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Abstract 28 

Flash droughts – uncharacteristically rapid dryings of the land system – are naturally associated 29 

with extreme precipitation deficits.  Such precipitation deficits, however, do not tell the whole 30 

story, for land surface drying can be exacerbated by anomalously high evapotranspiration (ET) 31 

rates driven by anomalously high temperatures (e.g., during heatwaves), anomalously high 32 

incoming radiation (e.g., from reduced cloudiness), and other meteorological anomalies.  In this 33 

study, the relative contributions of precipitation and ET anomalies to flash drought generation in 34 

the Northern Hemisphere are quantified through the analysis of diagnostic fields contained 35 

within the MERRA-2 reanalysis product.  Unique to the approach is the explicit treatment of soil 36 

moisture impacts on ET through relationships diagnosed from the reanalysis data; under this 37 

treatment, an ET anomaly that is negative relative to the local long-term climatological mean is 38 

still considered positive in terms of its contribution to a flash drought if it is high for the 39 

concurrent value of soil moisture.  Maps produced in the analysis show the fraction of flash 40 

drought production stemming specifically from ET anomalies and illustrate how ET anomalies 41 

for some droughts are related to temperature and radiation anomalies.  While ET is found to have 42 

an important impact on flash drought production in the central US and in parts of Russia known 43 

from past studies to be prone to heatwave-related drought, and while this impact does appear 44 

stronger during the onset (first several days) of flash droughts, overall the contribution of ET to 45 

these droughts is small relative to the contribution of precipitation deficit. 46 

  47 
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1. Introduction 48 

 49 

a. Drivers of Flash Drought 50 

In the simplest terms, a region experiencing drought is a region experiencing a significant 51 

water deficit.  The different “flavors” of drought can also easily, if imprecisely, be described:  52 

meteorological drought is, in essence, a long-term precipitation deficit, agricultural drought 53 

focuses on resulting soil moisture deficits and their impacts on vegetation (e.g., crop) stress, 54 

hydrological drought focuses on associated water deficits in rivers and reservoirs, and 55 

socioeconomic drought relates water deficits to societal water needs.  Such simple descriptions, 56 

of course, belie the tremendous complexity of drought phenomena.  Despite substantial research 57 

and moderate progress in analyzing the mechanisms underlying the formation, maintenance, and 58 

senescence of droughts (see Wood et al. 2015, Schubert et al. 2016 for recent reviews), our 59 

understanding of drought and its different manifestations is still limited, and our ability to predict 60 

a drought, say, months in advance remains a major challenge, particularly during the warm 61 

season.  An improved understanding of droughts and an improved ability to predict them would 62 

have substantial societal benefit, and this naturally makes drought an active focus of research, 63 

with analyses coordinated through, for example, the WCRP Drought Interest Group (Legler and 64 

Pirani 2009) and the NOAA Drought Task Force (Mariotti et al. 2013).   65 

Introduced relatively recently into the scientific vernacular is the concept of the “flash 66 

drought” (Svoboda et al. 2002) – a drought that develops unusually quickly.  Otkin et al. (2018), 67 

who provide a recent overview article on the subject (which includes a full literature review), 68 

define flash droughts as “a subset of all droughts that are distinguished from more conventional 69 
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slowly developing droughts by their unusually rapid rate of intensification.”  They apply the 70 

term, for example, to the 2012 drought in the central US and show, as a tangible illustration, how 71 

vegetation in central Oklahoma went from a healthy green state to a brown dormancy over a 72 

period of six weeks, in sharp contrast to what is normally seen in the area.  The continental US 73 

has in fact seen a spate of such droughts in recent years, giving the concept considerable and 74 

growing attention. 75 

Why would a drought develop more quickly than usual?  Considering soil moisture as a 76 

proxy for the moisture state of the land-atmosphere system (focusing, that is, on agricultural 77 

drought rather than on meteorological drought), two drivers of drought seem clear:  anomalously 78 

low precipitation (a reduced water source) and anomalously high evapotranspiration (an 79 

increased water sink).  However, while precipitation’s role in the development of a drought is 80 

intuitive, that played by ET is rather complex.  Otkin et al. (2018), in their description of a 81 

typical flash drought event, point to high ET as a potential initial driver of an event but note the 82 

complication that ET will decrease later in the event in conjunction with deteriorating vegetation 83 

as the soil dries.  Hobbins et al. (2016) point out that such behavior is associated with a shift 84 

from energy-limited to water-limited conditions, and they introduce an evapotranspiration-based 85 

drought index that works in both regimes.  Such indices (see also Otkin et al. 2013) should be 86 

valuable for the identification and monitoring of conditions favorable to fast-developing 87 

agricultural droughts. 88 

The difficulties in quantifying ET’s role in driving flash drought can be considered in the 89 

context of land-atmosphere feedbacks between soil moisture and overlying meteorological 90 

conditions.  Consider, for example, heatwaves, which at first glance may be expected to promote 91 

soil drying given that higher temperatures generally lead to higher ET.  Mo and Lettenmaier 92 
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(2015, 2016) point out that heatwaves do not always induce drying – the presence of a heatwave 93 

does not, in and of itself, indicate that ET is helping to produce drought conditions.  While ET 94 

may contribute to a flash drought in the case of an externally produced heatwave (e.g., the 95 

advection of remote warm air into a region), a heatwave may instead simply be a local passive 96 

response to a precipitation deficit, given that the reduced ET associated with drier soils leads to 97 

reduced evaporative cooling.  (Of course, a heatwave may be deemed a drought driver if it 98 

develops before, rather than during, the production of a drought.)  Such land-atmosphere 99 

feedbacks (see also, for example, Seneviratne et al. 2010, Berg et al. 2014, Schwingshacki et al. 100 

2018) similarly complicate the interpretation of dry overlying air as a driver of drought.  While 101 

drier air ostensibly promotes higher ET, such dryness may instead be nothing more than a 102 

passive response to a low ET induced by a precipitation deficit.  Potential land-atmosphere 103 

feedbacks on other potentially important atmospheric drivers (e.g., incoming radiation and wind 104 

speed) are not as obvious but perhaps may still be relevant.   105 

 106 

b. Quantifying and Analyzing Flash Drought with Reanalysis Data 107 

An atmospheric reanalysis (CCSP, 2008) is, in essence, a mathematically optimal 108 

merging of observations and Earth system model physics that results in spatially and temporally 109 

comprehensive quantitative estimates of atmospheric and land surface variables across the globe.  110 

The input observations are generally extensive, and the modeled physical formulations impart 111 

appropriate physical behaviors to the variables considered (as captured, for example, by 112 

equations of motion and conservation laws); as a result, reanalyses products are considered by 113 

many to be the best description of global scale meteorological fields available.  Applications of 114 

reanalysis data to climate problems has indeed been extensive, as immediately evident from the 115 
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thousands of journal articles citing the small handful of global scale products offered to the 116 

community (e.g., the products described by Kanamitsu et al. 2002, Dee et al. 2011, Rienecker et 117 

al. 2011, Kobayashi et al. 2015, Gelaro et al 2017). 118 

The idea examined here is that reanalysis data may be of value for analyzing and 119 

understanding the drivers of flash drought.  Reanalysis products include estimates of relevant 120 

meteorological forcing variables such as precipitation, evapotranspiration, air temperature, air 121 

humidity, wind speed, and incident radiation.  The products also include soil moisture estimates 122 

that are consistent with these variables, allowing the quantification of relationships between soil 123 

moisture and meteorological drivers.  Most reanalyses provide several decades of data and thus 124 

can provide data for multiple flash droughts in a given region of interest. 125 

Any flash drought analysis using reanalysis data, however, must be considered in light of 126 

two very important considerations.  First, because soil moisture observations are rarely, if ever, 127 

assimilated directly into reanalysis systems, the connections between reanalysis soil moisture and 128 

atmospheric forcing variables are largely dependent on the imposed land surface model 129 

formulations, and accordingly, the land fluxes and states produced in a reanalysis will have 130 

geographically- and seasonally-varying biases.  The presumed biases stem from the fact that the 131 

land surface formulations – particularly the control of soil moisture content on 132 

evapotranspiration – cannot be adequately validated against observations, as the required data at 133 

the large scale do not exist.  Soil moisture estimates at the large scale are particularly elusive; site 134 

level measurements of soil moisture through the root zone cannot be assumed to represent large 135 

scale averages, and satellite-based soil moisture values (e.g., Kerr et al. 2010; Entekhabi et al. 136 

2010) represent, at most, the top few centimeters of soil.  Measurements of large-scale soil 137 

moisture averages, even if they did exist, could only be used in validating model formulations if 138 
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contemporaneous evapotranspiration measurements of sufficient accuracy were also available for 139 

the large-scale region over a substantial length of time, and, of course, evapotranspiration 140 

estimates from flux towers or from satellite-based algorithms (e.g., Anderson et al., 2011) come 141 

with their own sets of spatial scales, uncertainties and assumptions.  Complicating validation 142 

further is the inherently model-dependent character of simulated soil moisture (Koster et al. 143 

2009), which is largely unavoidable given the need to parameterize hydrological processes that 144 

cannot be spatially resolved (soil moisture in nature varies spatially within a grid cell area, and 145 

hydrological processes such as runoff vary nonlinearly with soil moisture) and given the absence 146 

of high resolution data on soil properties.  147 

Assuming, however, that the model formulations have sensible forms that agree 148 

qualitatively with the relationships operating in nature, a reanalysis-based study of flash drought 149 

can provide critical insights into the phenomenon – in particular, into how the different 150 

meteorological drivers can interact to produce or mitigate the drought.  This is the level of 151 

analysis attempted here.  The unique contribution of the present study is an illustration of how 152 

evapotranspiration varies both with soil moisture and with external meteorological drivers and 153 

how it is the latter variation that should be isolated and utilized when quantifying the 154 

contribution of evapotranspiration excess to drought – a facet of the science that, in the literature, 155 

is generally not acknowledged.  We will, as a matter of course, produce quantitative estimates of 156 

drought frequency and of the relative contributions of precipitation deficit and evapotranspiration 157 

excess to flash drought formation, and while we expect these estimates to be reasonable, at least 158 

to first order, the precise magnitudes of the estimates will nonetheless reflect the land surface 159 

model formulations underlying the reanalysis system.  Confirmation of our estimates – or more 160 
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correctly, a quantification of the uncertainty in our estimates – must await a repeat of the analysis 161 

with other systems. 162 

The second important consideration in a reanalysis-based study of flash drought is the 163 

advantage of having enough data to identify a flash drought with a well-defined quantitative 164 

metric.  We can thus avoid ambiguities that might arise from a more subjective identification of 165 

such droughts.  This said, the droughts identified with any given metric may miss certain events 166 

recognized in the literature as being flash droughts, as these missed events may have been 167 

classified using an alternative (and sometimes more subjective) approach.  In the present paper, 168 

we choose a single quantitative metric to define flash drought, recognizing that other definitions 169 

would affect the estimates we compute and the distributions we plot. 170 

These two considerations underline the fact that this study is not presented here as the 171 

final word on flash drought.  Again, our goal is to use reanalysis data to illustrate a new and 172 

complementary way of looking at the phenomenon, one that emphasizes the separation of an ET 173 

anomaly during a diagnosed flash drought period into two parts: one that directly reflects the 174 

impacts of the soil moisture state (drier soils produce lower ET) and one that captures the 175 

remaining impacts associated with the overlying meteorology, effectively correcting them for the 176 

soil moisture impacts.  The approach thus explicitly addresses many of the complications 177 

imposed on the problem by land-atmosphere feedback.  We use the approach to produce global 178 

maps showing, for our chosen drought definition and reanalysis product, how the relative 179 

contributions of precipitation deficits and ET anomalies to flash drought vary across North 180 

America and the Northern Hemisphere.  In addition to elucidating the connection between flash 181 

drought and evapotranspiration, we present the study to encourage further analyses with other 182 

reanalysis datasets and other flash drought definitions. 183 
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Section 2 below provides a description of the data analyzed, the definition of flash 184 

drought used in this study, and the strategy employed for separating the precipitation and ET 185 

contributions to these droughts.  Results are provided in Section 3, followed by discussion and 186 

conclusions in Section 4. 187 

 188 

2. Approach 189 

a. Data Source: The MERRA-2 Reanalysis 190 

MERRA-2 (Bosilovich 2015, Gelaro et al. 2017) is a state-of-the-art atmospheric 191 

reanalysis that blends satellite and more conventional weather observations with modeled 192 

atmospheric behavior in an attempt to produce the best possible estimates of the Earth system 193 

(atmospheric and land surface) state over the satellite era.  MERRA-2 fields are comprehensive 194 

in space, covering the globe at a 0.5° latitude × 0.625° longitude spatial resolution and with 72 195 

hybrid-eta levels in the vertical, up to 0.01 hPa.  Coverage in time is also comprehensive, with 196 

hourly fields available for the period 1979-present, though here we utilize daily fields and the 197 

period 1980-2017.  MERRA-2 assimilates a substantial number of satellite-based observations 198 

(McCarty et al. 2016) and is unique amongst modern reanalyses in its inclusion of aerosol data 199 

assimilation (Randles et al. 2016).  The accuracy of MERRA-2 data has been evaluated 200 

extensively (Bosilovich et al. 2015; Gelaro et al. 2017). 201 

For the present analysis we examine MERRA-2 daily fields of root-zone soil moisture 202 

(W, in dimensionless units of degree of saturation, representing moisture in the top meter of 203 

soil), precipitation (P, in mm/day), total evapotranspiration (ET, in mm/day), incoming solar 204 

radiation (SW, in W/m2), and 2-m air temperature (T2M, in °K).  As described in the next 205 
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section, flash drought will be defined as a rapid decrease in W in conjunction with subsequent 206 

evaporative stress.  We will analyze such decreases in terms of anomalies in P and ET. 207 

It is important to note here that the MERRA-2 reanalysis has, in effect, two precipitation 208 

products: a base product generated by the model underlying the reanalysis, and a “corrected” 209 

product in which the base product was scaled to agree with precipitation gauge measurements 210 

(Reichle et al. 2017a).  The precipitation used to force the land surface during the reanalysis 211 

itself was, in fact, the latter (corrected) version.  The reanalysis’s ET fields, like its W fields, are 212 

thus strongly guided by the incident observed precipitation.  The corrected model precipitation 213 

product is also examined directly in the analyses below.  Because we are interested in the liquid 214 

water contribution to the soil, we reduce each daily precipitation flux by the contemporaneous 215 

snowfall flux and augment it by the daily snowmelt flux; given that we focus on the warm season 216 

(see below), this modification should have little impact on our results. 217 

The land surface model used in the reanalysis is the Catchment model of Koster et al. 218 

(2000).  Evapotranspiration is computed in this model as part of a full energy balance calculation 219 

at the land surface; it thus responds directly to variations in incoming radiative energy, air 220 

temperature, wind speed, and humidity while accounting at the same time for soil moisture state.  221 

As noted in Section 1b, the underlying, effective relationship in this model (as in any model) 222 

between evapotranspiration and soil moisture cannot be validated against observations given a 223 

lack of adequate large-scale data.  The qualitative character of the relationship, however – the 224 

increase of ET with soil moisture at the dry end and the plateauing of the relationship at the wet 225 

end – is fully consistent with that established from observations at a point (e.g., Salvucci et al. 226 

2000, Dirmeyer et al. 2006) and with longstanding conceptual understanding of how 227 

evapotranspiration behaves (e.g., Manabe 1969, Eagleson 1978).  (See Section 2c for further 228 
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discussion.)  We thus deem it suitable for our own conceptual analysis.  Note, however, that the 229 

treatment of vegetation in MERRA-2 is fairly simple, with phenological variables prescribed 230 

every year to climatological seasonal cycles; interannual variability in vegetation structure is thus 231 

absent and not allowed to affect the soil moisture-evapotranspiration relationship.  Evaluations of 232 

the hydrological and energy cycles at the land surface in MERRA-2 are provided by Reichle et 233 

al. (2017b) and Draper et al. (2018), respectively.  234 

Another caveat that should be mentioned involves a problem seen in many reanalyses, 235 

namely, the presence of discontinuities in the reanalysis record associated with changes in the 236 

observing system.  In the context of land hydrology and thus our own analysis, the use of gauge-237 

based precipitation corrections throughout the MERRA-2 period reduces this problem.  238 

Nevertheless, such discontinuities may still have an impact on the temperatures and humidities 239 

that force evapotranspiration in the system. 240 

 241 

b. Definition of Flash Drought 242 

The definition of flash drought used here follows that suggested by Ford and Labosier 243 

(2017), which is based on soil moisture percentiles – they define a flash drought at a given 244 

location as a reduction in soil moisture from above its 40th percentile value to below its 20th 245 

percentile value over a period of 20 days.  They chose the 20th percentile for the lower threshold 246 

because it corresponds to the definition of moderate drought in the U.S. Drought Monitor 247 

(Svoboda et al. 2002); the upper threshold basically represents non-drought soil moisture 248 

conditions.  Twenty days was considered to represent well a typical subseasonal-scale flash 249 

drought generation period.  Though one could argue that the relevant generation period for a 250 
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flash drought might be different in different regions or in different climate regimes, here we will 251 

assume, for simplicity, that the 20-day period applies across the globe.  Note that here, in 252 

contrast to Ford and Labosier (2017), we do not explicitly exclude flash droughts that occur 253 

within larger droughts. 254 

For this study we construct soil moisture percentiles on a daily basis from the MERRA-2 255 

root-zone soil moisture product.  For a given location j and a given day of year k, we construct a 256 

cumulative distribution function (CDF) of root-zone soil moisture from 190 values:  the soil 257 

moisture at location j on days k-6, k-3, k, k+3, and k+6 from each of the 38 years during 1980-258 

2017.  The CDFs thus vary regionally (weighted toward lower values, for example, in the 259 

western US) and seasonally (e.g., weighted toward higher values just after the snowmelt season).  260 

Five sampling dates are chosen each year in an attempt to reduce noise, essentially through a 261 

temporal smoothing.  The closeness of the dates within a given year and the typically slow 262 

evolution of root zone moisture, however, implies that the CDFs are generally based on about 38 263 

fully independent values, though perhaps more in areas where this moisture varies significantly 264 

on weekly time scales.  As constructed, the CDFs allow the immediate transformation of any 265 

MERRA-2 soil moisture value into a soil moisture percentile for use in flash drought 266 

determination. 267 

In processing the MERRA-2 data, we found it necessary to add some additional, practical 268 

constraints to the flash drought definition.  First, a drought event has to lead to at least a nominal 269 

reduction in ET and thereby reflect some moisture stress on the land system.  (Note that in 270 

particularly wet areas, a reduction of ET is not guaranteed by a reduction in soil moisture 271 

percentile, given that the 20th percentile soil moisture in such areas can still be very wet.  See 272 

further discussion in section 2c.)  The “nominal reduction” enforced here focuses on ET in the 20 273 
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days prior and in the 20 days after the 20-day soil moisture reduction period – ET in the prior 274 

period must lie at or above four-fifths of the climatological mean value for that time-of-year 275 

(representing reasonably unstressed conditions prior to drought onset), and ET in the latter period 276 

must lie at or below three-fifths of the climatological mean value for that later time-of-year. As a 277 

second constraint, independence of drought events is ensured by not allowing identified drought 278 

events (in fact, not allowing the sixty days associated with the event, namely, the 20 days of the 279 

event itself and the 20 days before and after, over which ET is computed) to overlap in time.   280 

The final constraint is that the climatological ET during the 20-day soil moisture 281 

reduction period lie above 0.5 mm/day.  This condition is imposed because in very dry regions, 282 

the range over which soil moistures vary is highly limited, implying that small anomalies in 283 

precipitation or evapotranspiration lead to small changes in soil moisture but very large changes 284 

in soil moisture percentile.  Simply put, soil moisture percentile in dry regions is overly sensitive 285 

to meteorological drivers.  For the purposes of this study, we avoid to a large extent this 286 

oversensitivity and the associated ambiguities in drought identification by focusing on regions 287 

and seasons that are wet enough to support a 0.5 mm/day climatological evapotranspiration.  288 

Analysis of flash drought in drier regions is left for future work. 289 

While the precise values of the thresholds above are, of course, somewhat arbitrary, they 290 

can be considered representative – results obtained with modified values were tested (by Ford 291 

and Labosier (2017) and by us) and found to provide qualitatively the same insights into the 292 

nature of flash drought.  We focus our flash drought analysis on the boreal warm season in the 293 

Northern Hemisphere, namely, April through September, as the warm season is when 294 

evapotranspiration anomalies are most likely to contribute to such a drought.  We look mainly at 295 

drought in the continental US but also provide global results for further context.   296 
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 297 

c. Assumed Contributors to Drought 298 

Simple water balance considerations require that 299 

 C 
∆𝑊

∆𝑡
= 𝑃 − 𝑄 − 𝐸𝑇.      (1) 300 

Here, C is the water holding capacity of the root zone (equivalent to the soil porosity multiplied 301 

by the assumed 1-meter root zone depth), ΔW is the change in root-zone soil moisture (degree of 302 

saturation) over the time period Δt, P is the precipitation rate, and ET is the evapotranspiration 303 

rate.  The term Q is in effect the sum of the surface runoff and gravitational drainage rates out of 304 

the root zone.  Computing the 20-day mean values (at a given time of year) of each term in (1) 305 

for each year in a multi-decadal record and then taking the time mean of these 20-day values 306 

produces the climatological analog: 307 

                                                       𝐶
∆𝑊̅̅ ̅̅ ̅

∆𝑡
= 𝑃̅ − 𝑄̅ − 𝐸𝑇̅̅ ̅̅       (2) 308 

   309 

where an overbar indicates a climatological mean.  Subtracting (2) from (1) gives 310 

𝐶
∆𝑊

∆𝑡
 − 𝐶

∆𝑊̅̅ ̅̅ ̅

∆𝑡
= 𝐶 ⌊

∆𝑊

∆𝑡
⌋

′

= 𝑃′ − 𝑄′ −  𝐸𝑇′  ,   (3) 311 

where the prime represents an anomaly from climatology.  Consider, for example, a region that 312 

typically experiences a drying during June (
∆𝑊̅̅ ̅̅ ̅

∆𝑡
< 0) because climatologically, 𝐸𝑇̅̅ ̅̅  for June 313 

exceeds 𝑃̅ − 𝑄̅.  In such a region, the soil moisture dries even if ⌊
∆𝑊

∆𝑡
⌋ ′ = 0.  A negative value of 314 
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⌊
∆𝑊

∆𝑡
⌋ ′, however, for June of a particular year would indicate that the root zone during that June 315 

dries even faster than it usually does.  316 

As noted above, definitions of flash drought are largely subjective.  It seems safe to posit, 317 

though, that any definition of flash drought involving soil moisture would require an 318 

anomalously fast drying of the soil and thus a negative value of ⌊
∆𝑊

∆𝑡
⌋ ′.  The percentile-based 319 

flash drought definition provided in Section 2b is particularly amenable to such an interpretation.  320 

A climatological amount of soil water change (⌊
∆𝑊

∆𝑡
⌋ ′=0) during the time period would allow the 321 

soil moisture, despite getting drier or wetter in absolute terms, to maintain its percentile value for 322 

the given time-of-year.  A percentile decrease, however, is consistent with a negative ⌊
∆𝑊

∆𝑡
⌋ ′. 323 

With this in mind, (3) suggests that a flash drought could be induced by deficient 324 

precipitation (negative 𝑃′), excessive ET (positive 𝐸𝑇′) and/or excessive runoff (positive 𝑄′).  In 325 

the present study we focus only on the first two terms, as these terms are somewhat 326 

independently determined by meteorological variations.  Precipitation’s connection to 327 

meteorology is straightforward, and while ET responds to precipitation variations, it also 328 

responds strongly to variations in air temperature, incident radiation, humidity, and wind speed.  329 

In contrast, in terms of forcing, variations in Q are mostly tied to those in P and are much less 330 

affected by independent meteorological variables. 331 

The 38 years of MERRA-2 gauge-corrected precipitation data allow for the construction, 332 

at each MERRA-2 grid cell, of a daily precipitation climatology, and for any given 20-day 333 

period, an associated precipitation anomaly 𝑃′ can be computed from MERRA-2 data.  A flash 334 

drought identified for the period might thus be related to a negative 𝑃′ calculated for the period.  335 
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In the same way, MERRA-2 data could be processed into 𝐸𝑇′ anomalies.  In the present analysis, 336 

however, we do not actually focus on 𝐸𝑇′ as defined above, as it is not considered the 337 

evapotranspiration forcing of greatest relevance to the production of flash drought.  Instead, we 338 

consider an 𝐸𝑇 forcing that is conditioned on soil moisture, as now described. 339 

Consider Figure 1, which shows, with the blue curve, a standard vision of how 340 

evapotranspiration varies with soil moisture.  At low soil moisture values, soil moisture 341 

availability limits ET.   Drier soils hold on to soil moisture more forcefully, and as a result, at the 342 

dry end, a decrease in soil moisture leads to an ET decrease.  At the wet end of the soil moisture 343 

range, however, soil moisture availability is no longer the bottleneck; instead, the primary 344 

limiting factor is the atmosphere’s ability to take up moisture.  At these higher levels, variations 345 

in soil moisture no longer lead to corresponding variations in ET, and the relationship plateaus to 346 

a flat line.  The character of this relationship has been discussed extensively in the literature, 347 

sometimes with ET normalized by a potential evaporation or a net incoming radiative energy 348 

flux (Manabe 1969, Eagleson 1978, Dirmeyer et al. 2006, Koster and Mahanama 2012) and 349 

sometimes without such normalization (e.g., Salvucci 2001). 350 

Of course, in nature (as well as in models of nature, including the land model used in 351 

MERRA-2), ET depends on more than just soil moisture, even at the drier end.  An actual plot of 352 

ET versus W would show substantial scatter around all sections of the blue curve, for the blue 353 

curve in fact represents an “average relationship’ between W and ET, one that could be derived 354 

for a given time and location, for example, through data binning.  (See the upcoming example in 355 

Section 3a.)  The existing scatter is particularly high when ET is not normalized by an incoming 356 

energy or a potential evaporation (as in Anderson et al., 2007), as even drier soils will evaporate 357 

more moisture when faced, for example, with increased incoming radiation. 358 
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With this in mind, consider the red dot in Figure 1, which lies well above the blue curve.  359 

For the (idealized) location and day of year considered here, a soil moisture of W0 would 360 

produce, on average, an ET of 1.5 mm/day.  However, in this example, ET on the day in question 361 

was actually 2.5 mm/day due, say, to higher-than-average solar radiation.  Now consider the 362 

green line in the plot, which represents the climatological value of ET at this location and time-363 

of-year; soil moistures here (considered over many years) tend to be much wetter than W0, 364 

bringing the climatological ET to 3 mm/day.  The red dot lies below the green line, meaning that 365 

𝐸𝑇′ in (3) would be negative, at -0.5 mm/day.  If, however, we condition the climatological ET 366 

on the current value of soil moisture, the anomaly of ET is positive, at 1 mm/day; ET is higher 367 

than what that particular soil moisture would normally allow.  That is, while 𝐸𝑇′ as defined for 368 

(3) is negative, the evaporation anomaly conditioned on soil moisture content (𝐸𝑇exc, the 369 

evaporation excess) can be positive:  370 

𝐸𝑇exc = 𝐸𝑇 − 𝐸𝑇0(𝑊)   (4)  371 

where ET0 is the average ET-W relationship captured with the blue curve. 372 

With 𝐸𝑇exc so defined, and recalling that 𝐸𝑇′ = 𝐸𝑇 − 𝐸𝑇 , we can rewrite (3) as  373 

  𝐶 ⌊
∆𝑊

∆𝑡
⌋

′

= 𝑃′ − 𝑄′ − [ 𝐸𝑇0(𝑊) − 𝐸𝑇̅̅ ̅̅  ]  −  𝐸𝑇exc ,  (5) 374 

where the evapotranspiration contribution to an anomalous change in water storage is now 375 

divided into two distinct terms: (i) [𝐸𝑇0(𝑊) −  𝐸𝑇̅̅ ̅̅  ], representing, based on the climatological 376 

ET-W relationship, the anomaly in ET strictly associated with a soil moisture anomaly (i.e., 377 

representing, for example, the fact that ET tends to decrease with W during droughts; in Figure 378 

1, this difference is the distance between the blue and green curves at a given soil moisture 379 
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value), and (ii) 𝐸𝑇exc, representing the anomaly of ET relative to the ET-W relationship, 380 

capturing non-soil moisture impacts on ET. We consider 𝐸𝑇exc rather than 𝐸𝑇′ in our flash 381 

drought analysis because it better represents the ability of anomalies in radiation, air temperature, 382 

and other meteorological forcing variables to affect the drying of the soil.  In essence, the use of 383 

𝐸𝑇exc allows meteorological controls on ET to be isolated, to first order, from soil moisture 384 

controls, the latter of which can be strongly dominant during dry conditions.  This approach 385 

indeed avoids complications in interpretation associated with the fact that slow (~monthly) time 386 

scales of soil moisture imprint themselves on  𝐸𝑇0(𝑊); by comparing 𝑃′ to 𝐸𝑇exc rather than to 387 

𝐸𝑇′, we effectively compare drought drivers that act on similar time scales. Of course, the air 388 

temperature and radiation variations that underlie 𝐸𝑇exc are themselves not fully independent of 389 

soil moisture; such connections will be addressed further in Section 3. 390 

MERRA-2 evapotranspiration and soil moisture data can be analyzed jointly to produce 391 

𝐸𝑇exc values for any given flash drought identified in the record.  The 𝐸𝑇exc so computed can 392 

then be considered side by side with 𝑃′ to quantify the relative contributions of precipitation and 393 

(meteorology-driven) evapotranspiration anomalies to that drought.  A full example calculation 394 

is provided in Section 3a. 395 

 396 

3. Results 397 

 398 

a. Example of a Flash Drought Calculation 399 

In this subsection we illustrate the calculations behind our flash drought determination 400 

procedure with a representative example: a 2000 flash drought identified for a grid cell (97.5°W, 401 
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36°N) in north-central Oklahoma.  First, Figure 2a shows, as a dotted blue curve, the time 402 

evolution of root-zone soil moisture in the grid cell over the course of the year 2000.  For 403 

comparison, the heavy blue curve shows the climatology of root-zone moisture obtained from 404 

processing the full 38-year MERRA-2 record.  Starting on day 217 (early August) of 2000, the 405 

soil moisture dropped significantly and remained low for more than two months.  The positions 406 

of the vertical black lines, spaced 20 days apart, are in fact defined by the corresponding soil 407 

moisture percentiles in Figure 2b; soil moisture on day 217 is above the 40th percentile, and that 408 

20 days later is below the 20th percentile.  Furthermore, Figure 2c shows that evaporation during 409 

the 20 days prior to day 217 was not inordinately low, whereas that after the 2nd vertical line was 410 

close to half the climatological value.  Thus, by the definition outlined in section 2b, the period 411 

between days 217-236 at this location qualifies as a flash drought event.  Note that based on soil 412 

moisture percentiles alone, another flash drought might have been identified starting on day 121.  413 

The evaporation decrease associated with this percentile drop, however, was not large enough to 414 

reflect stressed surface conditions. 415 

The calculation of 𝑃′ for the identified 20-day flash drought period is straightforward; 416 

MERRA-2 data provides the climatological 20-day mean precipitation for the period, and the 417 

anomaly from this mean is accordingly computed.  As suggested in section 2c, however, the 418 

𝐸𝑇exc calculation is a bit more involved, as now illustrated. 419 

Each small dot in Figure 3 represents a single day during days 207-246 (July 26 – 420 

September 3) of one of the 38 years in the MERRA-2 record for the grid cell in question; the dot 421 

is located according to the soil moisture on that day and the concurrent value of ET.  Data are 422 

binned within soil moisture ranges (with a width of about 0.02 for this example; note that the bin 423 

size we use scales with the soil moisture range) to produce the heavy black line, considered here 424 
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to be the average soil moisture-ET relationship for the grid cell and time period in question.  We 425 

use 10 days before and beyond the 20-day period, amounting to 1520 points for the plot, to 426 

double the sample size for determining the time- and location-dependent climatological 427 

relationship.  Note that the point of the binning procedure is to average out the meteorology-428 

induced variations in ET, which can be large over the 40 days of an individual year even if the 429 

soil moisture itself in that year does not change much. 430 

The larger red dots in Figure 3 represent values contained within days 217-236 of the 431 

year 2000, i.e., during the 20-day drought period identified in Figure 2b.  These are generally 432 

seen to lie above the average relationship during the 20-day period, especially during the wetter 433 

part, which (as seen in Figure 2c) is the earlier part.  Thus, especially during this wetter portion, 434 

ET exceeded its climatological values for the soil moistures operating at the time, effectively 435 

accelerating the drying of the soil – a mechanism outlined by Otkin (2018).  On average for the 436 

20-day period, the excess ET relative to ET0(W) in Figure 3 (i.e., 𝐸𝑇exc) amounted to 0.28 437 

mm/day, a small but not negligible value.  Note that 𝐸𝑇′ for this period (the anomaly relative to 438 

the climatological mean, not the anomaly relative to the ET-W relationship) was -0.83 mm/day; 439 

we can only capture a positive ET anomaly for forcing this drought by considering explicitly the 440 

ET-W relationship.  441 

Figure 4 is constructed from MERRA-2 data at this grid cell.  The flash drought 442 

identified in Figure 2 is represented with a large red dot, which is positioned in the plot 443 

according to that period’s precipitation anomaly 𝑃′ (-2.76 mm/day, the ordinate, corresponding 444 

to a deficit of 2.76 mm/day) and evaporation excess 𝐸𝑇exc (0.28 mm/day, the abscissa).  Under 445 

the assumption (noted above) that precipitation deficit and evaporation excess are the two key 446 
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meteorological drivers of drought, a simple way to interpret the relative contribution of the latter 447 

is to compute: 448 

                                          Relative contribution of 𝐸𝑇𝑒𝑥𝑐 =  ⌊ 
𝐸𝑇𝑒𝑥𝑐

𝐸𝑇𝑒𝑥𝑐− 𝑃′ ⌋ ,  (6) 449 

which, for the numbers listed, amounts to about 0.09.  In other words, we can infer that 450 

precipitation deficit is responsible for 91% of this drought, with evapotranspiration excess (the 451 

part of the ET anomaly not associated with the soil moisture anomaly) explaining the remaining 452 

9%.  It is worth emphasizing here that while 9% may seem like a small contribution, it may 453 

nevertheless have been critical for qualifying this particular event as a flash drought. 454 

The remaining five flash droughts found for the grid cell over the 38-yr period are 455 

represented with black squares in Figure 4.  Plugging the various precipitation deficit and 456 

evapotranspiration excess values into (6) shows that close to 20% of one of these droughts (that 457 

in 2011) was derived from evapotranspiration excess.  The flash drought identified for 2012 458 

corresponds to that highlighted for the general area by Otkin et al. (2018); according to our 459 

analysis, precipitation deficit accounted for about 99% of this flash drought.  For the flash 460 

droughts in 1991 and 2003, ET during the 20-day flash drought period fell below the 461 

climatological ET-vs-W relationship, meaning that while ET was still acting to dry the soil 462 

during these droughts, the drying was below what would normally (i.e., climatologically) occur 463 

for the soil moistures in play.  Thus, the reduced ET during the 1991 and 2003 droughts 464 

effectively acted to mitigate the strengths of these droughts.  (For context, the evaporation 465 

anomalies 𝐸𝑇′ of all six droughts – i.e., the ET anomalies relative to climatology rather than to 466 

the ET-W relationship – ranged from -0.5 to -1.4 mm/day.  Thus, if 𝐸𝑇′ rather than 𝐸𝑇exc were 467 
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used in (6), the relative contributions of evapotranspiration to flash drought generation would be 468 

even smaller.) 469 

The six flash droughts identified for the region are somewhat scattered across the plot, 470 

though all lie well below the dashed (1:-1) line, indicating that precipitation deficit is the 471 

dominant contributor to each drought.  The centroid of the six drought symbols is plotted as a 472 

blue circle.  We interpret the centroid as representing, in a sense, the average contributions of 𝑃′ 473 

and 𝐸𝑇exc to the area’s flash droughts.  Based on the position of this centroid and using the logic 474 

behind (6), we can say that precipitation deficits are responsible, on average, for 97% of flash 475 

droughts at this grid cell, whereas ET, which sometimes enhances and sometimes mitigates these 476 

droughts, is on average responsible for the remaining 3%.    477 

 478 

b. Flash Drought Frequency 479 

Figure 5 shows, as a function of location, the number of flash droughts identified during 480 

the warm season (April through September) across all years of the 1980-2017 MERRA-2 period.  481 

(Each day between April 1 and September 10 is considered a potential start date for a flash 482 

drought; again, identified flash droughts are not allowed to overlap in time.)  The first feature to 483 

notice is the lack of any flash droughts over about half of CONUS.  Most of the droughts are 484 

seen in the Southern Great Plains (notably Texas, with up to 14), with relatively few identified to 485 

the north and in the eastern and far western portions of the continent.  486 

In considering this plot, it must be kept in mind that the numbers shown depend in large 487 

part on the specifics of the flash drought definition outlined in section 2b.  A less (more) 488 

stringent criterion for percentile change would naturally lead to higher (lower) numbers and 489 
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greater (reduced) spatial coverage.  Nevertheless, we can assume that for reasonable 490 

specifications of our thresholds, the general patterns in Figure 5 would be retained.  This 491 

assumption was tested with a few variants of the basic definition: we tried setting the percentiles 492 

at the start and end, respectively, of a flash drought to the 35th and 25th percentiles and to the 493 

40th and 10th percentiles, and after reverting to the original percentile requirements, we tried 494 

changing the prior and subsequent 20-day ET criteria to be 95% and 75% of the climatological 495 

ET instead of 80% and 60%.  These different test definitions led to overall patterns very similar 496 

to those in Figure 5 (not shown).  Of course, a flash drought definition with a very different 497 

character may produce somewhat different patterns. 498 

Figure 6 shows how the flash drought numbers vary with month.  The droughts in the 499 

Texas region occur most frequently in June, and the southern Great Plains in general see most of 500 

their flash droughts during May through July.  According to MERRA-2 and our specific flash 501 

drought definition, these droughts are relatively rare in the transition months of April and 502 

September.  Note that in Figure 6, we white out areas that do not satisfy, on average for that 503 

month, our flash drought requirement (Section 2b) that climatological ET exceed 0.5 mm/day.  504 

Although this criterion has a large impact in the far west, over most of the continent shown it 505 

does not come into play.  The reduction of flash droughts in April and September therefore does 506 

not simply follow from the imposed minimum climatological ET threshold.    507 

 508 

c. Relative Contributions of Precipitation and Evapotranspiration to Flash Drought 509 

To examine the importance of evapotranspiration anomalies to flash drought generation, 510 

we compute 𝑃′ and 𝐸𝑇exc for each flash drought at each grid cell, find the associated flash 511 
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drought centroid for the grid cell as in Figure 4, and thereby determine an average fractional 512 

contribution of 𝐸𝑇exc to flash drought at the grid cell (i.e., 𝐸𝑇𝑒𝑥𝑐
̅̅ ̅̅ ̅̅ ̅ / [𝐸𝑇𝑒𝑥𝑐 ̅̅ ̅̅ ̅̅ ̅̅ −  𝑃′̅], where the 513 

overbar here refers to an average over the identified flash droughts).  Figure 7a shows how these 514 

fractional contributions vary across CONUS.  Toward the west, ET anomalies tend on average to 515 

reduce the magnitude of a flash drought, whereas along a small north-south swath in the central 516 

Great Plains, ET anomalies contribute, on average, roughly 10% to flash drought generation.  517 

The salient message from the figure, however, is simply that (on average) ET contributions to 518 

flash drought are small relative to those of precipitation deficits – any impact of ET is quite 519 

secondary to that of precipitation itself. 520 

The red dots in Figure 3 suggest that 𝐸𝑇exc might tend to be larger at the very beginning 521 

of an identified 20-day flash drought period, when the soil is still relatively wet.  To examine 522 

this, and to exemplify further the wide variety of drought-relevant calculations made possible by 523 

reanalysis data, we show in Figure 7b the average (centroid-based) 𝐸𝑇𝑒𝑥𝑐
̅̅ ̅̅ ̅̅ ̅ / [𝐸𝑇𝑒𝑥𝑐 ̅̅ ̅̅ ̅̅ ̅̅ −  𝑃′̅] values 524 

computed when only the first five days of each identified 20-day flash drought period go into 525 

computing 𝐸𝑇𝑒𝑥𝑐
̅̅ ̅̅ ̅̅ ̅ and 𝑃′̅.  The values of 𝐸𝑇𝑒𝑥𝑐

̅̅ ̅̅ ̅̅ ̅ / [𝐸𝑇𝑒𝑥𝑐 ̅̅ ̅̅ ̅̅ ̅̅ −  𝑃′̅] at drought onset are clearly higher 526 

than those for the full 20-day flash drought period, particularly in the aforementioned north-south 527 

swath in the center of CONUS, with average values reaching 0.4 in some grid cells.  Low values 528 

are still seen, however, outside of this swath. 529 

Of course, individual droughts can differ from each other substantially, even at a single 530 

location.  To construct Figure 7c, we examined separately the individual flash droughts identified 531 

at each grid cell and found the particular drought for which 𝐸𝑇exc played the largest relative role 532 

for the full 20-day drought period.  We then plotted at that grid cell the value of 533 

 𝐸𝑇𝑒𝑥𝑐 / [𝐸𝑇𝑒𝑥𝑐 −  𝑃′] for that particular drought.  For example, for the grid cell examined in 534 
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Figure 4, we plotted in Figure 7c a value of about 0.2, corresponding to the value noted above for 535 

the 2011 flash drought.  A sizable fraction of CONUS, again centered on a swath down the 536 

center of the continent, has indeed experienced flash droughts for which the 𝐸𝑇exc contribution 537 

was high, sometimes upward of 30%.  Note, however, that even for these select droughts, the 538 

importance of precipitation deficits remains dominant – a flash drought (as defined here) cannot 539 

occur unless precipitation is suitably deficient. 540 

Figure 7d provides another composite map based on the same droughts used to produce 541 

Figure 7c; here, though, as in Figure 7b, the time-averaging for  𝐸𝑇𝑒𝑥𝑐 / [𝐸𝑇𝑒𝑥𝑐 −  𝑃′]  occurs 542 

over only the first 5 days of the identified 20-day flash drought periods.  The use of an individual 543 

drought and a shorter averaging period at each grid cell leads to increased noise.  Clearly, 544 

though, during the onset (first five days) of many of these particular droughts, evapotranspiration 545 

excess can be said to dominate over precipitation deficit in drying the soil.  546 

The select subset of flash droughts examined in Figure 7c was also used to construct 547 

Figure 8, which shows the corresponding anomalies of incident shortwave radiation and 2-m air 548 

temperature during the 20-day period that produced each of those droughts.  (This again is a 549 

composite map; by construction, the anomalies plotted at different grid cells come from different 550 

time periods.)  We examine these two fields because they can be particularly strong drivers of 551 

ET anomalies; at a given soil moisture, evapotranspiration might be expected to exceed the 552 

climatological ET-W relationship exemplified in Figure 3 when either the incident shortwave 553 

radiation is higher than normal (e.g., due to reduced cloudiness) or the overlying air temperature 554 

is higher than normal (e.g., due to the advection of remote warm air into the region).  Two other 555 

potentially important drivers, humidity and wind speed, are not considered here. 556 
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Because air temperature itself varies strongly with soil moisture, with drier soil moistures 557 

inducing higher temperatures through reduced evaporative cooling, we compute air temperature 558 

anomalies here using the strategy used above for evapotranspiration anomalies (Figure 3).  That 559 

is, we determine a grid cell-specific and time-of-year-specific climatological relationship 560 

between air temperature and soil moisture and then determine all temperature anomalies relative 561 

to that climatological relationship.  This effectively allows us to consider air temperature 562 

anomalies beyond those simply induced by the aforementioned feedback associated with 563 

evaporative cooling.  For completeness we also compute shortwave radiation anomalies using 564 

this approach, though the connection between shortwave radiation and soil moisture is much 565 

weaker. 566 

Figure 8 shows clearly that shortwave radiation and air temperature anomalies tend to be 567 

positive during those flash droughts identified as having particularly large positive contributions 568 

from 𝐸𝑇exc.  Thus, for such droughts, the ET anomalies have a reasonably clear external source.  569 

Obviously shortwave radiation and air temperature anomalies are not independent, as the former 570 

could induce the latter; even so, the patterns in Figure 8 suggest that anomalies in the two fields 571 

have different areas of impact, with shortwave radiation anomalies being more important toward 572 

the southern US and air temperature anomalies being more important in the center of CONUS.  573 

For additional context, consider the 1991 and 2003 droughts in Figure 4, that is, the two 574 

droughts whose magnitudes were mitigated rather than enhanced by 𝐸𝑇exc.  These two droughts 575 

turn out to be characterized (not shown) by negative temperature anomalies relative to the locally 576 

fitted soil moisture-versus-temperature relationship.  Note, however, that the temperature 577 

anomaly relative to climatology itself was positive for both droughts (0.7°K and 1.8°K for 1991 578 

and 2003, respectively).  We interpret this as meaning that these two positive temperature 579 
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anomalies relative to climatology are responses of the atmosphere to the dry soil moisture 580 

conditions rather than drivers of the drought.  The reasoning is simple: the fitted soil moisture-581 

versus-temperature relationship provides the land feedback-induced temperature associated with 582 

a given soil moisture, so that if the actual temperature lies above (below) this value, the 583 

meteorological component of the temperature forcing is anomalously high (low).  We assume 584 

temperature to be a driver of drought only if the meteorological component is anomalously high.  585 

It is naturally important to determine whether temperature is a driver or a response when 586 

quantifying drought drivers.  As noted in Sections 1b and 2a, the reanalysis data are imperfect; 587 

nevertheless, they are well suited to making such a distinction.         588 

 589 

d. Northern Hemisphere Analysis 590 

MERRA-2, of course, provides data across the globe.  The above analysis focuses on 591 

CONUS, a region that features strong climatic variations in conjunction with dense measurement 592 

networks across a large continental span.  Here we extend the analysis to the Northern 593 

Hemisphere, with the caveat that in many areas, the precipitation rates and associated soil 594 

moisture percentiles underlying the drought calculations will generally be much more uncertain 595 

due to sparser rainfall gauge coverage.  The results, though, should still be reliable in places 596 

where gauge coverage is reasonably high, such as in Europe, parts of central Asia, and western 597 

China (see, e.g., Koster et al. 2016, their Figure 2). 598 

Figure 9a provides, for the Northern Hemisphere, the total flash drought count for April 599 

through September of 1980-2017.  Flash droughts are relatively plentiful along an east-west 600 

swath that spans Eurasia, starting from southern Europe and continuing to northern China.  Flash 601 
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droughts are also seen in northern and southern India and across the Sahel to the Horn of Africa.  602 

Note that across the globe, flash droughts are largely limited to transition zones between dry and 603 

wet areas.  This is, in part, by construction – as noted in section 2b, we use a minimum ET 604 

criterion to eliminate from consideration any droughts occurring in very dry areas.  The absence 605 

of flash droughts in wet areas presumably relates to our imposed requirement that ET show a 606 

strong reduction (indicating moisture stress) after the flash drought period; in wet areas, soil 607 

moisture at the 20th percentile may still be wet enough to produce a near-climatological ET.   608 

Figure 9b shows the ratio 𝐸𝑇𝑒𝑥𝑐
̅̅ ̅̅ ̅̅ ̅ / [𝐸𝑇𝑒𝑥𝑐 ̅̅ ̅̅ ̅̅ ̅̅ −  𝑃′̅] across the Northern Hemisphere, i.e., the 609 

average relative contribution of 20-day 𝐸𝑇exc to flash droughts at each grid cell.  The largest 610 

region for which the average ratio is positive is in central Asia, just north and to the northeast of 611 

the Caspian Sea.  In contrast, ET anomalies appear to mitigate flash drought strength across the 612 

Sahel and in India.  When only one flash drought is considered at each grid cell – that is, the 613 

individual drought that produced the highest 𝐸𝑇𝑒𝑥𝑐/ [ 𝐸̅𝑇𝑒𝑥𝑐 − 𝑃′ ] ratio in the cell, as used in the 614 

construction of Figure 7c – the higher values found in central Asia are amplified considerably 615 

(Figure 9c).  In central Asia, ET is responsible for more than 30% of the strength of some flash 616 

droughts. 617 

 618 

4. Summary and Discussion 619 

The MERRA-2 reanalysis dataset allows a comprehensive analysis of soil moisture and 620 

how it relates to various meteorological forcings.  Using a specific quantitative definition of flash 621 

drought (adapted from Ford and Labosier (2017)) and applying it to MERRA-2 soil moisture 622 

data, we identified a number of flash drought events in North America and across the globe, and 623 
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we then analyzed those flash droughts in terms of the precipitation deficits and 624 

evapotranspiration excesses that produced them.  Unique to this analysis is the approach used to 625 

divide an ET anomaly into two separate components: the anomaly associated with the 626 

contemporaneous soil moisture anomaly (through a fitted ET-W relationship), and the ET excess 627 

(𝐸𝑇exc), i.e., the anomaly determined by conditions, mainly meteorological (warm temperatures, 628 

increased incident radiation, etc.), unrelated to soil moisture variations.  It is this second 629 

component – representing the external or remote drivers of ET that do not reflect a local land-630 

atmosphere feedback – that we compare to precipitation deficit for purposes of flash drought 631 

attribution.  (Note that if we had instead used the ET anomaly relative to climatology, 𝐸𝑇′, in our 632 

analyses, the contribution of ET to flash drought creation would in fact have been much smaller.)  633 

Because ET generally tends to be largest during the warm season, we focus here on the April-634 

September time period; as a result, there is a possibility that this analysis may have missed some 635 

interesting behavior in areas, like California, that have a marked wintertime wet season and thus 636 

have ET values that are, correspondingly, relatively high in winter.  637 

We find that under the definition used here, flash droughts do not occur everywhere.  638 

Figure 9a in fact suggests that for the period considered, less than half the globe experienced a 639 

flash drought during the MERRA-2 period.  (Here we can see an impact of the particular flash 640 

drought definition we employ – we obtain no flash droughts in the Upper Midwest of the United 641 

States, despite one’s appearance in 2012 according to an alternative definition (Otkin et al. 642 

2018).)   The droughts that do occur under our definition tend to appear in transitional zones 643 

between dry and wet regions, though this is partly an artefact of our algorithm’s design, which 644 

does not allow the identification of flash droughts in very dry areas.  In North America, a region 645 

centered in Texas features a particularly large number of droughts; across the globe, high 646 
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numbers are seen in central Asia, northern China, northern India and Pakistan, and the Horn of 647 

Africa. 648 

One key result of this study is that while ET excess can be important for specific flash 649 

droughts, precipitation deficit almost always has a much greater impact on the reduction of soil 650 

moisture during these droughts – a flash drought, as defined here, cannot develop without a 651 

particularly large and negative precipitation anomaly.  Furthermore, many flash droughts occur 652 

without any positive 𝐸𝑇exc anomaly at all; in North America, for example, about half of the flash 653 

droughts in Figure 5 were induced by precipitation deficits alone.  Overall, we find that 𝐸𝑇exc is 654 

at best a secondary contributor to flash drought.  In some ways this is at odds with studies in the 655 

literature that identify meteorological conditions such as heatwaves and high winds as being 656 

important or even critical for flash drought development.  Our results here reflect in large part 657 

the particular flash drought definition and analysis approach we employed (e.g., our use of 𝐸𝑇exc, 658 

which is distinct from the oft-considered concepts of evaporative demand or potential 659 

evapotranspiration), and thus our analysis should be viewed as complementing, rather than 660 

superseding, existing flash drought studies.  In any case, even in our analysis, a number of soil 661 

moisture decreases in the MERRA-2 record probably wouldn’t have been large enough to 662 

qualify as flash droughts without the secondary contribution of 𝐸𝑇exc.  Figure 6 indeed supports 663 

this idea – in North America, more flash droughts occur during the warm summer months, when 664 

ET is expected to have the greatest impact, than in the transitional months of April and 665 

September.  666 

The secondary role of evapotranspiration anomalies may specifically seem to be at odds 667 

with the results of Mo and Lettenmaier (2015, 2016), who suggest that heatwave-induced flash 668 

droughts are more common than precipitation deficit-induced droughts in areas such as the Ohio 669 
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Valley (a region, by the way, for which we found no flash droughts).  This particular 670 

discrepancy, though, is easily explained – although Mo and Lettenmaier (2015, 2016) utilize the 671 

term ‘flash drought’ in their analyses, their definition of flash drought is quite different from 672 

ours, focusing on short-term drought intensity.  Otkin et al. (2018) point to disagreements in the 673 

literature regarding flash drought definition and propose that the proper definition should in fact 674 

focus on the speed of drought development, as considered here.  In effect, our study and those of 675 

Mo and Lettenmaier (2015, 2016) address different questions, each important in its own right.  676 

Note in any case that when the first 5-days of the flash droughts are considered separately 677 

in our analysis (Figures 7b and 7d), the importance of 𝐸𝑇exc increases significantly.  ET excess 678 

seems to play a particularly strong role at the onset of flash droughts.  This facet of drought 679 

generation and its implications for early drought warning need to be examined further. 680 

One region that has been discussed in the literature as being particularly subject to 681 

heatwave-induced droughts is central Asia.  As summarized by Schubert et al. (2014, see their 682 

Figure 1), the connection between droughts and heatwaves there reflects in part the central role 683 

played by persistent large scale anticyclones in the region; these anticyclones act both to inhibit 684 

precipitation by blocking the prevailing westerlies and storm systems and to increase temperature 685 

through descending motion and increased insolation associated with clear skies (Buchinsky 686 

1976).  Anticyclones also play a role in the development of extended periods of dry hot winds 687 

characterized by intense transpiration and rapid wilting of vegetation (Lydolph 1964).  Referred 688 

to as ‘‘sukhovey’’, these winds have been a major impediment to large-scale sedentary 689 

agriculture in central Asia (Sinor 1994).  In our analysis, Central Asia does show some of the 690 

highest relative contributions of ET excess to flash drought (up to 30% for some individual 691 

droughts, as shown in Figure 9c) seen across the globe, supporting this link.  Precipitation 692 
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deficits, though, still play the largest role, even in this region.   693 

Worth mentioning is how an explicit consideration of runoff generation might affect our 694 

results.  A negative precipitation anomaly is typically connected to a negative runoff anomaly, 695 

and as a result, the net precipitation forcing of the soil column, 𝑃′ − 𝑄′, is typically less than 𝑃′ 696 

itself.  In other words, if our analysis were to consider 𝑃 − 𝑄 anomalies rather than 𝑃 anomalies, 697 

we might expect a larger relative contribution of 𝐸𝑇exc to flash drought formation.  We purposely 698 

focus on 𝑃′ in this analysis, considering it to be the meteorological driver of relevance.  To 699 

investigate the runoff issue, however, we performed supplemental calculations (not shown) using 700 

𝑃′ − 𝑄′ in place of 𝑃′.  The impact of including the runoff term on the relative contribution of 701 

𝐸𝑇exc to flash drought turned out to be very small, mostly because flash droughts tend to occur in 702 

areas for which runoff ratios (𝑄 ̅/ 𝑃̅) themselves are small and because these ratios are 703 

particularly small during droughts.  That is, our supplemental analysis shows that an explicit 704 

consideration of runoff does not change our basic findings. 705 

The determination here that soil water loss during flash droughts is, over the full 20-day 706 

period, more strongly affected by precipitation deficit than by ET behavior has a potentially 707 

important implication.  Given that meteorological conditions associated with higher ET (e.g., 708 

large-scale temperature anomalies) may be inherently more predictable at subseasonal-to-709 

seasonal timescales than precipitation itself (e.g., due to deficiencies in existing convective 710 

parameterizations), a high relative contribution of 𝐸𝑇exc  to flash drought might have implied a 711 

corresponding predictability for flash droughts.  Based on the present analysis, however, any 712 

such 𝐸𝑇exc-related predictability would appear to be small.  Much more work would be needed, 713 

of course, to pin down quantitatively the relative impacts of evapotranspiration and precipitation 714 
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processes on flash drought prediction and how these might vary under alternative definitions of 715 

flash drought. 716 

A final yet important issue to consider here is the dependence of our results on the 717 

particular modeling system used.  As noted in Section 1b, although the modeling components 718 

underlying MERRA-2 are state-of-the-art, all models have their individual character, and the ET-719 

W relationship exemplified in Figure 3 is particularly subject to specific assumptions in the land 720 

model regarding the impacts of soil moisture stress on evapotranspiration.  It would be valuable 721 

to apply our approach to alternate reanalysis products to evaluate the robustness of our results.  722 

Note, however, that presumably all reanalysis products would feature an ET-W relationship 723 

similar to that in Figure 3 and that any difference in the absolute magnitudes of soil moisture 724 

values between reanalyses is not tantamount to a difference in hydrological behavior (Koster et 725 

al. 2009).  We strongly suspect that the ET variations around the ET-W relationships in alternate 726 

reanalyses would lead to similar conclusions regarding the relative contributions of precipitation 727 

deficit and ET excess to flash drought. 728 

Reanalyses, with their comprehensive and self-consistent global data records, are an 729 

invaluable laboratory for such analyses.  With such data, one can avoid the need for qualitative 730 

determinations of flash drought, identifying them instead with a highly quantitative definition; 731 

one can then analyze them extensively in the context of a full suite of flux and soil moisture data.  732 

We fully expect that continued studies of reanalysis data will provide additional insights into 733 

flash drought behavior.   734 

 735 
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Figure Captions 868 

Figure 1.  Idealized representation (blue curve) of the average relationship between soil moisture 869 

(W) and evapotranspiration (ET) at a given location and time-of-year.  The green line 870 

represents the climatological ET for the location and time-of-year, and the red dot shows 871 

one possible value of ET (2.5 mm/day) at a time when the soil moisture has a value of 872 

W0.  The red dot thus represents a situation in which the ET is lower than the 873 

climatological value (by 𝐸𝑇′) and yet higher (by 𝐸𝑇exc) than the value expected for W0, 874 

perhaps due to a positive solar radiation anomaly or air temperature anomaly. 875 

Figure 2.  a. Climatological annual cycle of root-zone soil moisture (heavy blue curve) at a grid 876 

cell centered on 97.5°W, 36°N (based on 38 years of MERRA-2 data) along with the time 877 

series of soil moisture (dotted blue curve) and daily precipitation (red histogram bars) in 878 

that cell for the year 2000.    b.  Corresponding time series of soil moisture percentiles 879 

during April-September for the year 2000.  The vertical black lines indicate the start and 880 

end of the identified flash drought period.  c.  Climatological annual cycle (dark blue 881 

curve) and 2000 time series (light blue curve) of ET at that grid cell. 882 

Figure 3.  Scatter plot of ET versus root-zone soil moisture for the grid cell centered on 97.5°W, 883 

36°N.  Each blue dot represents a single day within July 25 – September 2 during 1980-884 

2017 (the days surrounding and including the flash drought period identified in Figure 2).  885 

The particular values for August 4 – August 23 of 2000 (the actual flash drought period) 886 

are marked with red dots.  The black line, representing the average relationship, was 887 

computed by binning the data within contiguous soil moisture ranges. 888 
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Figure 4.  The relationship between 𝑃′ and 𝐸𝑇exc for the six flash droughts identified for the grid 889 

cell centered on 97.5°W, 36°N.  The red dot indicates the drought considered in Figure 3.  890 

The blue dot, meant to represent an “average” flash drought, is located at the centroid of 891 

the six data points. 892 

Figure 5.  Number of flash droughts identified from MERRA-2 data during the period April – 893 

September of 1980-2017.  In regions shaded gray, no 20-day period in the warm-season 894 

MERRA-2 record satisfied the flash drought criteria defined for this analysis.  The white 895 

dot indicates the location considered in the example analyzed in Figures 2-4. 896 

Figure 6.  Same as Figure 5, but for each warm-season month considered separately.  Also, in 897 

these panels, areas for which the climatological evapotranspiration is below 0.5 mm/day 898 

for the month – and thus for which flash drought identification is not allowed – are 899 

whited out. 900 

Figure 7.  a. Map of 𝐸𝑇exc /  [𝐸𝑇𝑒𝑥𝑐 −  𝑃′]  , that is, the average fractional contribution of ET 901 

anomalies (relative to the climatological ET-W relationship) to flash droughts at a grid 902 

cell.  b. Same as (a), but for 𝐸𝑇exc  and  𝑃′ computed over only the first 5 days of the 903 

identified (20-day) flash drought period.  c. Composite map of the maximum single-904 

drought 𝐸𝑇exc /  [𝐸𝑇𝑒𝑥𝑐 −  𝑃′] value obtained across all individual flash droughts at a 905 

grid cell.  d. Same as (c), but for 𝐸𝑇exc and 𝑃′ computed over only the first 5 days of the 906 

single identified (20-day) flash drought.  The open black circle in each map indicates the 907 

location considered in the example analyzed in Figures 2-4. 908 

Figure 8.  a. Composite map showing, at each grid cell, the incoming solar radiation anomaly 909 

(W/m2) experienced during the 20-day flash drought period for which 𝐸𝑇exc /  [𝐸𝑇𝑒𝑥𝑐 −910 
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 𝑃′] is highest (i.e., for which ET had the largest relative impact on the formation of the 911 

drought).  b. Same, but for 2-m air temperature (°K).  The open black circle in the maps 912 

indicates the location considered in the example analyzed in Figures 2-4. 913 

Figure 9.  a. Same as Figure 5, but for the entire Northern Hemisphere.  b. Same as Figure 7a, but 914 

for the entire Northern Hemisphere.  c. Same as Figure 7c, but for the entire Northern 915 

Hemisphere.   916 
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Figure 1.  Idealized representation (blue curve) of the average relationship between soil moisture 924 

(W) and evapotranspiration (ET) at a given location and time-of-year.  The green line represents 925 

the climatological ET for the location and time-of-year, and the red dot shows one possible value 926 

of ET (2.5 mm/day) at a time when the soil moisture has a value of W0.  The red dot thus 927 

represents a situation in which the ET is lower than the climatological value (by 𝐸𝑇′) and yet 928 

higher (by 𝐸𝑇exc) than the value expected for W0, perhaps due to a positive solar radiation 929 

anomaly or air temperature anomaly. 930 
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 932 

Figure 2.  a. Climatological annual cycle of root-zone soil moisture (heavy blue curve) at a grid 933 

cell centered on 97.5°W, 36°N (based on 38 years of MERRA-2 data) along with the time series 934 

of soil moisture (dotted blue curve) and daily precipitation (red histogram bars) in that cell for 935 

the year 2000.  b. Corresponding time series of soil moisture percentiles during April-September 936 

for the year 2000.  The vertical black lines indicate the start and end of the identified flash 937 

drought period.  c. Climatological annual cycle (dark blue curve) and 2000 time series (light blue 938 

curve) of ET at that grid cell.  939 
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 941 

 942 

Figure 3.  Scatter plot of ET versus root-zone soil moisture for the grid cell centered on 97.5°W, 943 

36°N.  Each blue dot represents a single day within July 25 – September 2 during 1980-2017 (the 944 

days surrounding and including the flash drought period identified in Figure 2).  The particular 945 

values for August 4 – August 23 of 2000 (the actual flash drought period) are marked with red 946 

dots.  The black line, representing the average relationship, was computed by binning the data 947 

within contiguous soil moisture ranges. 948 
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Figure 4.  The relationship between 𝑃′ and 𝐸𝑇exc for the six flash droughts identified for the grid 953 

cell centered on 97.5°W, 36°N.  The red dot indicates the drought considered in Figure 3.  The 954 

blue dot, meant to represent an “average” flash drought, is located at the centroid of the six data 955 

points.  A point falling on the dashed line would indicate equal contributions from precipitation 956 

deficit and evapotranspiration excess to the flash drought, i.e., 𝐸𝑇exc / [𝐸𝑇𝑒𝑥𝑐 −  𝑃′] = 1/2; 957 

precipitation deficit is the larger contributor for points falling below the dashed line. 958 
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 960 

 961 

Figure 5.  Number of flash droughts identified from MERRA-2 data during the period April – 962 

September of 1980-2017.  In regions shaded gray, no 20-day period in the warm-season 963 

MERRA-2 record satisfied the flash drought criteria defined for this analysis.  The white dot 964 

indicates the location considered in the example analyzed in Figures 2-4. 965 
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 974 

Figure 6.  Same as Figure 5, but for each warm-season month considered separately.  Also, in 975 

these panels, areas for which the climatological evapotranspiration is below 0.5 mm/day for the 976 

month – and thus for which flash drought identification is not allowed – are whited out. 977 

 978 
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 984 

Figure 7.  a. Map of 𝐸𝑇exc /  [𝐸𝑇𝑒𝑥𝑐 −  𝑃′]  , that is, the average fractional contribution of ET 985 

anomalies (relative to the climatological ET-W relationship) to flash droughts at a grid cell.  b. 986 

Same as (a), but for 𝐸𝑇exc  and  𝑃′ computed over only the first 5 days of the identified (20-day) 987 

flash drought period.  c. Composite map of the maximum single-drought 𝐸𝑇exc /  [𝐸𝑇𝑒𝑥𝑐 −  𝑃′] 988 

value obtained across all individual flash droughts at a grid cell.  d. Same as (c), but for 989 

𝐸𝑇exc and 𝑃′ computed over only the first 5 days of the single identified (20-day) flash drought.  990 

The open black circle in each map indicates the location considered in the example analyzed in 991 

Figures 2-4. 992 

993 
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 994 

Figure 8.  a. Composite map showing, at each grid cell, the incoming solar radiation anomaly 995 

(relative to the locally fitted relationship between soil moisture and SW, in W/m2) experienced 996 

during the 20-day flash drought period for which 𝐸𝑇exc /  [𝐸𝑇𝑒𝑥𝑐 −  𝑃′] is highest (i.e., for which 997 

ET had the largest relative impact on the formation of the drought).  b. Same, but for 2-m air 998 

temperature (i.e., relative to the locally fitted relationship between soil moisture and T2M, in 999 

°K).  The open black circle in the maps indicates the location considered in the example analyzed 1000 

in Figures 2-4.  1001 
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 1003 

Figure 9.  a. Same as Figure 5, but for the entire Northern Hemisphere.  b. Same as Figure 7a, but 1004 

for the entire Northern Hemisphere.  c. Same as Figure 7c, but for the entire Northern 1005 

Hemisphere.   1006 


