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ABSTRACT

Drought has traditionally been characterized as a slow process that requires seasons or even years to fully develop. Recent fast-evolving drying events, however, have
challenged our forecasting and response capabilities. A fundamental question emerges: are droughts setting in more quickly? We address this question by evaluating
drought intensification rates for the contiguous United States and find that median drought onset rates did not change significantly in 1951-2021. Conversely,
development of fast onset droughts (i.e., the 95th percentile of the drought intensification rates per drought region in a given month of the time series) has been
speeding up in recent years across most of the country. As a result, intensification rates of the quickest-onset droughts in 2011-2021 are among the fastest of the last

seven decades.

1. Introduction

Droughts are the largest driver of relative and absolute crop yield
declines on several continents (Gaupp et al., 2020). Annually, they
damage agricultural products that could feed over 81 million people for
a year, and their global incidence is expected to increase as the climate
warms (Cook et al., 2018; Samaniego et al., 2018). In the North Amer-
ican Great Plains, for example, the likelihood and intensity of droughts
are already higher than during the 1930’s Dust Bowl (Cowan et al.,
2020), and projected soil water deficits during the second half of this
century will exceed even the driest decades of the last millennium (Cook
et al., 2015). Intense droughts may stress urban water supplies (Dilling
etal., 2019) and cause a wide range of cascading environmental impacts
(Crausbay et al., 2017; Cravens et al., 2021), including soil erosion
(Garcia-Ruiz et al., 2017), altered nutrient cycling (Evans and Burke,
2013), increased probability of fire (Moritz et al., 2005), air quality
deterioration (Schubert et al., 2004), and acceleration of land degra-
dation (Vicente-Serrano et al., 2012).

Recent studies suggest that global expansion of drying areas is pri-
marily driven by pronounced rises in evaporative demand, often over-
coming simultaneous increases in precipitation (Cook et al., 2014).
Accordingly, droughts are progressively more likely to be concurrent
with (Feng et al., 2020; Hao et al., 2013; Ribeiro et al., 2020; Yu and
Zhai, 2020), or followed by (Mueller and Seneviratne, 2012), extremely
high temperatures. In the United States, droughts are warming faster
than the average climate, especially in southern reaches (Chiang et al.,
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2018). As a result, droughts may set in more quickly in years to come
(Trenberth et al., 2014), challenging the traditional view of drought as a
creeping phenomenon that unfolds over seasons or even years (Wilhite
and Glantz, 1985).

Recent rapid-onset droughts, highlighted by the acute drying of the
Great Plains in 2012-2013 (Hoerling et al., 2014) have been labeled
‘flash droughts’ and received substantial media and research attention.
These rapid drying episodes may or may not be more intense than their
conventional counterparts, but are defined as equivalent to flash floods
in that their onset and/or rate of intensification is exceptionally quick
(Otkin et al., 2018). While the scientific community grapples with how
to characterize flash droughts and whether to adopt the label in the U.S.
weather, climate and water information enterprise (NOAA, 2021), there
is consensus that rapid drying, especially loss of soil moisture, represents
serious challenges for drought monitoring, forecasting and impact
mitigation (Pendergrass et al., 2020). This raises the question: are
droughts speeding up? To address this, we estimate and assess drought
intensification rates for the conterminous United States over the last 70
years.

2. Materials and methods

In this study, we do not attempt to propose a definition of ‘flash
droughts’, nor assess their behavior. Instead, we quantify changes in
intensification rates of all droughts regardless of their potential classi-
fication as ‘flash’ or conventional. Various indices have been used to
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track drought intensification rates and to project drought risk (Otkin
et al., 2018). We employed the Standardized Precipitation Evapotrans-
piration Index (SPEI) (Vicente-Serrano et al., 2010) to test whether
drought onset is speeding up. SPEI is a member of a family of
multi-scalar, standardized indices of meteorological drought, including
the widely-used Standardized Precipitation Index (SPI). These indices
reflect standardized departures from mean conditions frequently esti-
mated over windows of one to 48 months, thus allowing the specifica-
tion of the temporal scale over which water deficit accumulation is
significant for the system and process of interest (Guttman, 1999). SPEI
extends SPI by incorporating evaporative demand to account for water
loss from evapotranspiration (Vicente-Serrano et al., 2010), an impor-
tant feature in a warming climate.

We defined drought intensification as the absolute value of the
decrease from non-drought (SPEI>=-0.5) (Paulo et al., 2012) to drought
conditions (local negative minimum). The first derivative of the drought
intensification time series (hereafter ‘drought intensification rate’)
constitutes an approximation of moisture loss per unit of time, and is
used in this study as an estimate of the speed of drought evolution. To
calculate these rates, we obtained SPEI estimates from the
Parameter-elevation Relationships on Independent Slopes Model
(PRISM), a validated dataset of gridded surface meteorological variables
(spatial resolution = 800 m; temporal resolution = one-month;
1895-present) (PRISM Climate Group, 2004). We start our analyses in
1951 because these data are susceptible to meteorological station
openings and closings and technological advances (Daly et al., 2021).
We expect that, by constraining our study to the post-World War II,
recent past, we will account for some of the effects of changes in tech-
nology and operations.

We focused on SPEI-1, i.e., standardized departures from mean
conditions calculated over one-month windows, because this window
would allow the detection of fast-onset droughts regardless of their
duration. To assess this assumption and its influence on our results, we
also analyzed SPEI-3, SPEI-6, SPEI-9, and SPEI-12 (i.e., standardized
departures from mean conditions calculated over three-, six-, nine-, and
12-month windows). For each cell in the contiguous United States
(CONUS), we identified periods with SPEI values smaller than —0.5
(hereafter ‘drought’) and calculated drought intensification rates as the
decline in SPEI per unit of time [1]:

I(S‘[) = SPEI(S)[) - SPEI(S,;()), and
IRs ) = Iy * (- 10)7, [1]

where I 5y is drought intensification in cell s at time t; SPEI( ) is the SPEI
value in cell s at time t; SPEI ) is the SPEI value in cell s at the onset of
the drought (t0); and IR is the drought intensification rate in cell s at
time t.

Drought intensification rates at each point in time were converted to
positive values so that larger values would correspond with more rapid
drought onset, aggregated at the Hydrologic Unit Code level 12 (HUC-
12) (Steeves and Douglas, 1994), and summarized by their median and
95th percentiles. As a result, we produced 86,798 time series of sum-
mary statistics for SPEI-1, -3, -6, -9, and -12, at one-month resolution for
1951-2021. Hereafter, we refer to droughts whose intensification rates
in a given month of the time series correspond to the 95th percentile as
‘fast droughts’.

Then, for each month in the record, we estimated the median values
of these summary statistics in eight CONUS drought regions, namely
Pacific northwest, Southwest, Northern plains, Southern plains, Inter-
mountain west, Midwest, Northeast, and Southeast (Fig. S1). These re-
gions are based on Warrick’s drought regions (Warrick, 1975), with
slight modification to match the Drought Early Warning System (DEWS)
(NIDIS, 2021). Specifically, we subdivided the Southwest region into
‘Southwest’ and ‘Intermountain west’, and the Great plains into
‘Northern plains’ and ‘Southern plains’. We thus obtained time series of
median and fast drought intensification rates for each of these regions at
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a monthly resolution (1951-2021).

We visually compared the trends derived from SPEI-1, SPEI-3, SPEI-
6, SPEI-9, and SPEI-12 in each region and estimated the cross-
correlations between the series derived from SPEI-1 and the other
time series to assess the sensitivity of our analyses to the time window
used in the calculation of SPEI. Additionally, we estimated dynamic
cross-correlations at overlapping 10-year windows to evaluate whether
the associations had been stable over time.

To better quantify how fast droughts in recent years compare to the
past, we created a dataset with drought intensification rates corre-
sponding to the 95th percentile of the drought intensification rates per
drought region at a given month in the time series. We then estimated
the median onset speed of these droughts in 1951-2010 and 2011-2021
and their respective 95% confidence intervals through bootstrapping
(1000 bootstrap replicates per region and period). Lastly, grouping these
estimates by season (spring: March, April, May; summer: June, July,
August; fall: September, October, November; and winter: December,
January, February) allowed us to assess the seasonality of the observed
changes in fast drought onset speed. All analyses and figures were per-
formed with R 3.6.2 (R Core Team, 2019), packages boot (Canty and
Ripley, 2019), doParallel 1.0.16 (Microsoft Corporation and Weston,
2020a), foreach 1.5.1 (Microsoft Corporation and Weston, 2020b),
ncdf4 1.17 (Pierce, 2019), raster 3.3-13 (Hijmans, 2020), rgdal 1.5-17
(Bivand et al., 2020), sf 0.9-7 (Pebesma, 2018), tidyverse 1.3.0 (Wick-
ham et al., 2019), TTR 0.24.2 (Ulrich, 2020), viridis 0.5.1 (Garnier,
2018), and corresponding dependencies.

3. Results and discussion
3.1. Fast droughts are speeding up

Between 1951 and 2021, median drought intensification rates
derived from SPEI-1 ranged between 0.46 and 0.72*month ! across the
CONUS. Regional analysis performed for the Pacific northwest, South-
west, Northern plains, Southern plains, Intermountain west, Midwest,
Northeast, and Southeast reveals an absence of statistically significant
trends in these estimates over this period (p < 0.05; Fig. 1. See Fig. S1 for
information on the location of these regions).

Unlike median drought intensification rates, fast droughts (i.e., the
95th percentile of the drought intensification rates per drought region in
a given month of the time series) show a trend of increasing onset speeds
beginning in ~1985 in most regions (Fig. 1). This finding is consistent
with those of (Qing et al., 2022), who reported more rapid drought
development across much of the globe as a result of the co-occurrence of
soil moisture depletion and atmospheric aridity (i.e., high vapor pres-
sure deficit, high temperature, and low precipitation). Diverging trends
in drought intensification rates near the upper tail and at the center of
the distribution (i.e., ‘fast’ and ‘median’ droughts) are indicative of
increasing variability in speed of drying. A potential mechanism for this
divergence centers on thermodynamic land-atmosphere interactions
(Cook et al., 2013). Heat enhances evaporative demand and tilts drought
events toward greater intensity (Seager et al., 2014). Reduced evapo-
transpiration during drought, in turn, amplifies the sensible heat flux
and ultimately promotes warming on land as near surface moisture is
depleted (Betts et al., 1996). These self-reinforcing events are referred to
as global change droughts (Breshears et al., 2005), and their increasing
concurrence is coming to be recognized as part of a pattern of ‘climate
whiplash’ (Mazdiyasni and AghaKouchak, 2015; Trenberth et al., 2014).

3.2. Long term trends in drought intensification rates are robust to the
window size used to calculate SPEI

Intensification rates of median and fast droughts (i.e., the 95th
percentile of the drought intensification rates per drought region in a
given month of the time series) derived from SPEI-1 (Fig. 1) and SPEI-3
(Fig. S2), SPEI-6 (Fig. $3), SPEL-9 (Fig. S4), and SPEI-12 (Fig. S5) yield
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similar temporal dynamics despite differences in their formulation,
suggesting that long-term, low-frequency, trends in onset speeds are
robust to the window used to calculate SPEIL. Not surprisingly, high-
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Fig. 1. Drought intensification rates based on
changes in SPEI-1 for the regions defined in this study
(Fig. S1). The blue lines show trends in the median
(bottom line) and 95th percentile (top line) of
drought intensification rates smoothed with Locally
Weighted Scatterplot Smoothing (LOWESS, smooth-
ing parameter = 0.25). The light blue shading rep-
resents the 95% confidence intervals for the
smoothers. The dashed lines depict the median and
95th quantiles drought intensification rates for
1951-2021. Departures from these baselines are sta-
tistically significant (0.05 alpha-level). (For interpre-
tation of the references to colour in this figure legend,
the reader is referred to the Web version of this
article.)

resolution trends derived from SPEI-3 are the best match to those
based on SPEI-1, and the cross-correlation between SPEI-1-derived-
onset speeds and those obtained from SPEI-3, -6, -9, and -12 decreases
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Fig. 2. Cross-correlation between drought intensification rates derived from SPEI-1 and SPEI-3, SPEI-6, SPEI-9, and SPEI-12 for the regions defined in this

study (Fig. S1).
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as the window size increases (Fig. 2, S6). This observation warrants a
word of caution against extrapolating conclusions pertaining to the
high-frequency temporal dynamics of drought intensification rates
derived from SPEI-1 to time series obtained from other temporal win-
dows. Analysis of dynamic cross-correlations reveals multidecadal-scale
oscillations in the strength of these associations, but no long-term trends
that could indicate a persistent decoupling of indices (Fig. S6). Taken
together, these results suggest that, despite a certain dependence on
window size at high temporal resolutions, low-frequency, long-term
trends in the onset speed of droughts as estimated with equation [1] are
robust to the window used to calculate SPEI.

3.3. The intensification rates of recent fast droughts are comparable to or
higher than those observed in the last 70 years

Higher climate/weather variability is conducive to extreme events
and an expected feature of a warmer world (IPCC, 2021). More rapid
onset of fast droughts (i.e., the 95th percentile of the drought intensi-
fication rates per HUC-12 at a given time), in particular, is foreseeable
given widespread warming and reduced precipitation observed across
much of the United States (Zhang et al., 2021), and may even hold for
areas where precipitation is increasing but temperature is also rising
apace (e.g., Northern plains and Northeast). Our results show that the
onset speeds of recent fast droughts are comparable to or faster than the
most rapidly-evolving droughts of the last 70 years (Table 1; Fig. 3).

Although much of the CONUS has experienced quick onset droughts
in recent years, changes in intensification rates exhibited significant
among- and within-region variability. Median fast drought intensifica-
tion rates in the Midwest were lower in 2011-2021 than in the reference
period of 1951-2010. In the Northern plains, median onset speeds were
statistically faster than in the past, but the difference was not pro-
nounced. In contrast, all the other regions showed statistically-
significant and large increases in median fast drought intensification
rates of up to 113% (Table 1). In all cases, changes in median fast
drought behavior were associated with larger standard errors (Fig. 3),
suggesting that in all but one region onset speeds became faster but also
more spatially variable. These within-region differences are reflected in
the number of HUC-12’s experiencing unprecedented conditions. A
large proportion of HUC-12s in the Pacific northwest (73%), Southwest
(52%), Northern plains (53%), and Southeast (56%) were affected by
droughts whose onset speeds were unprecedented for the season when
they occurred (Fig. 4), representing a 2.91- to 3.89-fold increase in the
intensification rate of the fastest drought registered in a HUC-12 in the
last decade with respect to the fastest drought in the same HUC in
1951-2010 (Table 1).

In addition to spatial variability, changes in fast drought intensifi-
cation rates also exhibited seasonal differences among regions, as more
rapid fast drought onsets resulted from increased rates in several months
of the year (Figs. S7-S14) but displayed region-specific seasonal

Table 1

Changes in fast drought intensification rates derived from SPEI-1 (FDIR). ‘CI’
stands for confidence interval, and ‘maximum change’ refers to the largest
change observed within a single HUC-12 in a drought region.

Area Median FDIR in Median FDIR in Maximum change in
1951-2010 (95% 2011-2021 (95% 2011-2021 relative
CD CD to 1951-2010
Pacific 1.118-1.119 1.160-1.163 3.89
northwest
Southwest 1.149-1.150 1.269-1.272 3.45
Northern plains 1.116-1.118 1.120-1.123 3.38
Southern plains 1.114-1.115 1.158-1.162 3.74
Intermountain 1.144-1.146 1.294-1.299 2.08
west
Midwest 1.124-1.125 1.075-1.078 1.74
Northeast 1.143-1.146 1.187-1.196 2.75
Southeast 1.121-1.123 1.160-1.164 291
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patterns. In the Intermountain west, temporal trends are largely
explained by increases in intensification rates in the spring, while
distinctly higher summer intensification rates characterize all regions
except the Northeast and Southeast. Conversely, changes in the cooler
fall and winter months dominate the signal in the Northeast and across
the southern tier (i.e., Southwest, Southern plains, and Southeast;
Fig. 5). These patterns closely resemble spatial-temporal trends in vapor
pressure deficit (VPD, i.e., the capacity of air to extract moisture from
the land surface) observed across the CONUS attributed to larger rises in
the water-holding capacity of saturated air than in actual water vapor
(Ficklin and Novick, 2017). It is thus possible that these parameters (or
their drivers) play a major role in determining the onset speed of
droughts. However, a mismatch between large increases in winter
drought intensification rates in the southern CONUS (Fig. 5) and
negligible changes in VPD across the same area (Ficklin and Novick,
2017) suggest that other factors modulate drought development speeds
and their relative importance changes as certain thresholds are reached.

Feedback-mediated processes are not rare in the climate system and
explain the multiple scenarios that could lead to anomalous drying. For
example, severe drought in the southwestern CONUS persisting for over
a decade has been mainly attributed to reduced precipitation associated
with low sea-surface temperatures in the eastern Pacific (Delworth et al.,
2015; Seager et al., 2014). Conversely, a strong signal of anthropogenic
warming has been identified in other regions, mainly through the direct
impacts of warming temperatures on snow cover and evaporative de-
mand (Cook et al., 2018). In 2015, 80% of meteorological stations in the
Pacific northwest registered record low snowpack despite normal pre-
cipitation (Mote et al., 2016). Decreases in streamflow in the Colorado
basin in 2000-2014 also occurred under conditions of normal precipi-
tation (McCabe et al., 2017; Udall and Overpeck, 2017). In both cases,
rising temperatures affecting the type of precipitation (snow vs. rain),
snowmelt, and evapotranspiration were identified as significant con-
tributors to drought development. Further, anthropogenic forcing ac-
counts for 47% of the 2000-2018 drought severity in the western United
States, turning an otherwise typical drought into a megadrought (Wil-
liams et al., 2020). Similarly, anthropogenic warming superimposed on
natural variability and mediated by regional-scale mechanisms may
explain the increases in drought intensification rates observed across the
country.

4. Conclusions

Our analyses document drought onset rates across the contiguous
United States (CONUS) using the Standardized Precipitation Evapo-
transpiration Index (SPEI). We find that median drought intensification
rates did not change significantly during 1951-2021. Conversely,
intensification rates of the fastest droughts (i.e., the 95th percentile of
the drought intensification rates per drought region in a given month of
the time series) have sped up in recent decades across most of the
CONUS. Faster drought intensification rates are not necessarily a new
phenomenon but may be a recurrent feature of the Earth system. Pre-
vious studies have shown that changes in temperature and precipitation
patterns associated with coupled atmosphere-ocean interactions such as
El Nino-Southern Oscillation (ENSO) constitute major drivers of soil
moisture (Dai, 2013). In addition, the Pacific Decadal Oscillation (PDO)
and Atlantic Multidecadal Oscillation (AMO) explain over half of the
variance in multidecadal drought frequency (Goodrich, 2007; McCabe
et al., 2017). These modes of variability may modulate the speed of
drought development.

Regardless of their long-term characteristics (persistent trend vs.
multidecadal oscillation), our results show that fast droughts have been
speeding up in the last few decades and now set in faster than the most
rapidly-developing droughts of the last 70 years. Faster-onset droughts
could have unanticipated impacts, as drying affects multiple social-
environmental processes, and the propagation from meteorological to
hydrological, agricultural, socioeconomic, and ecological drought is
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Fig. 3. Boxplots of fast drought intensification rates in 1951-2010 and 2011-2021 in the regions considered in this study (Fig. S1). Fast droughts correspond to the
95th percentile of the SPEI-1 derived drought intensification rates in a given month of the time series. For all regions except the Midwest, median fast drought onset
speeds in the last decade were faster than in the past (p < 0.05; Table 1).
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Fig. 4. Proportion of Hydrologic Unit Code level 12 (HUC-12) in each drought region that experienced unprecedented fast drought intensification rates
in 2011-2021.

complex (Vicente-Serrano et al., 2020). Although the effects of quicker rapidly and with few early warnings (Shrum et al., 2018; Yung et al.,
drying are yet to be assessed, we do know that agricultural and water 2015).
resource systems are particularly vulnerable to droughts that develop
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Fig. 5. Changes in the median intensification rate of fast droughts in 2011-2021 relative to 1951-2010 derived from SPEI-1 and aggregated to the drought-region

scale (Fig. S1).
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