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This study investigates the changes in the drought frequency in 2070–2099 relative to
1970–1999, due to the mean and shape changes of the probability density function (PDF)
of the self-calibrated Palmer Drought Severity Index (PDSI), using CMIP5 multi-model
historical simulations and projections under the RCP4.5 scenario. For severe droughts
defined with PDSIs less than the 10th percentile, it is shown that over 41% of the global
land, the increase in the severe drought frequency due to the shape change exacerbates
the increase due to the mean change. Over 28% of the global land, the decrease in the
drought frequency due to the shape change partially offsets the increase due to the mean
change. Over 31% of the global land, the drought frequency increases due to the shape
changes, but decreases due to the mean changes. The severe drought frequency due to
both PDSI PDF mean and shape changes increases over almost the entire global land. We
show that the PDSI standard deviation change is mainly determined by the mean
precipitation change, while the PDSI mean change is determined by both mean
precipitation and potential evapotranspiration changes. In particular, the PDSI standard
deviation increases with the increase in mean precipitation which broadens the PDSI PDF,
and thus enhances the severe drought frequency, and vice versa. On the other hand, the
PDSI mean decreases with the decrease (increase) in mean precipitation (mean potential
evapotranspiration). The difference in the attribution of drought frequency changes to the
mean and shape changes over different regions can thus be largely explained by the mean
precipitation and potential evapotranspiration changes. We also examine the moderate
droughts defined with PDSIs between 10th and 20th percentiles in this study. For the
moderate drought frequency, the spatial pattern of its changes due to the PDSI mean
changes is similar to that of severe drought but with much smaller magnitudes, while its
change in the spatial pattern due to the shape changes differs from severe drought with no
significant changes. The moderate drought frequency due to both PDSI PDF mean and
shape changes increases over 71% of the global land but decreases over 29% of the land.
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INTRODUCTION

Drought is one of the most destructive natural hazards
worldwide. It can lead to adverse effects to the ecological
system, industrial production, agricultural practices,
drinking water availability, hydrological processes, and
water quality (Vicente-Serrano et al., 2012; Wang et al.,
2014; Wang et al., 2017; Lai et al., 2019; Bussi and
Whitehead, 2020; Wang L. et al., 2021). The International
Disaster Database (EM-DAT) reported that drought has
caused USD 221 billion loss from 1960 to 2016 (Wang Q.
et al., 2021). Drought can persist for a period of weeks or longer
with reduced precipitation and is often intensified through a
positive feedback loop, in which dry soils and diminished
vegetation cover can further suppress precipitation through
reduced evapotranspiration and enhanced surface warming
(Dai et al., 2018). Because of its large impacts, the variations
and future changes in drought frequency and severity and
their causes are of great interest (Zhao and Dai, 2015; Omer
et al., 2020; Zhang et al., 2020; Du et al., 2021; Diallo et al.,
2022).

Both observations and model simulations have documented
an increase in drought over the past 50 y (Dai, 2012; Feng and
Fu, 2013; Dai and Zhao, 2016). The model future projections
suggest an increased risk of drought in most terrestrial areas in
the 21st century under greenhouse gas (GHG)-induced global
warming (Wang, 2005; Burke et al., 2006; Sheffield and Wood,
2007; Burke and Brown, 2008; Dai, 2010; Fu and Feng, 2014;
Prudhomme et al., 2014; Sherwood and Fu, 2014; Feng et al.,
2017; Cook et al., 2018; Dai et al., 2018; Cook et al., 2020). This
is due to a decreased precipitation in subtropical land areas and
increased atmospheric water vapor demand everywhere over
land (Feng and Fu, 2013; Fu and Feng, 2014; Scheff and
Frierson, 2014; Zhao and Dai, 2015; Dai et al., 2018). It was
suggested that the change in the drought frequency was mainly
caused by changes in the mean value of the drought index
probability density function (PDF), and that changes in the
shape of PDF exacerbated the changes in the drought
frequency under CMIP5 RCP4.5 and CMIP6 SSP2-4.5 as
well as SSP5-8.5 (Zhao and Dai, 2015; Zhao and Dai, 2021).
However, the changes in the drought frequency caused by the
changes in the drought index PDF mean value vs. those caused
by the PDF shape have not been systematically examined.
Furthermore, the change in the moderate drought frequency
and its attributions has not been separated from the change in
the severe drought frequency.

The Palmer Drought Severity Index (PDSI) is one of the
most widely used drought indices. The PDSI was originally
developed by Palmer (1965) to measure cumulative deviations
in the ground surface water balance. It incorporates previous
and current moisture supply (precipitation, P) and demand
(potential evapotranspiration, PET) into a hydrological
accounting system that includes a two-layer bucket model
for soil moisture calculations. To improve the spatial
comparability, Wells et al. (2004) proposed a self-calibrating
PDSI by using local conditions to calibrate the PDSI, instead of
using the fixed coefficients. The self-calibrating PDSI was

shown to perform better than the original PDSI in Europe
and North America in the 20th century (van der Schrier et al.,
2006a; van der Schrier et al., 2006b; van der Schrier et al.,
2007). The use of the Thornthwaite equation (Thornthwaite,
1948) to calculate PET in the original Palmer model can lead to
errors in energy-limited regions (Hobbins et al., 2008) because
the Thornthwaite PET is based only on temperature, latitude,
and month. This error can be minimized by calculating PET
using the physically based Penman–Monteith equation taking
the effects of temperature, radiation, humidity, and wind speed
into account (Burke et al., 2006). The self-calibrating PDSI
with the Penman–Monteith PET is considered as one of the
best indices available for quantifying long-term changes in
agricultural drought (Zhao and Dai, 2015). In this study, we
used the self-calibrated PDSI with the Penman–Monteith PET
(scPDSIpm).

The spatial patterns of drought frequency changes under
CMIP5 RCP4.5 and CMIP6 SSP2-4.5 were very similar to
minimal differences (Zhao and Dai, 2015; Zhao and Dai,
2021). Therefore, the results of CMIP5 are used here. This
study systematically examines the changes in the drought
frequency caused by the changes in the mean of the PDSI
PDF vs. those caused by its shape for both severe and moderate
droughts. This article is organized as follows. Data and
Methods section provides a description of the model data
and analysis method. PDSI PDF Mean and Shape Changes
and Impact on Drought Frequency section presents the PDSI
PDF mean and shape changes and impact on the drought
frequency. Relating PDSI PDF Mean and Shape Changes to
Mean Precipitation and PET Changes section relates the PDSI
PDF mean and shape changes to mean precipitation and PET
changes. Conclusions and discussions are presented in
Conclusions and Discussions section.

DATA AND METHODS

The PDSI data used in the article are from Zhao and Dai (2015).
The CMIP5 simulations from 14 coupled global climate
models (Table 1) were used. They included the historical
simulations with specified anthropogenic and natural
external forcing from 1850 to 2005 and the future
projections with GHGs and anthropogenic aerosols
following the representative concentration pathway
(RCP4.5) for 2006–99 (van Vuuren et al., 2011; Taylor
et al., 2012). The first ensemble run was used if a model has
multiple ensemble simulations. The monthly data for
precipitation, surface air temperature, net radiation, specific
humidity, wind speed, and air pressure were first regridded
onto a 2.5°grid (Zhao and Dai, 2015). The regridded model
variables were used to calculate the Penman–Monteith PET
and the self-calibrating PDSI at each grid box following Dai
(2011).

Zhao and Dai (2015) defined severe droughts as those with
PDSIs less than the 10th percentile, and moderate droughts as
those with PDSIs less than the 20th percentile. Their moderate
droughts thus include severe droughts. In this study, we
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defined those less than the 10th percentile as severe droughts
following Zhao and Dai (2015) but those between the 10th and
20th percentiles as moderate droughts, based on the
1970–1999 PDSI.

Herein, we use the period of 1970–1999 as the reference
period and the 2070–2099 as the future period. Suppose that
the reference and future states are represented by (m0, s0) and
(m1, s1), respectively, where m is for the PDSI PDF mean and s
for the PDSI PDF shape. To eliminate the non-linear effect, we
derive the mean effect by comparing (m1, s0) with (m0, s0),
and shape effect by comparing (m1, s1) with (m1, s0), referred
to as method 1. We also derive the mean effect by comparing
(m1, s1) with (m0, s1), and the shape effect by comparing (m0,
s1) with (m0, s0), referred to as method 2. Then, we used the
averages of methods 1 and 2 to minimize the sensitivity to the
method used. Using this approach, the total change in the
drought frequency due to both PDSI PDF mean and shape
changes by comparing (m1, s1) with (m0, s0) is exactly the sum
of the change due to the mean change and that due to the shape
change.

The drought frequency in (m0, s0) is, for example, 10%
based on the definition. For the drought frequency in (m1, s0),
we added the monthly PDSI values from 1970 to 1999 by the
difference between 2070–2099 and 1970–1999 averages to
derive a new series, after which we calculated the
drought frequency using the new series. For the drought
frequency in (m0, s1), we subtracted the monthly PDSI
values from 2070 to 2099 by the difference between
2070–2099 and 1970–1999 averages to derive a new series,
after which we calculated the drought frequency using the new
series. For the drought frequency in (m1, s1), it was directly
calculated from the PDSI values for 2070–2099. We first
calculated the change in the drought frequency for each
model individually and then calculated the multi-model
ensemble average.

PDSI PDF MEAN AND SHAPE CHANGES
AND IMPACT ON DROUGHT FREQUENCY

Figure 1A presents the multi-model ensemble average of the
changes in the PDSI mean from 1970–1999 to 2070–2099
under the RCP4.5 emission scenario. The PDSI can be used
not only to characterize the degree of drought, but its
climatology mean value can also reflect the mean dry and
wet conditions. As can be seen in Figure 1A, the PDSI
decreases in southern North America, north-central South
America, the Mediterranean region, South Africa, Australia,
Central Asia, Western Siberia, and southeastern China,
indicating that these regions will become drier by the end of
the century (e.g., Feng and Fu, 2013). The decrease in PDSI is
most significant and robust over northern South America, the
Mediterranean region, and South Africa. In contrast, the PDSI
increases in northern North America, mid- and high-latitude
Asia, North and East Africa, India, and Indonesia, suggesting
that these regions will become wetter by the end of the century.
The increase in PDSI is most pronounced and robust over the
northern North America and high-latitude Asia.

The multi-model ensemble averaged changes in the PDSI
standard deviation from 1970–1999 to 2070–2099 under the
RCP4.5 scenario are shown in Figure 1B. In the northern
North America, almost entire Eurasia, North and East Africa,
northwestern and southeastern South America, and the
Southeast Asian archipelago, the standard deviation of PDSI
increases, indicating enhanced PDSI variability in these
regions (e.g., Zhao and Dai, 2015; Zhao and Dai, 2021). The
increase in PDSI variability is particularly pronounced and
robust in middle and high latitudes of Asia and northern North
America. In contrast, the PDSI standard deviation decreases in
the southern North America, north-central South America, the
Mediterranean region, South Africa, and Australia, indicating
a weakening of PDSI variability in these regions (e.g., Zhao and

TABLE 1 | ist of CMIP5 models used in this study.

Model name Modeling group Resolution
(lon x lat)

CanESM2 Canadian Centre for Climate Modeling and Analysis, Canada T63
CCSM4 National Center for Atmospheric Research, United States 288 × 192
CNRM-CM5 Centre National de Recherches Meteorologiques/Centre Europeen de Recherche et Formation Avancees en Calcul

Scientifique, France
256 × 128

CSIRO-Mk3.6.0 Commonwealth Scientific and Industrial Research Organization in collaboration with the Queensland Climate Change
Centre of Excellence, Australia

192 × 96

GISS-E2-R NASA Goddard Institute for Space Studies, United States 128 × 60
HadGEM2-CC Met Office Hadley Centre, United Kingdom 192 × 145
HadGEM2-ES Met Office Hadley Centre, United Kingdom 192 × 145
INM-CM4 Institute of Numerical Mathematics, Russia 192 × 145
IPSL-CM5A-LR Institute Pierre Simon Laplace, France 96 × 95
MIROC-ESM-
CHEM

Japan Agency for Marine–Earth Science and Technology, Atmosphere and Ocean Research Institute, and National Institute
for Environmental Studies, Japan

T42

MIROC-ESM Atmosphere and Ocean Research Institute, National Institute for Environmental Studies, and Japan Agency for
Marine–Earth Science and Technology, Japan

T42

MIROC5 Meteorological Research Institute, Japan 256 × 128
MRI-CGCM3 Meteorological Research Institute, Japan 320 × 160
MPI-ESM-LR Max Planck Institute for Meteorology (MPI-M) 192 × 96
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Dai, 2015; Zhao and Dai, 2021). But these decreases are not
robust.

Drought is defined as the period in which the PDSI value lies
in the left tail of its probability density function (PDF). Herein,
we use the period of 1970–1999 as the reference period.
Months with the PDSI smaller than the 10th percentile of
the PDSI PDF for the reference period are defined as severe
droughts, while months between the 10th and 20th percentile
as moderate droughts (see the method in Data and Methods
section). The drought frequency is the percentage of the
number of drought months to the total number of months
for a given location. The mean and standard deviation of the
PDSI change significantly from 1970–1999 to 2070–2099
(Figure 1), which would lead to significant changes in the
PDSI PDF and then the drought frequency in the future

relative to the reference period. Later, we examine the
change in the drought frequency caused by the change in
the PDSI PDF mean for a given shape, change in the PDSI
PDF shape for a given mean, and both together (see the method
in Data and Methods section).

Figure 2 (left panels) presents the changes in the severe
drought frequency for 2070–2099 relative to 1970–1999, due to
changes in the PDSI PDF mean, shape, and both together. It
can be seen that the severe drought frequency due to the
changes in the PDSI PDF mean increases in the
United States and Mexico, most of South America, Europe,
most of Africa, west of the Asian continent, Australia, and
southeastern China (Figure 2A). The most significant
increases in the drought frequency were found in northern
South America, southern Europe, and South Africa, with

FIGURE 1 | Multi-model ensemble averaged changes in the PDSI (A) mean value and (B) standard deviation from 1970–1999 to 2070–2099 under the RCP4.5
emission scenario. Black dots represent the sign change agreement for more than 80% of the model.
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robust increases ranging from 8 to 24%. There are also
significant drought frequency increases of 2–12% in most
areas in southern North America and Australia. But in
North and Central Africa, Eastern Europe and Western
Siberia, and southeastern China, the changes from various
models are not robust. The severe drought frequency due to
mean change decreases in northern North America, middle
and high latitudes of Asia, India, and the Horn of Africa. The
decreases are usually below ~ 4%, while in some regions at high
latitudes, the decreases are robust and can reach 4–8%.

The severe drought frequency due to the shape change in the
PDSI PDF increases in most of the global terrestrial regions,
except in the southern United States Mexico, northern South
America, the Mediterranean coast, South, Africa, and Australia
(Figure 2B). The robust increase in the drought frequency can be
found in northern North America, northern Europe, and the
middle- and high-latitude Asian continent, with increases of up to
2–8%. The large increase in the drought frequency can reach

6–8% in North Africa, but is not robust. The decrease in the
drought frequency is generally not robust, except for a few
scattered spots.

The severe drought frequency due to the PDSI PDF changes,
including both mean and shape changes, increases in almost all
global land, except for a slight decrease in Alaska (Figure 2C).
The robust increases were found in the United States, northern
South America, the Mediterranean regions, west of the Asian
continent, South Africa, Australia, and southeastern China. In
these regions, the increase in the drought frequency was mainly
caused by mean changes, and shape changes often partially
offset the drought frequency increase, except in west of the
Asian continent. In northern North America, mid–upper Asia,
India, and the Horn of Africa, the severe drought frequency
increase is mainly caused by shape changes, which is partially
offset by the mean changes.

Figure 2 (right panels) presents the changes in moderate
drought frequency for 2070–2099 relative to 1970–1999, due

FIGURE 2 | Change in severe (left panels) and moderate (right panels) drought frequencies for 2070–2099 relative to 1970–1999 under the RCP4.5 emission
scenario, due to the changes in (A,D)mean, (B,E) shape, and (C,F) both together of the PDSI PDF. The black dots in the figure represent more than 80% of the models
which agree with each other on the sign changes.
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to the changes in the PDSI PDF mean, shape, and both together.
It can be seen that the spatial pattern of the moderate drought
frequency changes due to the PDFmean changes is very similar to
that of severe drought (Figure 2D vs. Figure 2A). But the
magnitude of the moderate drought frequency changes is
much smaller than that of severe droughts, especially in
regions with increased drought frequencies such as northern
South America, South Africa, and the Mediterranean. In
addition, the area with robust moderate drought frequency
changes due to the PDF mean change is also smaller than that
for severe droughts.

Different from the severe drought, the moderate drought
frequency changes due to the PDF shape change decreases in
most North America, Europe, South Africa, Western and
Central Siberia, and most Australia, but increases in East
Asia, South Asia, the Southeast Asia, East Africa, and the
Arabian Peninsula (Figure 2E). Over most of the terrestrial
regions, the moderate drought frequency changes due to the

PDF shape change have a magnitude within ~ 2% and are not
robust.

The moderate drought frequency due to the PDSI PDF
changes including both mean and shape changes increases in
the United States and Mexico, South America, the
Mediterranean, South Africa, West Asia, and Western
Siberia and with smaller magnitude than severe drought
(Figure 2F). But it decreases in northern North America,
most of mid- and high-latitude Asia, the Horn of Africa,
and parts of North Africa, India, and island countries in
Southeast Asia. The moderate drought frequency changes
caused by the PDSI PDF changes are dominated by the PDF
mean changes (Figure 2F vs. Figure 2D). The moderate
drought frequency due to both PDSI PDF mean and shape
changes increases and decreases over 71 and 29% of the global
land, respectively.

For both severe and moderate droughts, over regions where
the drought frequency due to the PDF mean change increases

FIGURE 3 | Spatial distribution of the signs of (A) severe and (B)moderate drought frequency changes due to the PDSI PDF mean and shape changes following
Figures 2A,B and Figures 2D,E. Red dots indicate positive changes due to both mean and shape (Type I). Blue dots indicate positive change due to the mean but
negative change due to the shape (Type II). Green dots indicate negative due to the mean but positive due to the shape (Type III). Orange dots in (B) indicate negative due
to both mean and shape (Type IV).
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significantly, the drought frequency due to the PDF shape
change often decreases, partially offsetting the increase,
especially for severe drought. But over regions where the
severe drought frequency due to the PDF mean change
significantly decreases, severe drought frequency due to the
PDF shape change usually has a robust increase. But moderate
drought did not exhibit this characteristic. These issues are
discussed in the next section.

Figure 3A shows the spatial distribution of the sign of the
multi-model ensemble mean severe drought frequency
changes due to the PDSI PDF mean and shape changes
under the RCP4.5 scenario. It can be seen that the regions
where both the PDF mean and shape changes lead to an
increase in drought frequency (Type I: red dots in
Figure 3A) are mainly located in the majority of the
United States, most of Europe, western Asia, northern and

central Africa, and coastal areas of East Asia. The regions
where the drought frequency increases due to the PDF mean
changes but decreases due to the PDF shape changes (Type II:
blue dots in Figure 3A) are mainly located in the southern
United States and Mexico, the Amazon basin of South
America, the Mediterranean coast, South Africa, and
Australia. The regions where the drought frequency
decreases due to the PDF mean changes but increases due
to the PDF shape changes (Type III: green dots in Figure 3A)
are mainly located in northern North America, northern Asia,
western East Asia, South Asia, Southeast Asian island
countries, and East Africa. Types I, II, and III regions
account for 41, 28, and 31% of the global land, respectively.
Over 41% of the land, the increased severe drought frequency
due to the PDF shape changes exacerbates the increase due to
the PDF mean changes. Over 28% of the global land, the

FIGURE 4 | Same as Figure 1A but for the changes in the mean (A) precipitation and (B) potential evapotranspiration.
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decrease in severe drought frequency due to the PDF shape
changes partially offsets the increase due to the PDF mean
changes. Over 31% of the global land, the increase in the severe
drought frequency due to the PDF shape changes exceeds the
decrease due to the PDF mean changes.

Figure 3B is the same as Figure 3A but for the moderate
droughts. Unlike the severe droughts, an additional type is
added for the regions where both the PDSI PDF mean and
shape changes lead to a decrease in moderate drought
frequency (Type IV: orange dots in Figure 3B). For
moderate drought, the regions of Type I are scattered over
the global land, accounting for 28% of the land area. Type II
regions are mainly located in the United States, Mexico, South
America, South Africa, Europe, west of Asian continent, and

Australia, accounting for 37% of the global land. The Type III
regions are mainly located in East Asia, India, northwestern
North America, North Africa, the Horn of Africa, and
Southeast Asian island countries, accounting for 27% of the
land. The Type IV regions are mainly located in the high
latitudes of the northern hemisphere, accounting for only 8%
of the land.

RELATING PDSI PDF MEAN AND SHAPE
CHANGES TO MEAN PRECIPITATION AND
PET CHANGES
The difference between Figure 3A and Figure 3B is mainly
caused by the differences in drought frequency changes due to
the PDSI PDF shape changes (Figure 2B vs. Figure 2E). The
severe drought is the left tail of the PDSI PDF (less than the
10th percentile), and a flattening of the PDF shape (i.e., a larger
PDSI standard deviation) would lead to an increase in the
severe drought frequency, and vice versa. In contrast, moderate
drought is located between the 10th and 20th percentiles, and
the moderate drought frequency changes because the PDF
shape changes are more complex. For instance, a flattening
of the PDF shape can result in either an increase or decrease in
the moderate drought frequency. Therefore, the moderate
drought frequency might not uniquely respond to the PDSI
PDF shape changes. We focus on severe drought in the
following discussions. We are particularly interested in what
causes the PDSI standard deviation changes and thus along
with the PDSI mean changes is responsible for the sign pattern
shown in Figure 3A. Here, we use the standard deviation to
represent the shape of PDSI PDF.

The severe drought frequency increases as the PDSI mean
value decreases due to the decrease (increase) of mean
precipitation (potential evapotranspiration), and vice versa.
This is demonstrated by the very similar patterns of Figure 1A
and Figure 2A as compared with the change pattern of the
aridity (P/PET) shown in Fig. 7d of Feng and Fu (2013), and
also see the mean PET and P change patterns in their Figs. 7b
and 7c, respectively. We further notice that the PDSI standard
deviation change pattern (Figure 1B) is very similar to the
precipitation change pattern shown in Fig. 7c of Feng and Fu
(2013), although they considered the RCP8.5 scenario. To
explore the relationship between the PDSI standard
deviation and mean precipitation changes, Figure 4A
presents the multi-model ensemble average of the change in
the mean precipitation from 1970–1999 to 2070–2099 under
the RCP4.5 emission scenario. The PDSI standard deviation
does increase over the regions where the mean precipitation
increases, and vice versa. To enforce our point that the PDSI
standard deviation change is largely determined by the mean P
changes, Figure 5A shows the scatter plots of the changes in
the standard deviation of PDSI vs. the changes in mean
precipitation (P). It can be seen that the PDSI standard
deviation generally increases (decreases) when precipitation
increases (decreases). The percentage of the points where the
PDSI standard deviation and P changes have the same sign is

FIGURE 5 | Scatter plots of the PDSI standard deviation (std) change vs.
mean (A) precipitation (P) and (B) potential evapotranspiration (PET) changes
for all grids over global land from all multi-model ensemble simulations
considered in this study under the RCP4.5 emission scenario. The four
numbers in each panel represent the percentage of points in that region to the
total number of points.
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83%, indicating that the variability of PDSI is mainly
dominated by the mean precipitation changes. The
correlation coefficient between changes in the PDSI
standard deviation and mean P is 0.67. Thus, 45% of the
PDSI standard deviation change variance can be explained
by the mean P change. Figure 4B is the same as Figure 4A but
for the changes in mean PET. Figure 5B indicates a negative
correlation between changes in the PDSI standard deviation
and mean PET, which is because of a negative correlation
between the PET and P changes. The latter can be seen in
Figure 4: at the places where the precipitation decreases, the
PET change tends to be larger. Note that the PDSI standard
deviation change variance can be explained by 46% with both P
and PET changes, demonstrating that mean PET change plays
a very minor role in explaining the PDSI standard deviation
change in addition to the P changes.

This relationship between the PDSI standard deviation and
mean P changes can be understood by the fact that the
precipitation variability and thus the PDSI variability are
enhanced associated with the mean precipitation increases.
Noting that the PDSI mean change is simply determined by the
mean PET and P changes, the difference in the signs of severe
drought frequency changes due to the changes in the PDSI PDF
mean and shape over different regions (Figure 3A) can largely
be explained by the changes in the mean precipitation
and PET.

In Type I regions, the future precipitation largely increases
(over three quarters of the regions), but the drying effect of
enhanced potential evapotranspiration is larger than the
wetting effect due to the precipitation increase. Together,
there is a decrease in the PDSI mean and thus an increase
in the drought frequency due to the PDSI PDF mean change.
On the other hand, the increase in precipitation would lead to
an enhancement of the PDSI standard deviation, that is, a
flatter PDF shape, and thus an increase in the severe drought
frequency due to the PDSI PDF shape change. Therefore, the
signs of the severe drought frequency changes due to the
changes in the PDSI PDF mean and shape are both positive
in these regions.

In Type II regions, the future precipitation largely decreases
(over two-thirds of the regions), and the enhancement of
potential evapotranspiration exacerbates the drying effect
due to the precipitation decrease. This leads to a significant
decrease in the PDSI mean and thus an increase in the severe
drought frequency due to the PDSI PDF mean
change. However, the decrease in precipitation would lead
to a decrease in the PDSI standard deviation, that is, a steeper
PDF shape, and thus a decrease in severe drought
frequency due to the PDSI PDF shape change. Therefore,
the signs of severe drought frequency changes due to
changes in the PDSI PDF mean and shape in these regions
are opposite.

FIGURE 6 | Multi-model ensemble-averaged PDFs of PDSI for 1970–1999 and 2070–2099 averaged over the grids with robust changes in severe drought
frequency due to the changes in both mean and shape for (A) Type I, (B) Type II and (C) Type III regions in Figures 3A and (D) over the robust grids in Figure 2C.
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In Type III regions, the future precipitation increases
significantly over 94% of the regions, and its wetting effect
exceeds the drying effect associated with the potential
evapotranspiration enhancement. This leads to an increase
in the PDSI mean, and thus a decrease in the severe
drought frequency due to the PDSI PDF mean change.
However, the increase in precipitation would lead to an
enhancement of PDSI standard deviation, that is, a flatter
PDF shape, and thus an increase in the severe drought
frequency due to the PDSI PDF shape change. Therefore,
the signs of severe drought frequency changes due to the
changes in the PDSI PDF mean and shape in these regions
are also opposite.

Finally, to intuitively demonstrate the effect of PDSI PDF
change on the severe drought frequency change, Figure 6
shows the multi-model ensemble averaged PDSI PDF for
the periods 1970–1999 and 2070–2099 under the RCP4.5
scenario, averaged over the robust grids in the Types I, II,
and III regions (Figure 3A) and over the robust grid points in
Figure 2C. It can be seen in Figure 6A that the PDSI PDF shifts
to the left from 1970–99 to 2070–99, and the shape becomes
flatter with a decrease in the peak frequency, both leading to an
increase in the severe drought frequency. In Figure 6B, the
PDSI PDF shifts to the left from 1970–99 to 2070–99, but the
shape becomes steeper with an increase in the peak frequency,
leading to an increase due to mean change, but a decrease due
to shape change in severe drought frequency. In Figure 6C, the
PDF shifts to the right from 1970–99 to 2070–99, but the shape
becomes flatter with a decrease in the peak frequency, leading
to a decrease due to mean change but an increase due to shape
change in the severe drought frequency. The combined effect
of the PDF mean and shape leads to an increase in the severe
drought frequency in all type of regions. In Type II regions, the
PDSI PDF mean effect dominates, while in Type III regions,
the PDF shape effect dominates. In the Type I region, the PDF
mean and shape effects enforce each other. Figure 6D presents
PDSI PDFs using the grids with a robust increase in
severe drought frequency due to both PDSI PDF mean and
shape changes (see Figure 2C). There is a left shift in the PDF
and a flatter shape with a decrease in the peak frequency, both
leading to an increase in the drought frequency. Overall, both
the PDF mean and shape changes need to be considered to
examine the drought frequency changes.

CONCLUSIONS AND DISCUSSIONS

In this study, we systematically investigated the changes in
drought frequency in 2070–2099 relative to 1970–1999, due to
the mean and shape changes of the probability density function
(PDF) of the self-calibrated Palmer Drought Severity Index
(PDSI), using CMIP5 multi-model historical simulations and
projections under the RCP4.5 scenario. A method used to
separate the PDSI PDF mean and shape effects is robust
and does not contain the non-linear effect. We considered
the severe drought that is defined with PDSIs less than the 10th
percentile, and moderate drought that is defined as those with

PDSI between 10th and 20th percentiles. The main conclusions
are as follows.

The severe drought frequency due to changes in the PDF
mean increases significantly in northern South America,
southern Europe, and South Africa, with robust increases
ranging from 8 to 24%. The severe drought frequency due
to the change in the PDF shape robustly increases in northern
North America, northern Europe, and the mid- and high-
latitude Asian continent, with increases of up to 2–8%. The
spatial pattern of moderate drought frequency changes due to
the changes in the mean is very similar to that of severe
drought but with smaller magnitude. Moderate drought
frequency changes due to the PDF shape changes are
different from severe drought and are not significant. The
severe drought frequency due to both the PDSI PDF mean and
shape changes increases over almost the entire global land. The
moderate drought frequency due to both the PDSI PDF mean
and shape changes increases and decreases over 71 and 29% of
the global land, respectively.

For severe drought, increased drought frequency due to the
change in the shape exacerbated the increase due to the change
in the mean over 41% of the global land. They are mainly
located in the majority of the United States, most of Europe,
western Asia, northern and central Africa, and coastal areas of
East Asia. Over 28% of the global land, the decrease in the
drought frequency due to the change in the shape partially
offsets the increase due to the change in the mean. They are
mainly located in the southern United States and Mexico, the
Amazon basin of South America, the Mediterranean coast,
South Africa, and Australia. Over 31% of the global land, the
drought frequency increased due to the change in the shape but
decreased due to the change in the mean. They are mainly
located in northern North America, northern Asia, western
East Asia, South Asia, Southeast Asian island countries, and
East Africa. For moderate drought, an additional type is added
for the regions where both the PDSI PDF mean and shape
changes lead to a decrease in drought frequency. The four type
regions account for 28, 37, 27, and 8% of the land, respectively.

It is revealed that the PDSI standard deviation change is
mainly dominated by the mean precipitation changes, while
the PDSI mean change is determined by the combined effect
of the mean precipitation and potential evapotranspiration
changes. In particular, the PDSI standard deviation increases
with the increase in mean precipitation, which broadens the PDSI
PDF, and thus enhances the severe drought frequency, and vice
versa. On the other hand, the PDSI mean decreases with the
decrease (increase) in mean precipitation (mean potential
evapotranspiration). The difference in the attribution of severe
drought frequency change to the mean and shape changes of the
PDSI PDF over different regions is thus largely determined by the
corresponding future changes in mean precipitation and
potential evapotranspiration.

In the warming world, the potential evapotranspiration
increases almost over all global land. In the regions with the
wetting effect due to increased precipitation, which is smaller
than the drying effect due to increased potential
evapotranspiration, the change in the mean and shape of the
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PDSI PDF both lead to an increase in the severe drought frequency.
In the regions with the drying effect due to decreased precipitation
which is intensified by increased potential evapotranspiration, the
severe drought frequency increases due to the change in the mean
but decreases due to the change in the shape, and the former
dominates. In the regions with the wetting effect due to increased
precipitation exceeding the drying effect due to increased potential
evapotranspiration, the severe drought frequency decreases due to
the PDSI mean change but increases due to the shape change, and
the latter dominates.
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