the environmental condi-
tions under which photosynthesis operates. It consists of a
phenology forecasting model based on the growing season index
(GSI), which provides a unitless measure of the potential pheno-
logic state of vegetation based on the concurrent meteorological
conditions (Jolly et al. 2005). The GSI was previously validated
against ground-based LAI measurements and long-term data-
sets of field observations of phenology (Jolly et al. 2005; Stockli
et al. 2008). It is framed as a multiplicative function that depends
on conditions that affect plant growth and senescence, which
are: minimum daily temperature (7y,;,), daylength (Pht), VPD,
and soil water potential (i) (Lowman and Barros 2018):

GSI = f(T,;,) X f(Pht) X [1 = f(VPD)] X f(dh5).  (5)

The GSI and each of the multiplicative index functions are
unitless and scaled between 0 and 1, where 0 means that the
plant is no longer growing and 1 means that growth is unin-
hibited. Each function has the form

i =
0 ifx=x,,
— xmin

max xmin

@) =1+ if x

min <x< xmax~ (6)
ifx =x .

The index functions for minimum daily temperature and day-
length provide the timing of green-up and senescence and
overall shape of the growing season, while VPD and soil
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water potential determine changes in canopy development
during the growing season that result from water stress (Low-
man and Barros 2018). In the index function, maximum VPD
(VPD,,4x) and minimum soil moisture (SMy,;,) denote when
plants shut down growth and photosynthetic activity due to
water stress in the atmosphere and soil, respectively. It is criti-
cal to note that SM,y;, is distinct from and not always equiva-
lent to wilting point, the point at which cavitation occurs and
plants do not recover. Within the context of the GSI, the
SMpin and VPD,, .« parameters are associated with stomatal
closure (Jolly et al. 2005; Lowman and Barros 2018), which
plants use to regulate photosynthetic activity and conserve
water during drought (e.g., Zhou et al. 2013). The SM,;, and
SMnax parameters are defined at plot and larger spatial scales
and incorporate information about soil texture, vegetation
type, and climate. VPD,,;, and VPD,,,, will also aggregate
vegetation response at the ecosystem scale. In a similar vein,
Bassiouni et al. (2020) estimated thresholds of soil water po-
tential that corresponded to a suboptimal range of soil water
uptake relevant at ecosystem scales.

While the GSI provides a measure of potential phenologic
state, current phenologic state P is determined by where cur-
rent FPAR falls relative to its minimum FPAR,,;, and maxi-
mum FPAR,, values (Stockli et al. 2008):

FPAR — FPAR .
P ‘min (7)

FPAR_ - FPAR

A growth vector, AGSI, is then defined as the difference be-
tween the potential, GSI, and current P phenologic states
(Lowman and Barros 2018; Stockli et al. 2008). If AGST is pos-
itive then vegetation is growing and if AGSI is negative, then
vegetation is senescing. New leaf growth or loss, AFPAR/A¢,
is determined by

AFPAR
L =YX AGSIX P(1 - P), 8)

where v is a growth rate parameter that describes how quickly
vegetation responds to environmental conditions, and P(1 — P)
enforces a logistic growth constraint. Once a new FPAR value
is predicted for the next time step using Eq. (8), LAI is esti-
mated from FPAR using Beer’s law (Sellers et al. 1996):

In(1 — FPAR)
In(1 — FPAR

max )

LAI = X LAL . )

An inverse modeling framework is used to estimate the pa-
rameters within the index functions that define the GSI. Spe-
cifically, the X, and xp,x values for f(Twin), f(Pht), VPD),
and f(is05) are determined using an ensemble Kalman filter
(EnKF) that jointly estimates the GSI parameters and the
phenologic states of FPAR and LAI (Lowman and Barros
2018; Stockli et al. 2008; Moradkhani et al. 2005). In this way
we determine the minimum and maximum thresholds for
VPD and soil water potential within the DCBP (Fig. S2),
along with seven other parameters (Tmin,,» Tmin,,» Phtmin,
Phtpax, Vs FPAR i, and LA .x). MODIS FPAR and LAI
data are assimilated at an 8-day interval (the native temporal
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resolution of the satellite product) to constrain and reduce er-
ror in predicted FPAR and LAI values and the GSI parame-
ter estimates. The GSI parameters that define the range
of suboptimal vegetation function are produced on a pixel-
by-pixel basis at the 0.125° resolution of the NLDAS-2 spatial
grid (Fig. S2). Validation of the DCBP model and the parameters
estimated within to define vegetation phenologic response to en-
vironmental conditions was conducted for various AmeriFlux
sites and documented in Lowman and Barros (2018). The specific
parameters that are used in this study to indicate extreme vegeta-
tion stress (i.e., stunted growth or shutdown of photosynthesis)
are maximum VPD and minimum soil water potential. Minimum
soil water potential is converted to a minimum soil moisture
threshold on a pixel-by-pixel basis using the Clapp and Hornberger
equation [Eq. (4)] (Dingman 2015; Campbell 1974).

Onset of vegetation stress could be evaluated using mini-
mum VPD and maximum soil water potential to characterize
when atmospheric and soil conditions cause vegetation growth
and photosynthesis to fall below their maximum. However,
vegetation tends to spend a large part of the growing season
within the suboptimal range of VPD and soil moisture defined
by the minimum and maximum thresholds derived from the
DCBP model (Lowman and Barros 2018; Stockli et al. 2008).
On the other hand, extreme drought conditions will lead to
complete shutdown of growth and photosynthetic activity dur-
ing the growing season. Thus, the thresholds that correspond
to photosynthetic shutdown in the GSI provide clear, quantifi-
able negative outcomes that can be attributed to either VPD
or soil moisture. Moving forward, we focus on evaluating
when VPD and soil moisture exceed VPD,,,,, and/or fall below
SMmin-

d. Flash drought identification

Flash drought events were detected using a modified frame-
work for SESR from Christian et al. (2019b) and described in
Christian et al. (2022). First, ET and PET were used to calcu-
late the evaporative stress ratio (ESR), such that

ET

ESR = PET

(10)
and ESR ranges from zero to approximately one. As ESR ap-
proaches one, the atmospheric demand for moisture is met by
evapotranspiration at the land surface and evaporative stress
on the environment is low. In contrast, ESR values approach-
ing zero indicate that evapotranspiration from the land surface
is meeting little or none of the atmospheric demand and high
evaporative stress exists. To limit some of the volatility in daily
ESR, 5-day (pentad) averages of ESR are then computed on a
pixel-by-pixel basis. A pentad average is defined as the mean
of 5 nonoverlapping days, and every year has 73 pentads.
Pentad values of ESR are then standardized to more easily
compare evaporative stress values across different climate
regimes, years, and parts of the growing season. SESR is cal-
culated as

ESR,, - ESR,
SESR, =— % b
ijp o
ESRW

(11)
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where SESR;;, (henceforth referred to as SESR) is the z score
of ESR for a specific pentad p at a specific grid point (i, j),
ESRL./.p is the mean ESR for a specific pentad p at a specific
grid point (i, j) for all years available in the gridded dataset,
and oggg is the standard deviation of ESR for a specific pen-
tad p at a specific grid point (i, j) for all years available in the
gridded dataset.

To account for pentad-to-pentad variability in SESR, a
Savitzky—Golay filter was used to smooth the time series while
preserving higher moments in the data (Savitzky and Golay
1964). This filtering technique is advantageous compared to
running averages, as moving statistical means calculated over
large periods of time will smooth out subseasonal signals.
Because rapid subseasonal declines in SESR occur during
flash drought, it is critical to maintain these rapid transitions
while reducing noise in the time series (Christian et al. 2022).
Following guidance from the Savitzky—Golay filtering tech-
nique applied to remote sensing observations (Chen et al.
2004), d = 4 was used for the degree of polynomial, and
m = 10 was used as the half-width of the smoothing window
(m = 10 indicates 21 time steps and a 105 day smoothing
window for pentad resolution data).

The change in SESR over time is used to capture rapid
drought intensification. After the Savitzky—Golay filter was
applied to the SESR time series, the derivative of SESR with
respect to time was calculated as a forward difference be-
tween each pentad. The change in SESR is standardized in
the same way as ESR

ASESR, — ASESR,
(ASESR,), = L L2

ijp’z
OASESR,,

(12)

where (ASESRZ.].[,)Z (henceforth referred to as ASESR) is the
z score of the change in SESR for a specific pentad p at a spe-
cific grid point (i, j), ASESRi/.p is the mean change in SESR
values for a specific pentad p at a specific grid point (i, j) for all
years available in the gridded dataset, and OasESR,, is the stan-
dard deviation of SESR for a specific pentad p at a specific
grid point (i, j) for all years available in the gridded dataset.

The Savitzky—Golay filtering process applied to SESR
allows for a simplified set of criteria from Christian et al.
(2019b) to determine flash drought, outlined in Christian et al.
(2022): 1) ASESR must be at or below the 25th percentile be-
tween individual pentads, 2) the final SESR value is below the
20th percentile of SESR values, and 3) the drydown event de-
fined by criteria 1 and 2 must last at least 30 days (i.e., 6 total
pentads or 5 ASESR periods), which defines a period of rapid
land surface desiccation. The first criterion is used to capture
the rapid rate of intensification toward drought, and the sec-
ond and third criteria are used to emphasize impact and lon-
gevity, respectively, associated with drought and flash drought
(Otkin et al. 2018). Onset of flash drought is defined as the
first pentad in the SESR time series during which criterion 1
is satisfied.

SESR has been validated within the United States and
globally over the past decade as a method for evaluating flash
drought. SESR compares well with the satellite-derived ESI
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(Christian et al. 2019b; Anderson et al. 2007a,b) and LSWI
(Christian et al. 2022), acts as an early drought indicator, and
corresponds with impacts indicated by the U.S. Drought Mon-
itor (USDM; Christian et al. 2019b; Svoboda et al. 2002) and
land surface desiccation via satellite observations (Christian
et al. 2020). Further, it provides flash drought occurrence both
regionally and nationally across the United States (Christian
et al. 2019b,a) and represents the development and evolution
of flash drought case studies using different datasets across dif-
ferent regions around the globe (Basara et al. 2019; Christian
et al. 2020, 2021).

By using time series of SESR, which detects onset and evo-
lution of flash drought, and of VPD and soil moisture along
with their GSI-determined thresholds for suboptimal vegeta-
tion function, we determine which condition preceded the on-
set of rapidly deteriorating drought conditions.

3. Results
a. Flash drought detection with SESR

The four cases selected for this study allowed us to investi-
gate flash drought development across various regions within
the continental United States and with different onset timing
during the growing season (Fig. 2). The first and perhaps most
notable of these cases includes the 2012 flash drought across
the central United States (Fig. 2a). Rapid drought intensifica-
tion initially began in April across Kansas, then propagated
eastward into the Midwest and northward within the central
Great Plains during May and June. By July and August, flash
drought development also initiated over the Great Lakes re-
gion. In 2015, flash drought developed across the south-central
United States, with rapid drought intensification primarily in
the middle of the growing season over southern Arkansas,
Louisiana, and Mississippi (Fig. 2b). In addition, flash drought
development occurred in September across portions of east
Texas and Louisiana. Flash drought onset occurred late in the
growing season across the Southeast in 2016, with develop-
ment across large areas of Arkansas, Louisiana, Tennessee,
Mississippi, Alabama, and Georgia (Fig. 2c). Timing of flash
drought development generally occurred between August and
October. The last case study includes the 2017 northern Great
Plains flash drought. Rapid drought intensification developed
early in the growing season, with Montana and western North
Dakota experiencing flash drought primarily in April and May
(Fig. 2d).

b. Variability of flash drought classification by land
cover type

To determine whether certain land cover types are more
susceptible to flash drought, we investigated the proportion of
pixels classified as a specific vegetation type that experienced
flash drought within the study area. If all land cover types
were equally likely to be affected by drought, then we should
see relatively equal proportions of each vegetation type affected
by drought across the study areas. In other words, all vegetation
types would be uniformly affected by drought regardless of their
relative distributions within the area. Conversely, if a land cover
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type is more (less) susceptible to drought, then its proportion
would be higher (lower) than the percentage of the overall area
experiencing flash drought. The following paragraphs summa-
rize our findings for which land cover types are responding
anomalously to flash drought from the 2012, 2015, 2016, and
2017 case studies respectively.

In 2012, 82% of pixels within the central U.S. study region
experienced flash drought as determined by SESR (Fig. 2a);
however, a large spread was observed between land cover
types in the percentage of pixels affected by flash drought
(Fig. 3a). Cropland (94%) and wooded grassland (89%) land
cover types were found to be overrepresented relative to
the 82% of pixels overall that experienced flash drought in
the central United States. Woodland vegetation (83%) was
in line with what would be expected in the region in 2012.
Meanwhile, the land cover types there that were found to be
underrepresented included grassland (72%), deciduous broad-
leaf forest (66%), closed shrubland (33%), evergreen needle-
leaf forest (39%), and mixed forest (58%). Thus, the most
dominant land cover type (cropland) in the central U.S. region
was also its most vulnerable.

A modest 50% of pixels experienced a flash drought in the
south-central U.S. domain in 2015 (Fig. 2b). Despite the fact
that only 50% of the total area was affected by flash drought,
there were still notable differences between land cover types
(Fig. 3b). Evergreen needleleaf and croplands had over 50%
of pixels experience flash drought and thus were overrepre-
sented and more susceptible to flash drought in the south-
central United States in 2015. Conversely, deciduous broadleaf
forests (14%) and grasslands (10%) percentages fell well be-
low the regional proportion where flash drought was detected,
suggesting that these vegetation types were less susceptible to
flash drought. The percentages of flash drought for mixed for-
ests (45%), woodland (50%) and wooded grasslands (42%)
were in line with the regional flash drought incidence rates.

Across the Southeast in 2016, a total of 49% of pixels in the
region experienced flash drought (Fig. 2b). As with the other
study regions, there was a large spread in the percentage of
land cover types that experienced a flash drought. The follow-
ing land cover types were considered overrepresented: crop-
land (75%) and woodland (57%) (Fig. 3b). Between 45% and
50% of wooded grassland and mixed forests experienced flash
drought, which is around what would be expected if they were
equally susceptible to drydown events. Fewer than 30% of ev-
ergreen needleleaf and deciduous broadleaf forests were af-
fected by flash drought, suggesting that these vegetation types
were less susceptible to flash drought in the Southeast.

The northern Great Plains in 2017 displays the most uni-
form behavior in how different land cover types are affected
by flash drought (Fig. 3d). While the aerial percentage of pix-
els affected by flash drought is 57% (Fig. 2b), between 51%
and 62% of all vegetation types experienced flash drought in
this period (Fig. 3b). Thus, in the northern Great Plains, it ap-
pears that all land cover types are equally susceptible to flash
drought. The one exception being evergreen needleleaf for-
ests appear slightly more susceptible to flash drought than
other vegetation types.
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FIG. 4. (left) SESR derived from NLDAS-2, (center) VPD derived from NLDAS-2 and scaled between the minimum and maximum
VPD thresholds that define the range between optimal photosynthesis and shutdown of plant activity, and (right) root-zone soil moisture
from SMERGE and scaled between the minimum and maximum soil moisture thresholds that define the range between photosynthesis
shut down and optimal for plant activity for selected grid points during flash drought development in (first row) east-central Missouri dur-
ing 2012, (second row) southeast Arkansas during 2015, (third row) central Mississippi during 2016, and (fourth row) west-central North
Dakota during 2017. Solid lines show the values of SESR, VPD, and root-zone soil moisture for individual pixels in each year. Dashed
lines show the climatological average for each pixel between 1980 and 2020. The tan-shaded region shows the median timing for flash
drought development for the selected pixels, and the red-shaded region highlights values of VPD and soil moisture where photosynthesis

shuts down.

c. Temporal evolution of land surface variables during
flash drought

To investigate how potential drivers of flash drought onset
and progression may vary across different land cover types,
we considered time series of atmospheric aridity (VPD) and
soil moisture during rapid drought development over particu-
lar vegetation types within each study region (Fig. 4). Individ-
ual grid cells were selected where 1) flash drought occurred,
2) at least two or more land cover types are adjacent to each
other, and 3) where VPD and soil moisture thresholds are
similar (Fig. S2). We evaluated the time series of SESR, VPD,
and soil moisture for each case study and compared them to
their climatological averages (Fig. 4). In all cases, the climato-
logical average for VPD was at or below the VPD;,

threshold which defines the region where photosynthesis is
uninhibited. The climatological averages for root-zone soil
moisture fell largely in the range of suboptimal vegetation
function (i.e., between SMp,, and SMy,,y), except for the cli-
matological average soil moisture for croplands in the 2012,
2015, and 2016 case studies (Fig. 4). However, observed soil
moisture fell well below the climatological average in each of
these cases during flash drought.

In 2012 across east-central Missouri, flash drought initiated
in early May and developed throughout the month of May
and June (Fig. 4, row 1). Out of four selected grid cells in the
region, the grid cell with the cropland land cover was docu-
mented to have the largest decline in SESR during the flash
drought, while deciduous broadleaf forests had the least rapid
decline in SESR. This suggests that croplands were more



SEPTEMBER 2023

strongly impacted by the flash drought in terms of evapora-
tive stress as depicted by SESR. Toward the end of flash
drought development at the end of June 2012, all vegetation
types exceeded the maximum VPD (VPD,,.,) threshold
above which photosynthesis shuts down, demonstrating
the atmospheric moisture stress resulting from the flash
drought. Root-zone soil moisture for the selected pixels
show that cropland soil moisture dipped below the mini-
mum threshold at which photosynthesis shuts down in May,
only a couple of weeks into the flash drought event. The
root-zone soil moisture for deciduous broadleaf, woodland,
and wooded grassland pixels were reduced to below 25%
during the period from June to August, and experienced
shut down of photosynthesis in late July after the period of
rapid drought intensification. This suggests that for east-
central Missouri, the reductions in soil moisture were the
primary driver for flash drought progression in 2012 for all
vegetation types, while VPD compounded already dry con-
ditions in late June and July.

In southeastern Arkansas during 2015, flash drought began
in early July and occurred over a 4-week period through early
August for grid cells with three different land cover types
(Fig. 4, row 2). VPD remained below the VPD,,, threshold
for all vegetation types in 2015, suggesting that atmospheric
aridity was not a primary driver for photosynthetic shutdown
during this event. Root-zone soil moisture dropped below lev-
els where photosynthesis shuts down for cropland pixels in
mid-July (middle of flash drought development), for wood-
lands in early August (end of flash drought development pe-
riod), and for evergreen needleleaf forests in early September
(one month after flash drought event). Further, persistent soil
moisture reductions led to worsening drought conditions in
late August-October.

For selected grid cells across central Mississippi in 2016, be-
low average SESR values were observed in May-July, but mois-
ture conditions improved briefly between July and August
before flash drought onset in mid-August (Fig. 4, row 3). VPD
worsened for all vegetation types in late June, but remained be-
low VPD,,;, suggesting that photosynthesis was not inhibited
by atmospheric moisture stress during this flash drought
event. Root-zone soil moisture dropped below the level
where photosynthesis shuts down in early July for the crop-
land pixel. Soil moisture reductions below the minimum level
in late August for croplands, early September for woodlands
and wooded grasslands, and late September for evergreen
needleleaf and mixed forests demonstrate the worsening dry-
down conditions.

In 2017, flash drought initiated in early May in west-central
North Dakota and continued until late June (Fig. 4, row 4).
Croplands and grasslands in this region experienced similar
temporal trends in SESR, VPD, and soil moisture during this
time. Soil moisture reduced below the minimum required for
photosynthesis in mid-June and remained below the threshold
until early August. Compounding this drydown in soils, VPD
increased enough to reduce photosynthesis rates, but not
enough to completely shutdown the gas exchange threshold in
late June and early July.
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d. VPD and soil moisture threshold exceedance of land
surface variables

The prior results showed a localized example of VPD and
soil moisture thresholds using a small subset of pixels within
each study area. To consider how drying conditions in the at-
mosphere and soil are influenced by flash drought initiation
and progression across the entire domains, we evaluated the
percentage of land pixels that exceeded the VPD and soil
moisture thresholds for photosynthetic shut down (Fig. 5).

In the central United States in 2012, few pixels exceeded
thresholds for VPD (0%) and soil moisture (14%) one month
prior to the flash drought event (Fig. Sa). One month after the
flash drought event, 33% of pixels exceeded the VPDj.x
threshold and 67% of pixels exceeded the SM,y;, threshold.
These results are consistent with what was observed with indi-
vidual pixels in Fig. 4, where some vegetated pixels had dry
soils before the flash drought event. A month after flash
drought development, the majority of the central U.S. study
region was experiencing soil moisture conditions severe
enough to trigger a photosynthesis shutdown in plants. Atmo-
spheric aridity affected a much smaller proportion of the
study area, as 33% of the region had photosynthesis shutdown
triggered by the VPD threshold.

In the south-central United States in 2015, a small percent-
age of pixels exceeded the VPD,,.x (1%) and SMyi, (25%)
thresholds prior to the flash drought event (Fig. 5b). One
month after the flash drought developed, 0.5% of pixels ex-
ceeded the VPDy,,x threshold and 47% of pixels fell below
the SMy,in threshold. These results are consistent with what
was observed for individual pixels in Fig. 4, where regardless
of land cover type, few of the pixels exceeded the VPDyax
threshold prior to or after the flash drought initiated. In the
pixel-wise results, we also observed that the timing of crossing
the SM,,i, threshold post flash drought development differed
by land cover type, suggesting that this difference in timing
could explain the near doubling of pixels experiencing soil
moisture values below values for photosynthesis shut down
one month after flash drought development.

In the Southeast in 2016, none of the vegetated pixels in the
area exceeded the VPD,,,, threshold either in the month pre-
ceding or following flash drought development. Approxi-
mately 16% (43%) of pixels fell below the minimum soil
moisture threshold before (after) flash drought development.
This regional result is in line with what was observed for indi-
vidual pixels in Fig. 4, where the VPD,,,, threshold was never
crossed by any land cover type. Further, the cropland pixel
crossed the soil moisture threshold prior to flash drought initi-
ation, but all pixels representing distinct land cover types in
the Southeast crossed this threshold following flash drought
development. This difference in soil moisture threshold cross-
ing before and after flash drought initiation suggests that the
timing of the drydrown response is linked to land cover type.

In the northern Great Plains in 2017, no pixels exceeded
the VPDy,« threshold in the month prior to flash drought ini-
tiation, while 8% crossed the threshold in the month follow-
ing flash drought development. Over 27% of pixels fell below
the minimum soil moisture threshold in the month preceding
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FI1G. 5. Percentage of pixels that exceeded the thresholds of VPD and root-zone soil moisture prior to and after
flash drought development for the four study regions: (a) central United States, (b) south-central United States,

(c) Southeast, and (d) northern Great Plains.

the drought event, and 73% of pixels dropped below the mini-
mum threshold after flash drought initiation. For the grass-
land and cropland pixels observed in Fig. 4, VPD did not
exceed the VPD,,,« threshold, although it did increase, after
flash drought initiation. Both pixels fell below the minimum
soil moisture threshold following flash drought development.

e. VPD and soil moisture threshold exceedance by land
cover type

We investigated how crossing thresholds indicating plant
stress varied by land cover type within each study region. In
the central United States in 2012, 61% of grassland and 52%
of cropland pixels exceeded the VPDy,,« threshold during this
period, which is at the high end relative to all other land cover
types within this area (Fig. 6a). For wooded grasslands, 35%
of pixels and for all other land cover types fewer than 17% of
pixels crossed the VPD,,. threshold. Approximately 88% of
cropland pixels fell below the SM,,;, threshold after the flash
drought event. Between 63% and 67% of grassland and

wooded grassland pixels fell below the soil moisture thresh-
old. Woodlands and closed shrublands had around 41%-43%
of pixels cross the SMyy;, threshold. Evergreen needleleaf, de-
ciduous broadleaf, and mixed forests had fewer than 17% of
pixels cross the SMy,;, threshold.

In the south-central United States in 2015, approximately
0% of pixels of any land cover type exceeded the VPDy,.
threshold, suggesting that photosynthesis shutdown due to
high VPD did not occur. On the other hand, soil moisture fell
below the SM,,;, threshold where photosynthesis shuts down.
One-hundred percent of grassland pixels (n = 3) exceeded
the soil moisture threshold, although this is a very small sam-
ple of pixels (Fig. 6b). Ninety-seven percent of cropland pixels
fell below the SM,y,;, threshold. Around 41% of wooded grass-
land pixels fell below the SM,,;, threshold. Between 16% and
28% of evergreen needleleaf, deciduous broadleaf, mixed for-
est and woodland pixels crossed the SMy;, threshold.

For every land cover type in the Southeast in 2016, virtually
none of the pixels exceeded the VPD,,, threshold, suggesting
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that aridity in the atmosphere linked to flash drought events is
not extreme enough to shutdown photosynthesis (Fig. 6¢). On
the other hand, nearly 82% of cropland pixels experienced
soil moisture stress as demonstrated by soil moisture falling
below the SMy,;, threshold. Approximately 50% of wooded
grassland and 24 % of woodlands crossed the SM,,;,, threshold.
Overall, a low percentage of pixels representing forested
areas experienced soil moisture conditions that shutdown
photosynthesis in the Southeast-30% of mixed forest, 18% of
evergreen needleleaf, and 13% of deciduous broadleaf forests
experienced soil moisture values below the SMy,;, threshold
after flash drought onset.

In the northern Great Plains in 2017, fewer than 11% of
grassland, open shrubland, and cropland pixels exceeded the
VPD,,,.x threshold, while none of the other land cover types
were affected by atmospheric aridity (Fig. 6d). Eighty to
eighty-four percent of grassland and open shrubland pixels
experienced soil moisture levels below the SMy,;, threshold
signaling shutdown of plant activity, while 72%-74% of crop-
land and closed shrubland pixels experienced similar condi-
tions. Conversely, fewer than 11% of evergreen needleleaf,
woodland, and wooded grassland pixels crossed the SM,
thresholds.

4. Discussion

a. Regional differences in land surface response to
flash drought

In this study, we evaluated how soil moisture and VPD
anomalies coevolved over different land cover types in four
distinct regions of the United States. The most extensive flash
drought occurred in 2012 across the central United States
(Otkin et al. 2016). Over 82% of the region experienced a
flash drought (Fig. 2), and most of the drought-affected pixels
experienced low root-zone soil moisture values that fell below
the SMy,;, threshold (Fig. 7). The extreme drydown condi-
tions experienced during the 2012 flash drought are demon-
strated by the fact that large portions of the region experience
compounded effects of low soil moisture and high aridity that
negatively impacted vegetation, namely in Oklahoma, Kansas,
Missouri, Nebraska, Iowa, and South Dakota. This region also
included subareas where only VPD worsened to above the
VPD,,.x threshold in portions of Nebraska, Oklahoma, Iowa,
and Missouri (Fig. 7). These results agree with previous find-
ings that evaluating daily-scale variations in VPD and soil
moisture during drought decouples their effects on vegetation
response (Kimm et al. 2020; Novick et al. 2016).

In all case studies, at least 45% of the land area underwent
flash drought (Fig. 2). During the 2017 flash drought in the
northern Great Plains, the majority of the area fell below the
minimum soil moisture threshold, and a smaller portion was
triggered by both extremes in soil moisture and aridity
(Fig. 7). In the south-central and southeastern U.S. regions,
the vast majority of the drought-affected locations saw nega-
tive vegetation impacts triggered by low soil moisture (Figs. 6
and 7. Low soil moisture was found to be the primary driver
in areas with irrigated croplands (i.e., along the Mississippi
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Delta) and where little to no irrigation takes place (i.e., in
Alabama and eastern Tennessee). Both the 2015 and 2016
flash drought events initiated in late summer and early fall
(Otkin et al. 2019; Williams et al. 2017), which may explain
why these events observed relatively smaller regions where
conditions for vegetation completely deteriorated.

b. Sensitivity of vegetation to soil moisture and vapor
pressure deficit

Differences in how vegetation responded to worsening
VPD and soil moisture conditions were observed within and
across regions. Croplands were found to be susceptible to
flash drought in all regions (Fig. 3). In almost all case studies,
croplands demonstrated higher predisposition to flash drought,
except for the 2017 flash drought event in the northern Great
Plains where all land cover types were of near equal vulnerabil-
ity for experiencing flash drought. We found that croplands
tended to be the more vulnerable to flash drought compared to
other plant functional types because they generally experienced
a more rapid and sustained drop in soil moisture below the min-
imum threshold (Fig. 4). The modest exception to this was over
the northern Great Plains region, where croplands and grass-
lands experienced similar worsening soil conditions. Our results
align with prior work that demonstrated how croplands in the
central United States have become increasingly sensitive to
drought (Lobell et al. 2014). This result is particularly important
because of the substantial economic impact of drought-induced
losses on crop yields (Otkin et al. 2016).

Rooting depth likely plays a key role in determining how rap-
idly and for how long soil moisture conditions worsen across dif-
ferent vegetation types (Cui et al. 2019). Trees have deeper
maximum rooting depths (7 m on average) than shrubs (5 m),
herbaceous plants (3.5 m), and croplands (2.25 m) (Canadell
et al. 1996), allowing them to access deeper stores of water dur-
ing drought. We found forested areas to be less susceptible to
enhanced dryness in soils and the atmosphere across all regions,
while croplands and grasslands demonstrated higher susceptibil-
ity (Figs. 4 and 6). This finding aligns with Zhang and Yuan
(2020), who found that vegetation responded rapidly to drying
soil conditions and forests tended to have a higher resilience to
flash drought using data collected from 29 FLUXNET stations.

Overall, we found that soil moisture was the dominant
driver of flash drought across all vegetation types and in all
case studies except for the 2012 event. This result aligns with
prior studies that also found soil moisture, rather than VPD,
to be a dominant driver of negative vegetation impacts (e.g.,
Liu et al. 2020; Zhou et al. 2019). Compound drought events,
where both soil moisture and VPD extremes coevolve, are as-
sociated with the most extreme drought conditions (Zhou
et al. 2019). As the most extreme flash drought event, in the
2012 case study we found both VPD and soil moisture were
compounded drivers (Figs. 4, 6, and 7).

While previous studies have quantified the SM and VPD
response during flash drought development, limited research
has examined how these responses change across different
land cover types. Throughout all four regions there was a gen-
eral pattern with SM and VPD thresholds being exceeded
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FIG. 7. Maps of locations that exceeded thresholds of VPD (red), root-zone soil moisture
(blue), or both (purple) prior to or after flash drought development for the four study regions:
(a) central United States, (b) south-central United States, (c) Southeast, and (d) northern Great
Plains.
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within a month of the initiation of flash drought, with clear
spread of rapid drying across the regions (Fig. 5). The differ-
ence in timing of the SM and VPD threshold crossing varied
by land cover. For example, the decline in soil moisture was
generally much more rapid in areas with cropland than for
pixels with other land cover types. The exception was across
the northern Great Plains where the decline in soil moisture
over grassland pixels was equivalent to that of the cropland
pixels. Conversely, some land cover types appeared less vul-
nerable to flash drought. Perhaps the best example was across
the central United States in 2012 where pixels with forested
land cover (deciduous broadleaf, evergreen needleleaf, and
mixed) experienced markedly less rapid decline in soil mois-
ture and more modest levels of VPD compared to the more
dominant cropland cover (Fig. 4, row 1). This pattern of for-
ests being less vulnerable to flash drought development was
similar in all regions (Fig. 6), regardless of the prominence of
that land cover type.

One of the primary objectives in this paper was to deter-
mine the relative contribution of atmospheric aridity and soil
moisture in driving negative vegetation impacts during flash
drought events. What distinguished this approach from prior
studies is that we considered how vegetation phenologic re-
sponse (i.e., how the plant growth cycle is disturbed), rather
than canopy conductance (Kimm et al. 2020), stomatal con-
ductance and ET (Novick et al. 2016), and transpiration and
photosynthesis (Sulman et al. 2016). This is important because
vegetation phenology scales transpiration and photosynthesis
rates govern land—-atmosphere interactions. Results were mixed.
Across the southeastern and south-central United States, which
are more humid and where forest cover is more prominent, a
relatively low percentage of pixels exceeded the VPDax
threshold. In those cases, soil moisture deficits tended to drive
changes in vegetation development. Conversely, across the
northern Great Plains region, where only a very small percent-
age of pixels have forested land cover (Fig. 1), soil moisture was
the dominant driver (Fig. 6¢). Pixels with cropland were gener-
ally the most vulnerable to flash drought. In all regions, the ma-
jority of cropland pixels fall below the SM,,;, threshold after
flash drought onset; however, the VPDy,,, threshold was ex-
ceeded for 50% of croplands and 60% of grasslands after flash
drought onset in the central United States, and to a lesser extent
in the northern Great Plains (Fig. 6). This suggests that in-
creased atmospheric aridity alone may only weakly inhibit pho-
tosynthesis activity during flash drought in regions dominated
by forests (Fig. 6) and that croplands are uniquely vulnerable
to flash drought. Christian et al. (2020) also demonstrated
that the forested region in northern Russia had less negative
values of SESR than regions to the south dominated by
croplands.

c¢. Timing of flash drought

Finally, the timing of the onset of flash drought varied
across the selected study regions: A majority of the land area
in the central United States (2012) and northern Great Plains
(2017) had an onset in May or June whereas a majority of the
land area in the Southeast (2016) had an onset in August or

JOURNAL OF HYDROMETEOROLOGY

VOLUME 24

September (Fig. 2). The difference in timing of flash drought
onset plays a role in how severely vegetated areas are im-
pacted (Lowman and Barros 2016, 2018; Zhang and Yuan
2020). The 2012 and 2017 flash droughts occurred early in the
growing season, leading to devastating outcomes for vegeta-
tion that were largely driven by severe dry soil conditions dur-
ing summer months (Fig. 4; Otkin et al. 2016; Hoell et al.
2020). The 2015 and 2016 flash droughts initiated later in the
growing season (Fig. 4). Poor soil moisture conditions were
observed late in the summer in 2015 and impacts on vegeta-
tion were minimal until later in the growing season. The un-
usual sequence of flash drought onset in July and flash
recovery in October is evident in the evolution of SESR,
VPD, and soil moisture (Fig. 4; Otkin et al. 2019). In 2016,
flash drought onset occurred late in the summer and led to
low soil moisture that stressed vegetation into the fall (Fig. 4;
Williams et al. 2017).

Changes in subsurface and atmospheric moisture conditions
prior to the onset of flash drought and after the period of flash
drought development were evident in all four cases (Fig. 8).
Soil moisture conditions were near normal or above normal
before flash drought in each case, with the median soil mois-
ture anomaly ranging between —0.01 and.02. However, soil
moisture anomalies decreased well below normal following
rapid drought development (median values between —0.03
and —0.06). The rapid depletion of soil moisture is also consis-
tent with the response seen in other flash drought case studies
(Hunt et al. 2014; Otkin et al. 2016; Ford et al. 2015). Further,
as the environment transitions from energy-limited conditions
to water-limited conditions during flash drought due to a re-
duction in soil moisture and ET (Otkin et al. 2018), the vapor
pressure deficit will increase. This is evident in each of the
four study regions with the median VPD increasing after flash
drought development (an increase in the median VPD of
0.8 kPa in 2012, 0.3 kPa in 2015, 0.3 kPa in 2016, and 0.2 kPa
in 2017). The increase in VPD has also been seen in other
flash drought events, such as the flash drought in 2000 across
eastern Oklahoma and western Arkansas (Otkin et al. 2013)
and the 2010 flash drought over western Russian (Christian
et al. 2020).

d. Limitations and considerations

The land cover dataset used in this study is the NLDAS-2
land cover classification, which does not distinguish between
irrigated and rainfed crops (Hansen et al. 2000). Hunt et al.
(2014) observed differences in irrigated and rainfed maize
crops located at University of Nebraska—Lincoln (UNL) Agri-
cultural Research and Development Center. Specifically, the
study found that once root-zone soil moisture was depleted at
the rainfed site, there was a significant difference in effects of
water stress between irrigated and rainfed. However, complete
depletion of root-zone soil moisture is more extreme than
what was observed in any of the flash drought events evalu-
ated in this manuscript. Additionally, the largest irrigated area
evaluated in Hunt et al. (2014) was 65.4 ha (or approximately
800 m X 800 m), which is significantly smaller than the grid
resolution of NLDAS used in this study (12.5 km X 12.5 km).
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FIG. 8. VPD and root-zone soil moisture anomalies prior to and after flash drought development for the four study
regions: (first row) central United States, (second row) south-central United States, (third row) Southeast, and (fourth

row) northern Great Plains.

The SMERGE data product used for root-zone soil moisture
in this study was previously validated in situ observations of
soil moisture from sites that may have been influenced by irri-
gation practices. SMERGE soil moisture estimates perform as
well as satellite remote sensing of soil moisture from SMAP
(Tobin et al. 2019), which would include any signal from
irrigation.

Reanalysis data for ET, PET, VPD, and root-zone soil mois-
ture were selected because the data are available continuously
for all study regions and at all time periods investigated from

the NLDAS-2 and SMERGE datasets. As modeled products,
we acknowledge that the datasets introduced some model er-
ror into the analysis. In terms of determining the thresholds
for VPD,,.x and SM,,i, these parameters are estimated by as-
similating predictions of vegetation phenologic state defined
by FPAR and LAI from DCBP model to MODIS observa-
tions. This step should reduce model error introduced by un-
certainty and/or bias in the reanalysis datasets (Lowman and
Barros 2018; Stockli et al. 2008; Moradkhani et al. 2005). Indi-
vidually, the reanalysis products represent well conditions
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observed on the ground. SMERGE root-zone soil moisture
has been shown to capture ecological effects when evaluated
against NDVI from satellite remote sensing (Osman et al.
2021). Further, VPD derived from NLDAS compares well
against in situ measurements (Fig. S3). And when SMERGE
soil moisture and NLDAS VPD cross the thresholds deter-
mined for suboptimal plant function, this corresponds well
with periods of reduced in situ photosynthesis rates for an
AmeriFlux site located in the central United States during the
2012 flash drought (Fig. S3).

The approach to focus on crossing thresholds of VPD and
soil moisture associated with photosynthetic shutdown was
chosen because it provided a clear and quantifiable way to
connect flash drought onset and evolution to negative land
surface outcomes. However, this approach will not capture
cases where VPD or soil moisture were very close to, but not
yet crossing the thresholds. Such instances are also associated
with severely reduced photosynthesis rates (e.g., Lowman and
Barros 2018). For this reason, the time series of selected pixels
before, during, and after flash drought onset were included to
evaluate whether VPD and soil moisture could cause stress to
plant function without complete shutdown (Fig. 4). In east-
central Missouri (2012) and southeastern Arkansas (2015),
both VPD and soil moisture are approaching thresholds for
shutdown during flash drought onset. In east-central Missouri,
the cropland crosses the SM,,;, threshold before crossing
VPD,,,.x; however, all other land cover types cross VPDy,,x in
July before crossing SMy,i, in August (Fig. 4). In the 2012
case in east-central Missouri, all land cover types cross the
SMin threshold during flash drought onset and approach the
VPD,,,.x threshold without crossing it (Fig. 4). Thus, in both
cases high VPD and low soil moisture are both contributing
to reduced photosynthesis during the flash drought. While the
approach could also be used to evaluate different discrete val-
ues of VPD and soil moisture associated with plant water
stress during drought, for this study we were only interested
in the most extreme cases that led to complete shutdown.

5. Conclusions

In this study, we investigated regional and land-cover-
specific differences in how flash drought contributes to plant
water stress through changes in VPD and soil moisture. Our
results demonstrated that croplands and grasslands were
more susceptible to deteriorating soil and atmospheric condi-
tions, while forested areas were less vulnerable. In the four
case studies investigated, soil moisture was found more con-
sistently to lead to negative impacts on vegetation. Only in
the most extreme drought event, the flash drought of 2012,
were the compound effects of crossing both thresholds for
VPD and soil moisture observed. This work provided a clear
way to evaluate the primary drivers of vegetation stress dur-
ing extreme drought events. The findings presented in this
study provides information to land managers on which vege-
tation types in their region are more susceptible to extreme
drought, and whether low soil moisture or elevated VPD is
likely to lead to deterioration of vegetation conditions during
these events. Future research should consider a climatology
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of flash drought events and threshold crossing to more rigor-
ously determine the likelihood of extreme drought occurring
for certain land cover types, spurred on by either VPD, soil
moisture, both, or other environmental conditions.
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