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Testbed (MOISST; Cosh et al. 2016). In this example, 
the 2012 flash drought caused the grasses to rapidly 
brown and go dormant over a 6-week period, which 
stands in sharp contrast to the continued greenness 
over the same time period in 2014. A wide assortment 
of satellite-derived tools, such as the normalized 
difference vegetation index (Tucker 1979), enhanced 
vegetation index (Huete et al. 2002), and land surface 
water index (Xiao et al. 2002), computed using visible 
and near-infrared satellite imagery, can be used to 
provide high-resolution estimates of vegetation health 
during flash drought events.

To summarize, a typical progression during ei-
ther an agricultural or an ecological f lash drought 
given adequate-to-surplus soil moisture (i.e., energy-
limited regime) is for an extended period of enhanced 
evaporative demand to initially cause an increase in 
ET as vegetation responds to the anomalous weather 
conditions, subsequently followed by a period of 
rapidly decreasing soil moisture content, a transition 

to water-limited conditions, reduced ET, and the 
subsequent emergence of visible signs of vegetation 
moisture stress. The intensification rate and final 
severity of a flash drought will be strongly influenced 
by the strength and persistence of the atmospheric 
anomalies forcing its evolution, the magnitude of 
the precipitation deficits, and the vulnerability of 
the crops or rangelands to drought. After the period 
of rapid intensification ends, a flash drought could 
potentially develop into hydrological drought or 
simply be terminated by a heavy precipitation event.

CONCLUDING REMARKS. Though the term 
“flash drought” first entered the scientific lexicon 
in the early 2000s to describe droughts that inten-
sify more rapidly than conventional droughts, it 
did not become popularized until 2011 and 2012, 
when the media and scientific community began to 
extensively use the term when referring to the dev-
astating droughts that affected parts of the central 

FIG. 3. Phenocam images taken at MOISST, which is adjacent to the Marena mesonet station, on (a) 1 Jul 2012, 
(b) 11 Aug 2012, (c) 1 Jul 2014, and (d) 11 Aug 2014. All images were taken at 1030 local time.
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Motivation

• Precipitation falls unevenly, which is known but 
difficult to quantify

• Droughts and floods arise from this unevenness

• How uneven is precipitation? 
• How well do climate models capture its unevenness? 
• How might it change in the future?

Pendergrass and Knutti, submitted to GRL 



Precipitation data (Daily)

• Station observations 
– Global Historical Climatology Network – Daily 

(GHCN-D), Global Climate Observing System Surface 
Network

• Satellite-based observations 
– TRMM 3b42 gridded product

• Climate model simulations
– CMIP5, historical and RCP8.5 (high emissions) 

scenarios
– 1999-2014 and 2086-2100 periods
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Wettest day: by season

Winter
3.4% of annual precip

Summer
5.2 % of annual 

precip
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Table 1 187 

Unevenness of Precipitation in Observations and Climate Models 188 

 Stations/grid points  Land  

Metric GHCN-D  Models Present Future Change 

1/2 of precip: percentile 97.0 
percentile 

94.0 
percentile 

93.0 
percentile 

93.5 
percentile 

98.2 
percentile 

1/2 of precip: days 12 wettest 
days 

23 d 26 d 25 d 8.6 d 

1 day: fraction of precip 8.4 % 5.0 % 4.6 % 4.9 % 12 % 

2 days 15 % 9.0 % 8.4 % 9.0 % 20 % 

99th percentile 26 % 16 % 15 % 16 % 39 % 

5 days 30 % 18 % 17 % 18 % 39 % 

14 days 55 % 38 % 34 % 36 % 67 % 

95th percentile 64 % 45 % 41 % 43 % 82 % 

Wet day 95th ( > 0) 36 % - - - - 

Wet day 95th ( ≥ 1 mm/d) 24 % - - - - 

Note. Median values are computed across stations or at the nearest gridpoints, across models, and 189 
over land.  190 

 191 

Figure 2. Unevenness of precipitation observed at stations. (a) Days per year for half of 192 
precipitation, and the fraction of annual precipitation falling on the wettest day each season: (b) 193 
DJF and (c) JJA. (d) Percentile for half of precipitation, and (e) fraction of precipitation 194 
occurring beyond the 95th all-day percentile. White indicates no data. Note that stations poleward 195 
of 50° are included.  196 

3 Results 197 

The unevenness of precipitation at stations, quantified by the cumulative fraction on the 198 
wettest days each year and the contribution beyond percentiles of the distribution, is shown in 199 

Days for half of precip

1     2     5     9   14  19  24   28   32    days 1    2     3    4    5   7    9   12   15    %  

10  20   30  40   50   60   70   80   90    %

Percentile for half of precip

91    92    93   94   95   97.5   99  99.7 99.9  percentile 

Fraction of precip from >95th percentile

Fraction of precip from heaviest day
          DJF         JJA

b         c         

d         e         

a         

1    2    3    4 5   7   9 12  15  %1    2    3    4 5   7   9 12  15  %



What Will Warming Mean 
for unevenness of precipitation?



What Will Warming Mean for unevenness?

• Observations show and climate models project 
that mean and extreme precipitation increase in 
response to anthropogenic climate change 

• Global annual mean precipitation increases 
following atmospheric and surface energy 
balance – 1-3 %/K

• Extreme precipitation increases faster 
• … 
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Figure 1 | Changes in extremes by the mid-twenty-first century. Projected changes in intensity of hot extremes (TXx, first row) and cold extremes (TNn,
second row), heavy precipitation intensity (RX5day, third row) and dry spell length (CDD, last row) in 2041–2060 with respect to 1986–2005 for the
RCP8.5 scenario. The left panels show the multimodel mean average changes across 25 CMIP5 models and the right panels the multimember average
across 21 CESM-IC members.

on the assumption that CESM reliably represents the internal
variability in extreme indices. The assumption that the estimate
is reasonable is supported by the fact that the uncertainties across
CESM-IC are consistent with a ten-member initial condition
ensemble for the Commonwealth Scientific and Industrial Research
Organisation model (CSIRO-Mk3-6-0; Supplementary Fig. 5),
the largest ensemble available in the CMIP5 archive, and the
fact that the simulated interannual variability, the dominant
contribution to internal variability, in the extremes indices is in
reasonable agreement with the ERA Interim and NCEP-DOE-2
reanalyses as well as the gridded observational HadEX2 and
GHCNDEX data sets. Except for the interannual variability in
heavy precipitation intensity over the tropics, which is biased

low, the variability in the reanalyses for the period 1986–2005
falls within the range of variability realizations of the CESM-IC
members (see Supplementary Figs 6 and 7 and evaluation section
in Supplementary Information).

The role of uncertainty induced by internal variability has
been shown to be dominant for decadal and seasonal mean
changes in the next decades21,22. We here argue that for changes
in extremes it is the dominant uncertainty source even for
several decades. The role of internal variability generally decreases
if mean temperatures or extreme indices are averaged across
regions23 or the globe. For instance, all the CESM-IC members
show very similar global temperature increases by the end of
the twenty-first century (Supplementary Fig. 2). However, large
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Change  in  number  of  consecutive  dry  days
CMIP5  model  simulations,  2041-­2060  -­ 1986-­2005

Dry spells get longer



Take-home messages

• Precipitation occurs unevenly
– At observing stations, half of precipitation falls in 

the wettest 12 days each year

• In response to warming, models project 
increasing unevenness

• This is associated with increasing dry spell 
length in much of the world

Pendergrass and Knutti, submitted to GRL 


