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Abstract
In an increasingly globalized and warming world, drought can have devastating impacts on
regional agriculture, water resources, and the ecological environment. Reliable prediction of future
drought changes is especially important within the context of rapid warming. However, the extent
and future trends of drought changes are variable and incomplete in the CMIP6 forcing scenarios.
Based on the CMIP6 data, we chose the standardized precipitation-evapotranspiration index to
predict future global drought. The results show that when emissions increase under the three
shared socioeconomic pathway (SSP) scenarios (SSP126, SSP245 and SSP585), the global climate
environment becomes drier and drought grow more severe and longer-lasting. Regions already
classified as arid will suffer even more severe drought under high-emission SSPs. Specifically,
36.2% of global land will experience increased drought under SSP126, including 67.0% of regions
designated as arid, with droughts intensifying significantly. Under SSP585, 68.3% of global land
will suffer increased drought, with 93.2% of the arid regions experiencing significant drought
intensification. Furthermore, the global duration of drought is estimated to be 4.4 months,
5.7 months, and 8.6 months for the time periods 1960–2000, 2021–2060, and 2061–2100,
respectively. Notably, for the SSP585 scenario, regions that are already arid may become universally
drought-stricken by the late 21st century. The most severe aridification trends may occur in the
arid regions of Australia, Middle East, South Africa, Amazon basin, North Africa, Europe, and
Central Asia. Additionally, Europe and the Amazon River Basin are also facing the threat of future
drought. Increased aridification will put these regions and countries at risk of further land and
ecological degradation, as well as increased poverty. The results of this study have far-ranging
implications not only for how we deal with the impacts of climate warming-induced drought
disaster, but also for how these impacts affect socio-economic and ecological security.

1. Introduction

According to the statistical results of the International
Disaster Database (EM-DAT 2021), the share of eco-
nomic losses caused by drought is as high as 59% of
all climate disaster economic losses. The impacts of
drought involve many fields on the agricultural pro-
duction (Webber et al 2018), economic development
(Ding et al 2011), social stability (Wang et al 2015,
2019, Yang et al 2021), water resources management
(Zhang et al 2015), and local ecosystem functioning

(Van Dijk et al 2013, Staal et al 2020). Statistics show
that between 1900 and 2021, drought caused 11.73
million deaths and affected more than 2.7 billion
people (EM-DAT 2021). It is worth noting that three-
quarters of the expansion of arid regions is occurring
in poor and technologically under-developed coun-
tries (Huang et al 2017). The increase in aridification
will put these regions and countries at risk of further
land degradation and increased poverty. Therefore, it
is imperative to study the changing trends of anticip-
ated future drought events to prevent theworld’smost
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vulnerable nations from sliding deeper into poverty.
How will climatic aridity change in future as a con-
sequence of the ongoing accumulation of greenhouse
gases?

Drought is slower and more complicated in both
its occurrence and development process, compared
to other natural disasters. Drought indexes are often
used to describe long-term changes of drought events,
and a standardized precipitation evapotranspiration
index (SPEI) based on precipitation and potential
evapotranspiration (PET) can reflect deficit of water
in a changing environment. The primary approach
uses the Thornthwaite evapotranspiration formula,
neglecting the variations of solar and infrared radi-
ation, humidity and wind speed (Sheffield et al 2012,
Dai 2013). In this way, the role of air temperature
is exaggerated (Zhang et al 2016, Li et al 2017), and
evapotranspiration in arid and semi-arid regionsmay
be underestimated, while in wet regions may be over-
estimated (Donohue et al 2010, Van Der Schrier et al
2011, Chen and Sun 2015). The Food and Agriculture
Organization of the United Nations (FAO) recom-
mends the Penman–Monteith equation, which incor-
porates the effects of heat and dynamics on evapo-
transpiration such as changes in temperature, solar
and infrared radiation, humidity and wind speed
(Sheffield et al 2012, Trenberth et al 2014). It is now
recognized that one should apply physically based
approaches to investigate the future global drought
changes.

Projected changes in the long-term aridity can be
assessed by directly interrogating the climate model
output. In terms of predictions of future climate
change, previous investigations showed that CMIP6 is
more reliable and stable thanCMIP5 (Chen et al 2020,
Nie et al 2020). This is because CMIP6 has adop-
ted more reasonable shared socioeconomic pathways
(SSPs) by sharing policy assumptions to work in
coordinationwith RCPs compared toCMIP5 (Ritchie
and Dowlatabadi 2017) (Anon 2019).

CMIP6 has improved performance in many
drought-related aspects, from predicting ecosystem
processes (e.g. leaf area index) to hydrological pro-
cesses such as runoff, terrestrial water storage, and
surface energy allocation (Cook et al 2020). Sim-
ulations of historical surface temperature extremes
show a better agreement of CMIP6 models with
ERA5 than CMIP5 models (Thorarinsdottir et al
2020), as the CMIP6 models are better at captur-
ing the observed global and regional extreme tem-
perature patterns in terms of improved partial higher
horizontal resolution and representation of weather
processes. Moreover, compared to CMIP5, CMIP6
exhibits a general improvement in simulating extreme
climates and their trend patterns for most terrestrial
regions in extreme climate studies (Agel and Barlow
2020, Chen et al 2020, Di Luca et al 2020, Kim et al
2020, Srivastava et al 2020). Additionally, CMIP6 is
also more consistent with the most recent reference

estimate for global energy balance (Wild 2020). Based
on CMIP6 simulations, several droughts predictions
have been conducted at global and regional (China,
South Asia) scales (Cook et al 2020, Ukkola et al 2020,
Zhai et al 2020), with strong drought trends being
found in many regions. Previous research findings
have shown the strong ability of CMIP6 to capture
historical drought features (Su et al 2020). Notably,
the most previous prediction studies have focused on
average/extreme temperatures or precipitation, neg-
lecting the long-term variation in drought character-
istics. Few studies have been conducted at the global
scale, considering the latest CMIP6 and changes in the
duration, frequency, and intensity of drought events.

Considering the improvements in CMIP6, the
new Global Climate Model (GCM) and SPEI is more
capable of correctly predicting future drought event
characteristics. The aim of this paper is to investigate
drought characteristics based on the outputs of nine
CMIP6 models under three high, medium and low
scenarios (SSP126, SSP245, SSP585). In this study,
the CMIP6 GCMs behave been resampled to ensure
that all models have the same horizontal resolution,
then evaluated based on observed data, and finally
predicted future changes in drought characteristics
across the globe for the time periods 2021–2060 (near
term), and 2061–2100 (long term).

2. Data andmethods

2.1. Datasets
2.1.1. Observation-based data
The monthly records of temperature, precipitation
and other climatic factors for the observation data are
from the latest Climate Research Unit dataset (CRU
TS v4.04). According to the official data descrip-
tion for the CRU, these climatic factors is gener-
ated using angular-distance weighting interpolation
based on over 4000 weather stations around the
world, and its PET data are calculated based on the
Penman–Monteith method (Harris et al 2020).

2.1.2. Climate model data
In this study, we used data from nine GCMs under
the latest CMIP6 data. The shared SSPs analyzed
were SSP126, SSP245, and SSP585, the same vari-
ant label ‘r1i1p1f1’ be used for all data, nine pub-
licly accessible models were used (ACCESS-CM2,
ACCESS-ESM1-5, CanESM5, FIO-ESM-2-0, IPSL-
CM6A-LR, MRI-ESM2-0,GFDL-ESM4, INM-CM5-
0 and MIROC6).

2.2. Research methods
2.2.1. Drought indicator
The SPEI was first proposed by Vicente-Serrano et al
(2010) to describe conditions based on the devi-
ation of the differences between precipitation and
PET from themean state (Vicente-Serrano et al 2010).
In this study, SPEI values on a 12 month time-scale
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are used to characterize drought in different climatic
regions around the world. The steps used in the cal-
culation are given below.

First, the FAO Penman–Monteith equation was
employed to calculate PET for the period 1950–2100
(Allen et al 1998), as follows:

PET=
0.408∇(Rn −G)+ γ 900

T+273U2 (es − ea)

∇+ γ (1+ 0.34U2)
. (1)

Next, the difference between month-by-month pre-
cipitation and evapotranspiration was calculated by
the formula:

Di = Pi − PETi. (2)

Based on the PET and precipitation from GCM data,
the log-logistic probability distribution was used to
fit the difference between precipitation and PET, and
the SPEI value corresponding to each Di value was
calculated. By applying the same parameters of dis-
tribution function established in the historical period
1961–2015, the SPEI dryness/wetness conditions in
future can be assessed. When the cumulative probab-
ility P < 0.5, the SPEI is calculated as:

w=
√

−2ln(P) (3)

SPEI= w− c0 + c1w+ c2w2

1+ d1w+ d2w2 + d3w3
(4)

where: d1 = 1.432788; d2 = 0.189269; d3 = 0.001308;
c0 = 2.551517; c1 = 0.802853; and c2 = 0.010328.

However, when P > 0.5, the SPEI is calculated as:

SPEI=−
(
w− c0 + c1w+ c2w2

1+ d1w+ d2w2 + d3w3

)
. (5)

2.2.2. Identification of drought events
The run theory first proposed by Yevjevich (1969)
is widely used to identify and characterize different
droughts events (Yevjevich 1969). A run is the por-
tion of all values in a time series that is below or
above a cutoff threshold. The portion below the cutoff
threshold is a negative tour, while the opposite part is
a positive tour. According to the definition of drought
events by McKee et al (1993), we determine it by the
following three criteria: The SPEI value is consistently
less than 0, then the minimum SPEI value during the
period is less than −1, lastly, the total duration is
greater than or equal to 3 months. The persistent low
intensity drought events can also have a significant
impact on agriculture, vegetation growth, and local
ecosystems as well as high intensity drought events
(Guo et al 2018). Therefore, the run theory was used
to identify these two types of droughts events com-
prehensively.

To study future drought events characteristics and
quantify the development of future drought, this
paper compares the historical period of 1960–2000

with the SPEI values for the two time periods
2021–2060 and 2061–2100. As well, it combines the
run theory to extract drought events and describe
their basic characteristics, including drought fre-
quency (DF), mean drought duration (MDD), and
mean drought intensity (MDI). The differences in
multi-year drought characteristics between the two
stated time periods were also calculated to analyze the
differences in drought characteristics between these
periods, expressed as relative DF, relative MDD, and
relative MDI. Drought events intensity was calcu-
lated by computing the average of the intensity of
all drought events on each grid during the reference
period and the two future periods. When calculating
the three attributes of the average drought event over
global land, we assumed that for each grid cell, for
each model and SSP, a series of drought events are
identified based on run theory. Therefore, the attrib-
utes of each event are calculated. The attributes are
then averaged over all grid cells, all models, and all
SSP scenarios for each 40 year period.

3. Results

3.1. Comparison of GCM simulated data with
observed data
The Taylor diagram is an effective method for model
evaluation and testing. We use Taylor diagrams to
compare models visually. From figure 1 we can see
that GCM can simulate changes in temperature very
well. Further, the correlation coefficients of all nine
GCMs are greater than 0.99, which is quite close to
1. The standard deviation indicates the ability of the
GCM to simulate the center amplitude. The standard
deviation of the nine GCMs is uniformly distributed
around 1 and they have excellent performance in the
simulation of the center amplitude. The root mean
square error is used to measure the deviation of the
observations from the GCM and is less than 0.13 for
all nine GCMs.

The simulation of GCMs for precipitation is not
as competently as that for temperature,Other than for
FIO-ESM-2-0, the correlation coefficients between
GCMs and measured data are distributed between
0.72 and 0.89. Regarding the ability to simulate the
central amplitude, the standard deviation of GCM
is generally small overall, with a standard deviation
of less than 1. This indicates a weak simulation of
the precipitation amplitude. Among them, ACCESS-
CM2 has the best performance with a standard devi-
ation value of 1.04. In contrast, FIO-ESM-2-0 has
the smallest standard deviation of 0.40. Regarding
deviations between observations and GCMs, the root
means square error values of the nine GCMs were
distributed between 0.47 and 0.85, with the smallest
deviation for IPSL-CM6A-LR and the largest devi-
ation for FIO-ESM-2-0.

The GCMs performed well for the simula-
tion of PET, which illustrates the precision of the
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Figure 1. Standardized Taylor diagram showing model simulation capability of simulated values for nine GCMs from 1950 to
2015 for observation data of temperature, precipitation, and potential evapotranspiration. (Standard deviation in Standardized
Taylor diagram is the ratio of the standard deviation of model to the standard deviation of observations).

Figure 2. Spatial distribution of estimated Sen’s slope of monthly SPEI values for the historical period (a) and three future paths
of SSP126 (b), SSP245 (c) and SSP585 (d). The dot in the figure indicates that the region exceeds the Mann–Kendall significance
test (0.05).

Penman–Monteith formula for calculating PET. The
correlation coefficients in all nine GCMs were greater
than 0.98, with high correlation. The overall per-
formance is good in terms of the ability to simulate
the center amplitude, and it can simulate the amp-
litude accurately. Except for the standard deviation of
GFDL-ESM4, which is less than 1, the standard devi-
ation of other GCMs is slightly larger than 1. Regard-
ing the deviation between observations and GCMs,
the root mean square error was less than 0.25 for all
nine GCMs.

3.2. Future trend changes of drought
We analyzed the spatial distribution characteristics of
global drought change trends based on Sen’s slope
of drought trends and MK significance test with a

0.05 significance level. In terms of spatial distribution,
the spatial pattern of future drought change in the
lower SSP126 is consistent with the medium SSP245
and the higher SSP585, while the spatial distribu-
tion of dry and wet change trends is relatively con-
centrated and well-defined. The distribution is also
relatively concentrated and well-defined. In figure 2,
the regions of intensifying drought are mainly con-
centrated in Australia, Middle East, South Africa,
the Amazon basin, North Africa, Europe and Cent-
ral Asia. These are mostly arid regions, indicating
that in the context of climate change, the decrease
in precipitation and the increase in potential evapo-
transpiration in the global arid regions in the future
may lead to further intensification of drought in
arid areas.
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Figure 3. Temporal evolution of SPEI on a 12 month scale for global land and three future paths SSP126, SSP245 and SSP585 and
the color lines represent the SPEI by ensemble mean of GCMs in 2015–2100 under SSPs. The shadow represents the range of
multiple GCMs. The black dashed line indicates the year 2015, allowing a better comparison between the historical period and the
future period, the linear trend line (information corresponding to the linear trend line is given in the upper right corner) and the
smoothed line based on local regression (LOESS) and spanning 15 years are fitted on the right side and marked with black and
magenta solid lines, respectively. The corresponding black triangle is the turning point based on the LOESS curve.

In the case of SSP126, the magnitude of change
is smaller and less stable. The percentage of global
land area that exceed the 0.05 significance test under
the SSP126 was 47.4%, the percentage of global
land area that exceed the 0.05 significance test and
showed drought intensification was 36.2%, in arid
and semi-arid regions, 67.0% of the regions indic-
ated droughts intensify significantly. In the case of
the high scenario (SSP585), the variation is large and
shows substantial drought intensification. Globally,
85.7% of the land surface exceed the 0.05 signific-
ance test, the percentage of the global land regions
indicated droughts intensify significantly was 68.2%,
in arid and semi-arid regions, 93.2% of the regions
indicated droughts intensify significantly. This sug-
gests that some changes in future drought can bemit-
igated by reducing greenhouse gas (GHG) emissions,
especially when the lower emission SSP is compared
to themedium emission scenario SSP245. In the latter
scenario, 68.3% of the global land surface exceed the
0.05 significance test, the model data exceed the 0.05
significance test, and the percentage of global land
area exhibiting increased drought is 53.3%, in arid
and semi-arid regions, 90.5% of the regions indic-
ated droughts intensify significantly. It is clear that the
magnitude of change is skewed toward future changes
in higher SSP, which is further strong evidence of
the need to control GHG emissions. However, even
at lower emissions, strong changes are expected in
many regions, especially in Australia, the Amazon,
and Central Asia.

The results indicate an overall decreasing trend
in global wet and dry variability for the period
2015–2100, with droughts intensifying over time.
Meanwhile, in figure 3, the SPEI values for the three
future SSPs show dramatic differences in develop-
ment after 2060. The risk of drought intensification is
higher in Australia, South Africa, the Amazon basin,
North Africa, Europe, and Central Asia.

3.3. Projections of the drought events
characteristics
3.3.1. Duration of drought events
The spatial pattern of drought events duration
changes relative to the historical period in two differ-
ent study time periods and three future SSPs is shown
in figure 4. As can be seen, the increase in drought
events duration is greater in the dry zone under the
high-emissions shared socioeconomic path. In con-
trast, the drought events duration in the wet zone
exhibits a slight increase, with the wet zone with a lar-
ger value of drought events duration increase mainly
located in the Amazon River basin. It is worth noting
that, while under the high emission SSPs, European
regions also exhibit an increase in drought events
duration.

This increase is also evidenced by the mean
drought events duration in the global terrestrial
humid and semi-humid regions and in the arid and
semi-arid regions. The average drought events dura-
tion over global land is estimated to be 4.4 months,
5.7 months, and 8.6 months (average of all SSP
scenarios) corresponding to the historical periods
1960–2000, 2021–2060, and 2061–2100, respectively.
In arid and semi-arid areas, the estimated durations
are 6.5, 9.5, and 15.3 months, respectively, whereas
in humid and semi-humid areas, there is a slightly
increase in the trend of drought events duration
to 3.6, 4.3, and 5.7 months, respectively. It should
be emphasized that drought events with longer
durations are expected to be particularly promin-
ent during 2061–2100, especially in arid and semi-
arid regions. For comparisons between shared SSPs
in terms of emission effects, longer drought events
duration corresponds to higher emission SSPs. This
correspondence is mostly concentrated in drought
regions in the latter two periods and is more pro-
nounced in 2061–2100. In the Amazon and European
regions, this phenomenon is also more pronounced
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Figure 4. Spatial distribution of relative drought event duration in global terrestrial for two future cycles 2021–2060 (a)–(c),
2061–2100 (c), (d), (f) under SSP126 (a), (d), SSP245 (b), (e) and SSP585 (c), (f) scenarios, relative to the reference cycle
1961–2000. The dotted regions indicate the eight global arid regions: Middle East Asia, Southwest Asia, Sahara (North Africa and
Sahara Desert), Horn of Africa, South Africa, Australia, southwest USA, and Patagonia (same as sections 3.3.2 and 3.3.3).
Changes in the duration of drought events over the periods 2021–2060, 2061–2100 identified by the SPEI, represented by box
plots, distinguishing global (g), humid and semi-humid regions (h) and arid and semi-arid regions (i), relative to the reference
SSP126, SSP245, SSP585 scenarios. The box plots and the black dots denote the five statistics: minimum, first quartile, median,
third quartile with maximum and mean, respectively.

during the same period, with estimated future dur-
ations of 3.7, 5.3, and 9.8 months, respectively, in
the European region, and distribution correspond-
ing to SSP126, SSP245, and SSP585. In contrast, in
the Amazon basin, the estimated future durations are
3.5, 4.8, and 9.1 months, respectively. Overall, these
two regions face a high risk of drought under high
emission scenarios. Notably, when considering all
pathways, regions and future periods, the high emis-
sion scenario SSP585 consistently exhibits a longer
duration.

3.3.2. Frequency of drought events
The drought events frequencies were calculated for
each grid for the reference and future periods (fre-
quencies are events per 40 years). Relative to the
reference period, changes in the spatial pattern of
drought events frequencies are expected to be mani-
fested in different periods and scenarios primarily
in the United States, the Amazon basin, the Sahara,
Australia, South Africa, Europe, and Central Asia
(figure 5). The decreasing trend in drought events fre-
quency which occurs mainly in the Sahara and the
South Asian peninsula is caused by the shift from
drought events to long-term drought events in the
Sahara.

The average global drought events frequency for
all regions is estimated to be about 12.7 and 11.8
events (average of all scenarios), respectively, which

is higher than the reference cycle of 9.1 events for the
future periods 2021–2060 and 2061–2100. Therefore,
the frequency of future drought events will be higher
relative to the reference period.

The average frequency of drought events in arid
and semi-arid regions is 15.5 and 11.9, respectively,
and the frequency of long-term drought events in
arid regions will decrease during 2021–2060 and
2061–2100. However, the duration of drought events
will increase with the intensity of drought, which
indicates that drought events in arid regions will turn
into stronger drought. Unlike the arid and semi-arid
regions, the change in drought events frequency in
humid and semi-humid regions will increase insig-
nificantly 11.3 and 11.8 times during 2021–2060 and
2061–2100, respectively.

When comparing SSPs in terms of emission
effects, lower DF corresponds to higher emission
SSPs. For the next two periods, this correspond-
ence is mostly concentrated in drought regions, with
drought frequencies of 16.5, 15.5, and 14.2 dur-
ing 2021–2060 and distribution corresponding to
SSP126, SSP245 and SSP585. This relationship is
more obvious during 2061–2100, at 14.4, 12, and
9.3 times, respectively. Combined with the above
analysis of drought ephemeris, this further indicates
that drought events in the arid zone will transform
into long-term drought events under high emission
SSPs.
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Figure 5. Spatial distribution of relative drought event frequency in global terrestrial for two future cycles 2021–2060 (a)–(c),
2061–2100 (c), (d), (f) under SSP126 (a), (d), SSP245 (b), (e) and SSP585 (c), (f) scenarios, relative to the reference cycle
1961–2000.
Changes in the frequency of drought events over the periods 2021–2060, 2061–2100 identified by the SPEI, represented by box
plots, distinguishing global (g), humid and semi-humid regions (h) and arid and semi-arid regions (i), relative to the reference
SSP126, SSP245, SSP585 scenarios. The box plots and the black dots denote the five statistics: minimum, first quartile, median,
third quartile with maximum and mean, respectively.

3.3.3. Intensity of drought events
Drought event intensity was calculated as the 40 year
average of all event-average SPEI values at each grid
cell for each of the periods of interest (averaged over
all models). Figure 6 shows the absolute change in
drought events intensity between the future period
and the reference year. Relative to the reference
period, nearly all mid- and low-latitude regions of the
globe exhibit an increase in drought events intens-
ity for almost all SSP scenarios and future periods.
The projected results indicate that relatively large
increases in drought events intensity are concentrated
in western United States, Patagonia, Sahara, Middle
East, South Africa, Central Asia, and Australia, and
that drought events intensity and spatial patterns will
be very similar in the three climate scenarios during
the future period 2021–2060. Drought events intens-
ity will increase significantly in European region and
Amazon River basin during 2061–2100 under SSP245
and SSP585. Moreover, the intensity and duration of
droughts will be decreased in the higher latitudes of
the northern hemisphere, such as Iceland and north-
ern Siberia.

The regional average drought events intensity
over the global land surface during the reference
period is estimated to be −0.62. However, severe
drought events are expected to occur in the future
according to the model. Specifically, in 2021–2060
and 2061–2100, the intensity is anticipated to be
−0.75 and−0.97 (all SSP averages), respectively.

In both humid and arid areas, although the spa-
tial pattern of drought events intensity change is con-
sistent (as shown in figure 6), the average expected
drought events intensity in arid areas is more sig-
nificant than that in arid and semi-humid areas. In
2021–2060, the drought events intensity in arid areas
is expected to be −1.1, while that in wet areas is
expected to be −0.58. Meanwhile, in 2061–2100, the
intensity is estimated to be −1.5 in arid areas and
−0.67 in wet ones. The difference between arid and
wet areas is further widened in the late 21st century,
when arid areas suffer from evenmore severe drought
consequences. Furthermore, in terms of changes in
intensity levels under climate scenarios, the projec-
tions show that more severe droughts events are like-
lier to occur globally under higher emission scenarios,
especially in the late 21st century, with global drought
events intensity reaching −1.21 under the SSP585
emission scenario and even −2.0 (extreme drought)
in arid regions.

4. Discussion

4.1. Drylands at greater risk
By the end of this century, arid areas are expec-
ted to cover half of the global land surface, with
increased warming and population growth, drylands
in developing countries will experience degradation
and desertification (Huang et al 2016). Arid areas
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Figure 6. Spatial distribution of relative drought event intensity in global terrestrial for two future cycles 2021–2060 (a)–(c),
2061–2100 (c), (d), (f) under SSP126 (a), (d), SSP245 (b), (e) and SSP585 (c), (f) scenarios, relative to the reference cycle
1961–2000.
Changes in the intensity of drought events over the periods 2021–2060, 2061–2100 identified by the SPEI, represented by box
plots, distinguishing global (g), humid and semi-humid regions (h) and arid and semi-arid regions (i), relative to the reference
SSP126, SSP245, SSP585 scenarios. The box plots and the black dots denote the five statistics: minimum, first quartile, median,
third quartile with maximum and mean, respectively.

(drylands) are more sensitive and vulnerable to cli-
mate change than wet areas (wetlands), and there
are large asymmetries in response. Previous studies
have reported that themagnitude of climate change in
global drylands will exceed the global average (Huang
et al 2017). Due to global warming, some borders of
wetlands will be transformed into drylands, and that
more severe droughtswill occur in these newdrylands
(Feng and Fu 2013, Sherwood and Fu 2014, Berg et al
2016).

Our study is based on drylands as defined by
historical data, investigated regional differences in
future changes of drought, arid areas facemore severe
drought threats compared to wet areas, and wet areas
will be transformed into arid areas, which in return
will negatively affect more people’s lives. Drought will
pose greater challenges to agriculture, water manage-
ment, and human health in arid regions. The find-
ings indicated that by the late 21st century, drought
events duration will be 2.7 times longer and drought
events intensity 2.2 times more severe in arid areas
than in wet ones under the SSP585 path. The cause
of this difference may be due to plant transpiration
against photosynthesis (Liu et al 2006), where the
physiological response of plants under conditions of
high CO2 reduces the prediction of future drought
stress (Swann et al 2016). Other factors include
the effect of clouds and aerosols on energy bal-
ance (Huang et al 2017). Therefore, when conducting
global warming studies, anticipated future changes

in arid regions and regional differences cannot be
ignored.

4.2. Addressing future drought risks
Based on the three typical SSPs in CMIP6, this study
used the Penman–Monteith formula with SPEI indic-
ators to predict future drought conditions globally.
The results showed that the magnitude and extent of
drought increased significantly with increasing SSPs
and warming, which suggests that future drought
risk in hotspots can be mitigated by reducing GHG
emissions.

Our model projections indicate a general trend
towards drier global wet and dry variability, with
droughts intensifying over time. The spatial distribu-
tion shows a higher risk of increased drought in Aus-
tralia, South Africa, the Amazon Basin, North Africa,
Europe and Central Asia. Our results further validate
the risk of future drought. The global warming will
increase the risk and severity of droughts inmost sub-
tropical and mid-latitude regions (Cook et al 2018).
Severe and widespread droughts will occur world-
wide over the next 30–90 years due to reduced pre-
cipitation and/or increased evaporation (Dai 2013),
with drier average conditions, the risk of the most
extreme drought events in history has increased with
warming, by 200%–300% in some areas (Cook et al
2020). Specifically, the regional average drought event
intensity over the reference period is estimated to
be −0.62 over global land, while under the SSP585
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scenario for 2061–2100, the intensity is projected
to reach −1.19. Moreover, if contemporary rates
of warming continue, water supplies and demand
deficits could increase fivefold in Africa, Australia,
southern Europe, south-central United States, Cent-
ral America, the Caribbean, and parts of northwest-
ern and southern China (Naumann et al 2018). Agri-
cultural focus areas (Chile, Central Europe, Eastern
United States and parts of China) and densely pop-
ulated areas (e.g. Mediterranean. Southern Africa,
WesternAfrica and southernNorthAmerica)will suf-
fer frommore severe droughts, threatening water and
food security (Ukkola et al 2020).

Europe and the Amazon basin region face more
severe drought risks under the path of high emission
SSPs, and future droughts in these two regions will
break the balance of global socio-economic, agricul-
tural production, and ecosystems, and further aggrav-
ating global warming (Webber et al 2018).

In the SSP585 scenario for 2061–2100, in the
European region, the estimated future duration is
9.8 months and the intensity of drought is 2.8 times
higher than in the historical period. Meanwhile, in
the Amazon basin, the estimated future duration is
9.1 months and the drought intensity is 2.5 times
higher than in the historical period. Overall, these
two regions face a high risk of drought under the
high emissions scenario. More than 82% of Europe’s
population is expected to live in urban areas by 2050
(UN Habitat 2011). The concentration of popula-
tion, assets and activities makes it difficult for cities
to adapt to increased droughts due to global warming
(Shi et al 2016). At the same time, Central Europe is
one of the major global food producers and export-
ers, and increased droughts could also threaten agri-
cultural production in Europe.

Similarly, forest cover and evapotranspiration in
the Amazon basin are crucial for the water cycle in
tropical South America. Much of the basin will exper-
ience reduced rainfall in the future, especially in the
eastern and southern parts of the Amazon, which
will be dry in the 21st century (Parsons 2020). In
addition, future changes in the region are partic-
ularly vulnerable to anthropogenic impacts on the
region such as deforestation, land management, and
forest fires (Nepstad et al 2014). Climate change will
double the area burned by wildfires in the Amazon,
and by 2050, 16% of the region’s forests will be
affected (Brando et al 2020). Drought and deforesta-
tion feedbacks will hinder efforts to curb drought and
deforestation (Staal et al 2020). The combined stress-
driven forest declines will in return have significant
impacts on regional carbon sequestration (regional
carbon sequestration), land degradation risk, biod-
iversity, and the global climate system. Therefore, to
meet the challenges posed by future climate change,
international cooperation is urgently needed for dis-
astermanagement from the perspective of sustainable
development of global human society.

5. Conclusion

The current analysis of the CoupledModel Intercom-
parison Project (CMIP) with the Intergovernmental
Panel on Climate Change assessment report was our
main source of data support and general inform-
ation on how droughts will change in the future.
Our study was based on the nine latest CMIP6 cli-
mate models, and we used the Penman–Monteith
equationwith SPEI to estimate future droughts under
three SSPs (SSP126, SSP245 and SSP585). The results
revealed that when emissions increase the global cli-
mate environment becomes drier and drought grow
more severe and longer-lasting. Regions already clas-
sified as arid will suffer even more severe drought
under high-emission SSPs. Specifically, 36.2% of
global land will experience increased drought under
SSP126, including 67.0% of regions currently des-
ignated as arid, with droughts intensifying signific-
antly. Under SSP585, 68.3% of global land will suf-
fer increased drought, with 93.2% of the arid regions
experiencing significant drought intensification.

Furthermore, concerning to future droughts
events, drought intensity will become more severe,
drought duration will lengthen, and DF will decrease
in arid regions, which indicates that drought events
in arid regions will turn into severe drought. The
duration of drought over global is estimated to be
4.4 months, 5.7 months, and 8.6 months for the
time periods 1960–2000, 2021–2060, and 2061–2100,
respectively. Notably, for the SSP585 scenario, by the
late 21st century, drought events duration will be 2.7
times longer and drought events intensity 2.2 times
more severe in arid regions than in humid regions,
regions that are already arid may become univer-
sally drought-stricken. The most severe aridification
trends will occur in the arid regions of Australia,
Middle East, South Africa, the Amazon basin, North
Africa, Europe, and Central Asia. In addition, Europe
and the Amazon River Basin are also facing the threat
of future drought. Increased aridification will put
these regions and countries at risk of further land and
ecological degradation, as well as increased poverty.
The findings of this study have far-ranging implic-
ations not only for how we deal with the impacts
of climate warming-induced drought disaster, but
also for how these impacts affect socio-economic and
ecological security.
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