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Abstract
The 2010 western Russian heatwave was characterized by historically high surface temperatures
that led to devastating impacts on the environment, economy, and society. Recent studies have
attributed a quasi-stationary upper level ridge, sensible heat advection, and land-atmosphere
temperature coupling as the primary components for the development of the heatwave event. The
results in this study reveal that rapid drought intensification occurred prior to the extreme
atmospheric conditions associated with the heatwave. The flash drought event developed from a
lack of rainfall coupled with enhanced evaporative demand and resulted in rapid desiccation of the
land surface. The region that underwent rapid drought intensification acted to prime the
land-atmosphere interactions necessary to supplement the excessive surface temperatures
experienced during the heatwave event. This area also provided a source region for the advection of
warm, dry air to promote heatwave development downwind of the flash drought location. As such,
the hydrometeorological extremes associated with the precursor flash drought and heatwave
resulted in cascading impacts that severely affected ecosystems, agriculture, and human health.
Given the findings from this research, we conclude that flash drought impacts should be expanded
beyond vegetative and agricultural applications and should be viewed as a possible precursor and
direct forcing for heatwave events and associated impacts.

1. Introduction

The 2010 heatwave across western Russia was an
extreme event that led to profound environmental,
economic, and societal impacts. In the agricultural
sector, grain yields were severely impacted, as the
‘wheat belt’ extending across southwestern Russia
(the Central and Volga federal districts) experienced
grain harvests that were less than half of what they
were the previous year (Wegren 2011). As a res-
ult, the Russian government imposed an export ban
on wheat in August 2010 that significantly increased
its price in the global market (Welton 2011). Due
to environmental conditions that included anomal-
ously high surface temperatures and vapor pressure

deficits, large wildfires were also prevalent. Thou-
sands of people were displaced due to catastrophic
loss of property (Bondur 2011) and severe air pol-
lution from the fires significantly increased mortal-
ity during the late summer when the spatial extent
of the wildfires was at its peak (Shaposhnikov et al
2014). In all, the resulting impacts associated with the
heatwave event led to a total of approximately 11 000
excess deaths (i.e. a near 20% increase in deaths for
the given time period; Shaposhnikov et al 2014).

Placed in historical context, the summer of 2010
was likely one of the warmest for Europe and western
Russia in the last half millennium (Barriopedro et al
2011). Record-high surface temperatures exceeding
32◦C were reached for Moscow and the surrounding
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region by mid- to late July and persisted until the
second week of August (Barriopedro et al 2011,
Grumm 2011). Three primary meteorological com-
ponents have been connected to the development
and propagation of the heatwave event: (1) a quasi-
stationary upper-level ridge centered over western
Russia during July and August (Barriopedro et al
2011, Grumm 2011), (2) sensible heat advection
(Schumacher et al 2019), and (3) land-atmosphere
temperature coupling via heat storage in nocturnal
residual layers (Miralles et al 2014). The subsid-
ence from the associated upper-level synoptic envir-
onment inhibited precipitation throughout most of
the summer (figure 1) while persistent desiccation
of the land surface occurred due to high evaporat-
ive demand. Sensible heat associated with desiccated
soils southeast of the primary heatwave region were
advected northwestward and augmented the local
sensible heat flux (Schumacher et al 2019). In addi-
tion, progressive accumulation of heat in the bound-
ary layer amplified the above-average surface temper-
atures (Miralles et al 2014) already set in place by
the overlying synoptic environment and land surface
conditions.

This study expands upon the knowledge of the
2010 heatwave by linking the desiccated land surface
and resulting sensible heat advection associated with
the heatwave to a critical precursor subseasonal phe-
nomenon: flash drought. Flash droughts are uniquely
defined by their rapid rate of intensification toward
drought conditions (Otkin et al 2018). When a com-
bination of environmental anomalies drive persist-
ent, enhanced evaporative demand for several weeks,
rapid depletion of available soil moisture will occur.
As evapotranspiration (ET) from the land surface
diminishes, the partitioning of surface energy fluxes
contributes to a decreased evaporative fraction. Con-
sequently, low values of evaporative fraction corres-
pond with a decreased efficiency to moderate land
surface temperatures and the resulting increase in
evaporative demand will exacerbate the moisture
stress on the environment. This process associated
with rapid drought development directly impacts
ecosystem health and agriculture productivity, such
as was observed during the expansive flash drought
across the Great Plains in 2012 that led to $30 bil-
lion in agricultural losses (Basara et al 2019, National
Centers for Environmental Information 2019) and
the 2017 northern High Plains flash drought that
significantly impacted wheat yields and increased
the risk for wildfires (Gerken et al 2018, National
Centers for Environmental Information 2019). Heat-
waves have also been related to flash droughts, but this
has been examined from a short-term anomaly per-
spective that is different than that employed in this
study (Mo and Lettenmaier 2015). The Russia flash
drought examined in this study is significant as it
presents a flash drought precursor event that (1) yiel-
ded a rapidly desiccated land surface, (2) primed the

land-atmosphere interactions necessary for heatwave
development and sensible heat advection, and (3) sig-
nificantly contributed to a sequence of cascading and
catastrophic impacts. Following the data and meth-
ods section, the results provide a quantitative ana-
lysis of land surface conditions associatedwith the ini-
tial rapid intensification toward drought, an assess-
ment of the hydrometeorological response to the flash
drought, and the spatial spread of desiccated land sur-
face conditions across southwestern Russia.

2. Data andmethods

Data from the Modern-Era Retrospective analysis
for Research and Applications, Version 2 (MERRA-
2; Gelaro et al 2017) were used to provide land sur-
face variables for analysis of the flash drought and
heatwave event across southwestern Russia with a
spatial resolution of 0.5◦x 0.625◦. Daily values for
each of the variables and derived quantities were
averaged into pentads, then detrended and standard-
ized using data from 1980–2016. The variables were
detrended to evaluate anomalies in surface conditions
after accounting for changes in the climate during the
37 years of the MERRA-2 dataset. In addition, vari-
ables were standardized to convert values to a stat-
istical metric for domain-averaged calculations and
for comparison of anomalies across the analysis win-
dow (May through September). The enhanced veget-
ation index (EVI; Huete et al 2002) from the Moder-
ate Resolution Imaging Spectroradiometer (MODIS)
onboard the NASA Aqua and Terra satellites was also
used to leverage vegetative health as a proxy for the
spatial propagation of land surface desiccation within
the region of rapid drought development and heat-
wave onset during the summer months. The EVI
was used as it reduces atmospheric influences on the
canopy background signal (Huete et al 2002) and is
more sensitive to drought than the normalized dif-
ference vegetation index (NDVI; Wagle et al 2014,
Bajgain et al 2015). Further, EVI can accurately rep-
resent drought conditions via vegetative health as
long as drought conditions persist for an extended
period of time (e.g. greater than one month; Wagle
et al 2014) and the drought events are severe (Bajgain
et al 2015). EVI from Aqua was detrended and stand-
ardized with data from 2003–2019, while EVI from
Terra was detrended and standardized with data from
2000–2019. The spatial resolution of the EVI used in
the analysis was 0.05 degrees.

The spatial extent and temporal evolution of the
flash drought event is analyzed using a comprehens-
ive identification methodology in conjunction with
the standardized evaporative stress ratio (SESR; Bas-
ara et al 2019, Christian et al 2019a, 2019b), which is a
reanalysis-based variant of the satellite-derived evap-
orative stress index (ESI; Anderson et al 2007a, 2007b)
that has also been used extensively in flash drought
research (Otkin et al 2013, 2014, 2016, 2019, Nguyen
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Figure 1. Domain-averaged accumulated precipitation fromMERRA-2 for the flash drought domain shown in figure 2.
Accumulated precipitation beginning from 1 January is shown for 2010 in the blue line with the climatological mean for the
period between 1980–2016 shown by the black line. The tan color indicates the time period of rapid drought development and the
orange color indicates the time period of heatwave conditions.

Figure 2. Grid points identified as having flash drought development during 2010 with (a) the month in which flash drought
began and (b) the flash drought intensity (rate of intensification toward drought). The domain outlined by the black lines define
the boundaries used for the temporal analysis of flash drought development in figures 3 and 4.

et al 2019). To calculate SESR, the ratio of ET and
potential ET (PET; derived using the FAO Penman-
Monteith equation; Allen et al 1998) fromMERRA-2
were used to calculate daily values of the evaporative
stress ratio (ESR). Mean pentad values of ESR were
computed and standardized at each grid point:

SESRijp =
ESRijp − ESRijp

σESRijp

where SESRijp (referred to as SESR) is the z score of
ESR at a specific grid point (i, j) for a specific pentad
p, ESR is themean ESR at a specific grid point (i, j) for
a specific pentad p for all years available in the gridded
dataset, and σESR is the standard deviation of ESR at

a specific grid point SESR (i, j) for a specific pentad p
for all years available in the gridded dataset. The tem-
poral change in SESR was also calculated and stand-
ardized:

(
∆SESRijp

)
z
=

∆SESRijp −∆SESRijp

σ∆SESRijp

where
(
∆SESRijp

)
z
(referred to as ∆SESR) is the z

score of the change in SESR at a specific grid point
(i, j) for a specific pentad p, ∆SESR is the mean
change in SESR values at a specific grid point (i, j) for
a specific pentad p for all years available in the grid-
ded dataset, and σ∆SESR is the standard deviation of
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SESR at a specific grid point (i, j) for a specific pentad
p for all years available in the gridded dataset.

The flash drought identification criteria follow
guidelines previously established for classification of
rapid drought development with a dual emphasis on
longevity and impact (Otkin et al 2018). Four criteria
were used in total, with the first two focusing on the
impacts of flash drought and the latter two emphas-
izing the rapid rate of intensification toward drought
(Christian et al 2019a). The criteria are summarized
as:

(1) A minimum length of five pentad changes in
SESR, equivalent to a length of six pentads (30 d).

(2) A final SESR value below the 20th percentile
of SESR values.

(3a)∆SESRmust be at or below the 40th percent-
ile between individual pentads.

(3b) No more than one ∆SESR above the 40th
percentile following a∆SESR that meets criterion 3a.

(4) The mean change in SESR during the entire
length of the flash drought must be less than the 30th
percentile.

Percentiles for criteria 2 and 3were taken from the
distribution of SESR and ∆SESR at each grid point
and specific pentad for all years in the dataset, while
percentiles for criterion 4 were taken from the distri-
bution of ∆SESR at each grid point for pentads that
were encompassed within the flash drought event.
The threshold percentile (30th percentile) in criterion
(4) was slightly loosened compared to the threshold
used for the climatological analysis of flash drought
across the United States using a different dataset
(25th percentile; Christian et al 2019a). The higher
threshold (30th percentile) was used to better reveal
locations that underwent flash drought development
in this specific case study (especially for grid points
with a mean overall change in SESR only slightly
above the 25th percentile), while still requiring an
overall rapid rate of intensification toward drought.

In addition to flash drought identification, the
rate of intensification toward drought was classified
into four categories using the mean SESR change
(∆SESR; criterion 4) using percentiles similar to
those outlined in Christian et al (2019a): FD1—
between the 25th and 30th percentile, FD2—between
the 20th and 25th percentile, FD3—between the 15th
and 20th percentile, and FD4—less than the 15th per-
centile.

3. Temporal evolution and spatial extent of
flash drought

The primary flash drought development in south-
western Russia encompassed a region of approxim-
ately 260 000 km2 (figure 2). Rapid drought devel-
opment occurred concurrently across the area in
the latter portions of May (figure 2(a)). This large-
scale and simultaneous rapid drought intensifica-
tion is in contrast to what was observed during the

2012 Great Plains flash drought in the United States
whereby flash drought spatially propagated over sev-
eral months (Basara et al 2019). However, the tim-
ing and location of the 2010 Russian flash drought
was likely attributed to the presence of a quasi-
stationary upper-level ridge and a different vegetation
type across the region. The blocking high that began
in June was expansive and covered a large area over
much of eastern Europe and western Russia (Barri-
opedro et al 2011, Grumm 2011). This blocking fea-
ture set the foundational atmospheric conditions for
rapid drought development with a lack of rainfall and
enhanced evaporative demand (e.g. increased surface
temperatures and reduced cloud coverage) at the land
surface. However, the specific location of the flash
drought event was likely due to ecosystems domin-
ated by agriculture primarily south of 55◦N (figure S1
(available at stacks.iop.org/ERL/15/094078/mmedia),
Flach et al 2018). This is attributed to increased ET
rates across the region and a more rapid depletion of
root zone and near-surface soil moisture as compared
to forested areas (figures S1, S2, and S3; Christian
et al 2019a). This process rapidly lowers the evapor-
ative fraction and limits the moderation of increased
surface temperatures (figure S2). The higher sur-
face temperatures further contribute to increased
evaporative demand leading to a positive feedback
and further desiccation of the terrestrial surface. As
such, land-atmosphere coupling worked in tandem
with the overlying synoptic environment to max-
imize rapid drought transition in this region. Areas
north of 55◦N in southwestern Russia are forest-
dominated ecosystems and were shown to have nor-
mal and above-normal gross primary productivity
during the summer of 2010 (figure S1, Flach et al
2018). Due to the deeper rooting depths of trees,
forests can provide locally-sourced boundary layer
moisture and moderate rapid drought development
compared to an agriculturally dominated ecosystem.
As a result, the region north of the primary flash
drought area did not experience rapid drought devel-
opment due to a slower decline of near-surface and
root zone soil moisture over a couple of months
(figure S3).

In addition to the very large spatial extent of
the flash drought, the rate of intensification towards
drought was unusually rapid even by the stand-
ards of flash drought. Previous research has classi-
fied the rate of drought intensification into four cat-
egories using the mean change in SESR at a given
grid point during a flash drought: FD1—moderate
flash drought, FD2—severe flash drought, FD3—
extreme flash drought, and FD4—exceptional flash
drought (Christian et al 2019a). While rapid drought
development was classified as FD1 for much of
the northeast portion of the domain, the south-
eastern section of the domain experienced flash
drought categorized as FD2, and the western part
of the study region saw the most rapid drought
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Figure 3. Domain-averaged standardized anomalies of the evaporative stress ratio (SESR), 2-meter air temperature, 10-meter
wind speed, and 2-meter water vapor pressure deficit for 2010 fromMERRA-2. The tan color indicates the time period of rapid
drought development and the orange color indicates the time period of heatwave conditions. The domain is shown in figure 2.

Figure 4.Domain-averaged standardized anomalies of EVI fromMODIS and ET and PET fromMERRA-2 for 2010. The tan color
indicates the time period of rapid drought development and the orange color indicates the time period of heatwave conditions.
The domain is shown in figure 2.

development, reaching FD4 classification. The south-
eastern portion of the domain was positioned within
a temperature and precipitation gradient during the
month of June (figures S4 and S5(b)), with higher

standardized temperature anomalies in the west and
lower precipitation amounts in the east (south of
50.5◦N). The alignment between these two gradients
promoted the very rapid drought intensification
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within this region, with the eastern part primarily
driven by a deficit in precipitation and the western
part supplemented by enhanced evaporative demand
due to higher overall surface temperatures. For the
western area of the study domain, below normal
rainfall occurred in May prior to the onset of flash
drought (figure S5(a)), with a further lack of rain-
fall during the rapid drought intensification period
in June that was also coupled with above average sur-
face temperatures (figure S4 and S5(b)). The coexist-
ing deficit in precipitation and above-normal evap-
orative demand led to the rapid development of flash
drought in this region.

The linkage between the flash drought event and
heatwave event can be visualized by examining the
temporal evolution of SESR and critical land surface
variables that drive evaporative demand (figure 3).
The domain used for analysis was selected to encom-
pass amajority of the grid points that underwent flash
drought during a similar period of time (figure 2(a)).
Themedian start date of rapid drought intensification
determined from identified flash drought grid points
in the study domain was 31 May while the median
end date of rapid intensification was 25 June. During
this 25-day period, SESR began slightly above nor-
mal (indicating above normal environmental mois-
ture conditions) and then rapidly declined to a value
approaching 2 standard deviations below normal. In
addition to the minimal rainfall during the month of
June (figures 1 and S5(b)), surface temperatures and
vapor pressure deficits were above normal, with near-
normal wind-speeds. Each of these components con-
tributed to high levels of evaporative demand on the
land surface and led to rapid depletion of near-surface
and root zone soil moisture (figure S2). Following the
flash drought event, SESR slightly recovered during
the early portions of July, but then slowly declined
to values near two standard deviations below nor-
mal during the rest of the summer and the concur-
rent heatwave event. For the purpose of relating the
temporal relationship between the flash drought and
heatwave, heatwave conditions were defined where
surface temperature exceeded 2 standard deviations
above normal (figure 3).

Temperature values reached this threshold in late
July and continued until early August. Extraordin-
arily high vapor pressure deficits were also experi-
enced during this period, with values that were three
standard deviations above normal during the heat-
wave event with peak values exceeding four standard
deviations.

Rainfall and reduced evaporative demand that
occurred in late June and early July contributed
to the temporal delay between the end of rapid
drought intensification and the onset of the heat-
wave (figure 1). While the mean accumulated pre-
cipitation across the study domain was minimal dur-
ing this time period (approximately 2 cm), the rain-
fall was sufficient to effectively lower the anomalous

surface temperature and vapor pressure deficit for
3–4 pentads following the flash drought event (fig-
ure 3). As such, the excessive evaporative demand that
occurred during the end of June (figure 4) temporar-
ily moderated. It is important to note that the sur-
face temperature was rapidly increasing to heatwave
conditions at the end of the flash drought event. In
a two pentad change in mid- to late June, standard-
ized temperature anomalies increased approximately
2.0 standard deviations and standardized vapor pres-
sure deficit anomalies increased an exceptional 2.8
standard deviations. Without the rainfall and associ-
ated moderation of evaporative stress on the envir-
onment, the focus of the heatwave event may have
been shifted earlier into the summer and centered
in the month of July. This could have exacerbated
the environmental, economic, and societal impacts
compared to the original heatwave event in late July
and mid-August, given that the climatological sur-
face temperatures across the region peak in mid-
July (Grumm 2011). Nonetheless, the temporal evol-
ution of the flash drought event and land surface
variables reveal the rapid desiccation of the environ-
ment and the associated atmospheric response. With
locally-sourced boundary layer moisture (i.e. ET)
significantly diminished following the flash drought
(figure 4), the land-surfaced was primed for land-
atmosphere temperature coupling that enhanced the
development of the heatwave event (Miralles et al
2014) in conjunction with the atmospheric condi-
tions attributed to the quasi-stationary upper-level
ridge (Barriopedro et al 2011, Grumm 2011).

4. The propagation of land surface
desiccation during the flash drought and
heatwave

The evolution and spread of land surface condi-
tions across southwestern Russia during the flash
drought and subsequent heatwave can be evaluated
via changes in vegetative health conditions using the
EVI. At the beginning of the rapid drought intensific-
ation period, evaporative demand increased approx-
imately 1.2 standard deviations from near-normal
to above-normal values (figure 4). During this same
time period, a vegetative response was evident with
increased ET and improved vegetation greenness to
meet the evaporative demand of moisture at the
land surface. However, as PET continued to rap-
idly increase into mid- and late June, plant available
water was depleted due to a lack of rainfall (figures
1 and S2). A rapid decline of the vegetation condi-
tions was evident during this period with an associ-
ated decrease in ET. The 1–2 pentad delayed response
of vegetation to evaporative stress is similar to what
has been observed in previous studies that have eval-
uated the lead time of evaporative stress with drought
impact (Otkin et al 2013, Christian et al 2019a). The
EVI reached its lowest values for the study domain
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shortly after the rapid drought intensification period,
and vegetation greenness remained well below nor-
mal throughout the remainder of the summer and
into the heatwave event.

Spatial analysis of EVI reveals the connection
between the initial flash drought region identified
in this study and the broader area associated with
the heatwave event (figure 5). Peak greenness was
observed approximately 5–10 d into rapid drought
intensification indicated by evaporative stress (figures
3, 4, and 5(a)). Areas to the north of the flash drought
domain, including Moscow, also yielded EVI condi-
tions that were well above normal during this time.
However, in only 24 d after peak conditions were
reached, EVI declined to well below normal across the
study domain (figure 5(b)). The region surrounding
Moscow and to the north of the study domain was
also undergoing drought development, but at a slower
rate than occurred within the initial flash drought
region as seen by moderated EVI values. At the onset
of the heatwave event, a respite in land surface degrad-
ation was visible in the flash drought region and loc-
ations north of 53.5◦N (figure 5(c)) due to precipit-
ation in early July (figure 1). However, the modera-
tion in land surface conditions was temporary as the
vegetation greenness decreased rapidly by the end of
the heatwave throughout most of southwestern Rus-
sia (figure 5(d)).

An important part of this study is to reconcile
the spatial differences between areas impacted by
flash drought and the heatwave. The domain encom-
passing the region that concurrently underwent flash
drought development covered an area of approxim-
ately 260 000 km2. However, the region that had sur-
face temperature anomalies in excess of 3 standard
deviations extended farther north and west of the
region characterized by rapid drought development
(Twardosz and Kossowska-Cezak 2013). This mis-
match between the biosphere response from flash
drought and hydrometeorological extremes associ-
ated with the heatwave has been previously alluded
to (Flach et al 2018). This north/east extension of
the extreme surface temperatures associated with the
heatwave is linked to the advection of air parcels
within the synoptic anticyclonic circulation. In the
period following rapid drought development and at
the beginning of heatwave conditions, the wind dir-
ection was predominately southeasterly nearMoscow
(Galarneau Jr et al 2012, Witte et al 2011). Air par-
cels during this time followed trajectories directly
over the flash drought region in which surface tem-
peratures and vapor pressure deficits were excep-
tionally high (figure 3). In addition, dry soils asso-
ciated with rapid drought development contribute
to increased surface sensible heat fluxes. Strong tor-
rents of sensible heat were advected from the flash
drought region identified in this study to locations
farther north (Schumacher et al 2019), aiding in
enhanced evaporative demand and desiccation of the

land surface in these areas. This compounded onto
the atmospheric conditions established by the upper-
level ridge and the already struggling vegetation to
prime the land surface for the extreme temperature
anomalies associated with the heatwave event.

5. Summary and discussion

The 2010 event was characterized by a series of
cascading hydrometeorological and environmental
factors that produced catastrophic impacts across
human and natural systems (figure 6). The atmo-
spheric conditions imposed by the quasi-stationary
upper level ridge (Barriopedro et al 2011, Grumm
2011; B11 and G11 in figure 6, respectively) inhibited
rainfall (figure 1) and increased evaporative demand
(figure 4) across the region for most of the summer.
Flash drought development occurred across prime
agricultural land in the Central, Volga, and South-
ern federal districts of southwestern Russia due to the
coupled impacts of minimal precipitation and above-
average PET (figure 2). The locality and critical phas-
ing of the flash drought region embedded within the
large-scale upper-level ridge was a result of increased
ET and a rapid depletion of near-surface soilmoisture
as compared to a slower decrease of soil moisture in
forested locations farther north (figures S1, S2, and
S3). Near the terminus of the rapid drought intens-
ification period, excessive stress on vegetation was
evident across southwesternRussia andwasmost not-
able in the domain encompassing the flash drought
region (figure 5(b)). The surface temperature was
rapidly increasing to heatwave conditions (defined
here as surface temperature greater than 2 standard
deviations above normal) toward the end of the rapid
drought development period at the end of June (fig-
ure 3), however, rainfall across the region moder-
ated the evaporative demand for 2–3 weeks follow-
ing the flash drought event (figure 1). After this short
period of reprieve, little to no rainfall (<1 cm on aver-
age across the study domain) occurred between early
July and mid-August (figure 1). This lack of rainfall,
in combination with the previously desiccated land
surface and poor vegetation health associated with
the precursor flash drought event, permitted a rapid
increase in surface temperature and vapor pressure
deficit (figure 3). This was due to a rapid depletion of
near-surface soil moisture via evaporation (and tran-
spiration from the vegetation that was remaining and
capable of photosynthesis) and resulted in a decrease
of evaporative fraction by mid-July (figure S2).

As exceptionally high surface temperatures began
to develop in late July, human mortality increased
(Shaposhnikov et al 2014; S14 in figure 6). Further, an
increased frequency of wildfires was observed (Bon-
dur 2011, Witte et al 2011; B11 and W11 in fig-
ure 6, respectively), contributing to widespread loss
of property and heightened levels of air pollution
(Shaposhnikov et al 2014). By late July and early
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Figure 5. Standardized anomalies of EVI on (a) 9 June 2010, (b) 3 July 2010, (c) 27 July 2010, and (d) 20 August 2010. The domain
outlined by the black lines define the boundaries used for the temporal analysis of flash drought development in figures 3 and 4.

August, land-atmosphere temperature coupling aided
in the progressive development of heat in nocturnal
residual layers (Miralles et al 2014; M14 in figure 6)
and additional phasing between lower- and upper-
level tropospheric circulations yielded sensible heat
advection from the region that previously underwent
flash drought toward locations farther to the north
and west (Schumacher et al 2019; S19 in figure 6).
Air-parcel trajectories around the lower-tropospheric
high (Galarneau et al 2012, Witte et al 2011) and
along areas of previously desiccated land surfaces sup-
plemented the magnitude and spatially expanded the
heatwave conditions across much of western Rus-
sia (Twardosz and Kossowska-Cezak 2013). By the
time exceptionally high surface temperatures began to
decline, agricultural regions were devastated (Wegren
2011), and an export ban was placed on wheat by the
Russian government 15 August (Welton 2011; We11
in figure 6).

Traditionally, flash droughts have been associ-
ated with rapid soil moisture depletion, excessive
stress on vegetation and ecosystems, and agricul-
tural yield loss. This study provides additional insight
into the linkage between flash drought and the
rapid desiccation of the land surface with heatwave

development by (1) priming the land-atmosphere
interactions necessary to supplement excessive sur-
face temperatures while (2) simultaneously provid-
ing a focal point for the advection of sensible heat
to promote heatwave development in other locations.
As a result, flash drought events can serve as the con-
nectivity between large-scale dynamic amplification
and the terrestrial-atmosphere feedbacks associated
with heatwaves (Miralles et al 2014, Schumacher et
al 2019) and can initiate cascading social, ecological,
and environmental impacts.

In the context of anthropogenic climate change,
heatwaves similar to severity and extent of the Rus-
sian 2010 heatwave may occur with enhanced prob-
ability over the next twenty years across Europe
(Russo et al 2015). Further, dry soils have also been
shown to increase the risk for heatwaves in west-
ern Russia (Hauser et al 2016). Given that flash
droughts are associated with a rapid depletion of
soil moisture and can develop even when mois-
ture conditions do not appear conducive for rapid
drought development (Christian et al 2019b), flash
droughts may be an important subseasonal phenom-
ena to consider prior to the onset of heatwaves. This
may become especially critical in a future climate
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Figure 6. A timeline of hydrometeorological features and cascading ecological and societal impacts associated with the precursor
flash drought event and subsequent heatwave. Superscripts indicate references used to construct the timeline, while the asterisks
indicate hydrometeorological features and associated impacts discussed in this study.

where spring soil moisture levels could become inde-
pendent of maximum summer temperature anom-
alies in western Russia during summer blocking pat-
terns (Rasmijn et al 2018). This would increase the
likelihood for rapid drought development in the
region when a combination of enhanced evaporative
demand is coupled with minimal rainfall and persists
for several weeks, especially in agricultural areas and
climate transition zones that have an increased sig-
nal to land-atmosphere coupling (Koster et al 2004,
Seneviratne et al 2006). As such, additional stud-
ies should investigate the role of flash drought and
its associated land surface desiccation with heatwave
development, especially in other locations across the
globe that are susceptible to strong land-atmosphere
coupling. Furthermore, future research should exam-
ine the climatological frequency of flash droughts that
are precursors to heatwave events.
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