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ABSTRACT

Anthropogenic forcing is anticipated to increase the magnitude and frequency of precipitation-induced

extremes such as the increase in drought risks. However, the model-projected future changes in global

droughts remain largely uncertain, particularly in the context of the Paris Agreement targets. Here, by using

the standardized precipitation index (SPI), we present a multiscale global assessment of the precipitation-

driven meteorological drought characteristics at the 1.58 and 28C warming levels based on 28 CMIP5 global

climate models (GCMs) under three representative concentration pathways scenarios (RCP2.6, RCP4.5, and

RCP8.5). The results show large uncertainties in the timing reaching 1.58 and 28C warming and the changes

in drought characteristics amongGCMs, especially at longer time scales and under higherRCP scenarios. The

multi-GCM ensemble mean projects a general increase in drought frequency (Df) and area (Da) over North

America, Europe, and northern Asia at both 1.58 and 28C of global warming. The additional 0.58C warming

from 1.58 to 28C is expected to result in a trend toward wetter climatic conditions for most global regions

(e.g., North America, Europe, northern Asia, and northern Africa) due to the continuing increase in pre-

cipitation under the more intensified 28C warming. In contrast, the increase in Df is projected only in some

parts of southwest Asia, South America, southern Africa, and Australia. Our results highlight the need to

consider multiple GCMs in drought projection studies under the context of the Paris Agreement targets to

account for large model-dependent uncertainties.
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1. Introduction

Global warming due to the increasing concentration

of greenhouse gases is anticipated to havemajor impacts

on the hydrologic cycle (Huntington 2006; Milliman

et al. 2008; Arnell and Gosling 2013;Wu et al. 2018; Yeh

and Wu 2018; Zhai et al. 2018), such as changing pre-

cipitation (PR) patterns and increasing risks of extreme

hydrometeorological events (Sheffield and Wood 2008;
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Dai 2011, 2013; Sillmann et al. 2013; Prudhomme et al. 2014;

Wu and Huang 2016; Wu et al. 2016; Dai and Zhao 2017;

Zhao andDai 2017; Xu et al. 2019a,b). To reduce the risks

and impacts of climate change, the Paris Climate

Agreement proposed for the first time a goal to limit

global mean surface warming below 2.08C and pursue

for the target of within 1.58C above the preindustrial

levels (UNFCCC 2015). The political and socioeco-

nomic achievability of these goals calls for advanced

impact assessment studies of climate changes considering

multiple sectors at these two specific warming levels

(Stocker 2013; Schleussner et al. 2016b; Sanderson et al.

2017). Despite the urgent needs for climate change

adaptation and mitigation, there still exist substantial

knowledge gaps regarding the negative impacts of

warming, which potentially can be alleviated by lim-

iting the global warming target from the commonly

recognized 28 to 1.58C (Sanderson et al. 2017).

The general public usually perceives the adverse im-

pacts of climate changes through the increasing fre-

quency and severity of climate extremes such as flood,

drought, and heat waves, all of which are closely tied to

large economic losses and casualties (Wang et al. 2017).

Among climate hazards, drought leads to major agri-

cultural, economic, and environmental damages with

significant global economic losses per year (Wilhite 2000).

It is therefore important to investigate how the drought

risks may change if global warming can be controlled to

within 1.58 and 28C, and whether significant differences in

drought risk can be quantitatively projected between these

two specific warming levels. Several recent climate mod-

eling studies have projected the changes in climate ex-

tremes andwater disasters under the 1.58 and 28Cwarming

at both global (Wang et al. 2017; Betts et al. 2018) and

regional (Donnelly et al. 2017; King and Karoly 2017;

Nangombe et al. 2018; Zhai et al. 2018; Li et al. 2019)

scales. However, analyses of the changes in drought risk

under 1.58 and 28C warming are relatively scarce, with

only few studies (e.g., Lehner et al. 2017; Su et al. 2018)

examining the implications of mitigation levels over the

continent. Lehner et al. (2017) projected a change in the

global aridity and the associated risk in the occurrence of

consecutive years of drought under 1.58 and 28C warm-

ing using the multiple drought metrics and a set of

simulations with the Community Earth System Model

(CESM). Su et al. (2018) conducted an assessment on

the drought losses in China under 1.58 and 2.08Cwarming

using 13 global climate models (GCMs) participated in

the Coupled Model Intercomparison Project phase 5

(CMIP5). There are generally consistent findings from Su

et al. (2018) and Lehner et al. (2017) in that both studies

highlighted that constraining anthropogenic warming to

1.58C can reduce future drought risk relative to 2.08C

warming, but more efforts using alternative climate

models are necessary to ensure the robustness of these

findings. Recent research (e.g., Wang et al. 2017) has

demonstrated that the differences in the greenhouse

gases (GHGs) emissions scenarios can significantly

affect the global impact assessment of 1.58 and 28C
warming. However, our common knowledge on the sen-

sitivity of drought risk to global 1.58 and 28C warming

under different GHGs emission scenarios is still limited.

To enhance understanding on this critical issue, climate

modeling studies aiming at limiting global warming to

specific target levels require various combinations of

GHG and aerosol forcing emission scenarios.

Here, using the standardized precipitation index (SPI)

as the precipitation-driven drought index, this study

presents a global assessment of drought characteristics

at 1.58 and 28C warming levels and the difference in the

drought characteristics considered between the global

1.58 and 28Cwarming levels based on the simulated global

PR data from 28 GCMs participated in CMIP5 under

three representative concentration pathway scenarios

(RCP2.6, RCP4.5, and RCP8.5). Using a multimodel

approach, we aim to explore globally the projected

changes in drought characteristics under the future 28C
global warming, and whether these changes in charac-

teristics can be alleviated by limiting the warming to

1.58C, consistent with the primary concern and advoca-

tion of the Paris Agreement. Also, we assess the uncer-

tainties in meteorological drought projections at 1.58 and
28C warming as contributed by the alternative RCP sce-

narios and various GCMs used in this study.

In the following section 2, the details on the used global

observation-based and CMIP5 GCM-simulated gridded

datasets at 1.58 and 28C global warming levels under three

RCP scenarios are provided, and the definition of SPI as

well as the details of bias-correction method used in this

study are introduced. In section 3, the level of agreement

on the GCM-projected drought frequency (Df) and area

(Da), and the multimodel mean projected changes of Df

and Da at the 1.58 and 28C warming levels (as well as the

effects due to the additional 0.58C warming) are analyzed

under the alternative emission scenarios. Themain sources

of uncertainties in projected future drought characteristics

are discussed in section 4. Finally, the conclusions drawn

from this study are summarized in section 5.

2. Dataset and methods

a. Global climate simulations at 1.58 and 28C global
warming levels

The monthly PR and temperature T data simulated

by 28CMIP5GCMs underRCP2.6, RCP4.5, andRCP8.5

2178 JOURNAL OF HYDROMETEOROLOGY VOLUME 21

Unauthenticated | Downloaded 09/10/21 06:40 AM UTC



provided by the Canadian Climate Data and Scenarios

(CCDS) are used in this study (see Table S1 in the online

supplemental material). Only one ensemble member

under each of three RCPs is selected for each GCM to

be used in this study. The data were statistically down-

scaled onto a common 18 3 18 global grid by CCDS

(available at http://climatescenarios.canada.ca/?page5main)

and have been used in our previous study to assess the

hydrologic impacts of climate change over China (Wu

et al. 2018).

In this study, we define 1986–2005 as the ‘‘reference

period’’ and the ‘‘20-yr future period’’ as the specific

period within 2006–2100 with the mean global surface T

reaching 1.58 and 2.08C warming relative to the prein-

dustrial levels. The simulated monthly T data by 28

GCMs were validated and corrected (see the details in

section 2b) by referencing to the observation-based global

0.58 gridded dataset from the Climatic Research Unit

(CRU TS 3.22, available at https://crudata.uea.ac.uk/cru/

data/hrg/) of the University of East Anglia (Harris et al.

2014). The simulated monthly PR data by 28 GCMs

were validated and corrected (see section 2b below)

by referencing to the observation-based global 18
gridded dataset from Global Precipitation Climatology

Centre (GPCC) V2018 (https://psl.noaa.gov/data/gridded/

data.gpcc.html#detail). To ensure the consistency in the

spatial resolution among the datasets used in this study,

the CRU TS 3.22 gridded data were rescaled from the

original global 0.58 to the 18 resolution using the bilinear

interpolation.

There are multiple ways for defining the specific time

reaching 1.58 or 28C warming available in literature. The

first one is when the long-term climate states (climatol-

ogy) reach the stabilization at a targeted warming level,

while another is when 1.58 or 28C warming target is

reached for the first time (Betts et al. 2018). We will

adopt the first definition in this study. Following the

methodology used in previous studies (Schleussner et al.

2016a; Wang et al. 2017; Leng 2018; Su et al. 2018; Li

et al. 2019), the 1986–2005 is selected as the reference

period when global mean surface T was 0.68C above the

preindustrial levels. To analyze the impacts of 1.58 and
28C warming on projected drought characteristics, we

extracted for each GCM the data for the identified

20-yr periods when the global mean surface T is 0.98 and
1.48C above that in the reference period (1986–2005)

under 3 RCPs. The identified 20-yr periods reaching

1.58 and 2.08C warming for each GCM under all RCPs

are summarized in Table 1, where it can be seen that

for RCP2.6 not all GCMs can reach 1.58 or 2.08C
warming. Large differences in the crossing time of 1.58
and 2.08C warming can be seen among GCMs and

RCPs, exemplifying the large uncertainty generally

found in climate change impact assessment under 1.58
and 2.08C warming.

b. Bias correction of climate simulations

An appropriate bias correction for GCM-projected T

and PR is necessary due to its significant influences on

the hydrologic response. In this study, the simulated

monthly T from 28 GCMs were bias corrected by using

the ‘‘delta change’’ method (Wu and Huang 2016; Xu

et al. 2019a). However, the following equidistant quan-

tile matching method, which explicitly accounts for the

distribution changes between the baseline and projec-

tion periods, was applied to correct the 28-GCM simu-

lated PR due to large uncertainties in simulated PR data

(Li et al. 2010; Lu et al. 2014):

~x
m,p.qm

5 x
m,p

F21
o,r [Fm,p

(x
m,p

)]/F21
m,r[Fm,p

(x
m,p

)] (1)

where F is the cumulative distribution function (CDF)

of either observation o or model m for the 1986–2005

reference period r or the future 20-yr projection period

p. A two-parameter Gamma probability distribution

function (PDF) was chosen to fit monthly PR data, with

the parameters estimated by the maximum likelihood

method. Specifically, the following mixed-type Gamma

distribution is used to account for the locations with

zero PR:

G(x)5 (12 f )H(x)1 fF(x) , (2)

where f is the percentage of months with PR . 0; H(x)

is a step function with the value of 0 (PR 5 0) and

1 (PR . 0).

The Mann–Kendall trend test (Kendall 1975) is used

to estimate the trends of the 28-GCM ensemble mean

annual PR under three RCPs for all subperiods within

2006–2100 with the minimum length of 20 years. By

varying the starting and ending years of all possible

subperiods [similar to that plotted in Fig. 4 of Yeh and

Wu (2018)], a total of 2926 subperiods within 2006–2100

with the minimum length of 20 years are selected

(i.e., 761 751 741 � � � 1 31 21 15 2926). The esti-

mated PR trends are displayed in the contours in

Fig. 1 for all subperiods for six global continents. As

seen, both the magnitude and sign of estimated PR

trends are sensitive to the various subperiods par-

ticularly under RCP2.6. Overall, an increased PR

trend can be found for nearly all subperiods (in-

cluding the identified periods reaching 1.58 and 28C
warming, see Table 1) in most Northern Hemisphere

regions (i.e., North America, Asia, Europe, and

Africa) under RCP4.5 and RCP8.5. In contrast, a

decreased PR trend is found for most subperiods

over the Southern Hemisphere regions (i.e., Oceania
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and South America) under all three RCPs, except

for Oceania under RCP8.5. Under RCP2.6, the negative

PR trends can be found formost subperiods near the end

of twenty-first century over all continents (Fig. 1).

c. Standardized precipitation index

Droughts can be assessed differently from the mete-

orological, agricultural, hydrologic, and socioeconomic

impacts, hence a decision on the choice of drought in-

dices is required according to the purposes of studies

(Orlowsky and Seneviratne 2013; Touma et al. 2015; Su

et al. 2018). SPI is a widely used meteorological drought

index that can quantify both wet and dry anomalous

conditions based on the degree to which the accumula-

tive PR for a specific time period deviates from the

corresponding median (McKee et al. 1993). The first

step in calculating SPI is to estimate the PDF of monthly

PR (e.g., gamma distribution), then the cumulative

probability of PR is computed and inversely trans-

formed by the standard normal distribution with zero

mean and unit variance (McKee et al. 1993). It can be

used to quantify PR deficit at multiple time scales (e.g.,

1, 3, 6, 12, 24 months). Short-time-scale SPIs (e.g., 1 and

3 months) are generally more sensitive to PR short-

term changes, while long-time-scale SPIs (e.g., 6 and

12 months) reflect the long-term variations of dryness

and wetness well. Overall, SPI offers several advan-

tages over other commonly used indices, e.g., the un-

ambiguous theoretical development, robustness, temporal

flexibility, and the simplicity in the required data. More

details on the SPI calculation can be found inMcKee et al.

(1993, 1995).

In this study, the gamma distribution was used for

fitting monthly PR and then transformed for calculating

the SPI (Rhee and Cho 2016). We used the baseline

1986–2005 as a reference period to fit the gamma dis-

tribution for calculating SPI. The parameters of the

gamma distribution were estimated by the maximum

likelihood method. Based on GCM-simulated monthly

PR under RCP2.6, RCP4.5, and RCP8.5, the SPIs at the

TABLE 1. The projected 20-yr future periods for each of the 28 CMIP5 GCMs to reach the mean global warming levels of 1.58 and 2.08C
above the preindustrial level under the RCP2.6, RCP4.5, and RCP8.5 scenarios. The GCM number is the same as that given in Table S1.

A ‘‘—’’ denotes there is no 20-yr period before 2100 identified with the projected global mean temperature reaching 1.58 or 28C warming

levels.

RCP2.6 RCP4.5 RCP8.5

GCM No. 1.58C 28C 1.58C 28C 1.58C 28C

1 2020–39 — 2017–36 2036–55 2016–35 2027–46

2 2009–28 — 2012–31 2028–47 2010–29 2021–40

3 2006–25 2021–40 2006–25 2017–36 2007–26 2016–35

4 2006–25 2015–34 2007–26 2017–36 2006–25 2013–32

5 2016–35 — 2014–33 2028–47 2010–29 2021–40

6 2009–28 2026–45 2012–31 2023–42 2009–28 2019–38

7 2019–38 2046–65 2021–40 2034–53 2014–33 2026–45

8 2012–31 2030–49 2016–35 2026–45 2016–35 2025–44

9 2013–32 — 2013–32 2028–47 2011–30 2023–42

10 2030–49 — 2017–36 2036–55 2014–33 2024–43

11 — — 2028–47 — 2023–42 2033–52

12 2006–25 2010–29 2006–25 2009–28 2006–25 2011–30

13 — — 2038–57 — 2022–41 2038–57

14 — — 2024–43 2057–76 2021–40 2034–53

15 2025–44 — 2014–33 2033–52 2012–31 2024–43

16 — — 2022–41 2045–64 2014–33 2026–45

17 2022–41 2044–63 2006–25 2019–38 2017–36 2026–45

18 2006–25 2013–32 2006–25 2016–35 2006–25 2011–30

19 2009–28 2036–55 2015–34 2028–47 2011–30 2023–42

20 2012–31 2031–50 2010–29 2023–42 2007–26 2021–40

21 2014–33 2046–65 2015–34 2029–48 2010–29 2023–42

22 2009–28 2018–37 2008–27 2016–35 2008–27 2015–34

23 2006–25 2012–31 2007–26 2017–36 2006–25 2012–31

24 2013–32 — 2013–32 2028–47 2008–27 2024–43

25 2014–33 — 2016–35 2032–51 2012–31 2027–46

26 2028–47 — 2020–39 2042–61 2021–40 2031–50

27 2015–34 — 2015–34 2031–50 2014–33 2023–42

28 2013–32 2038–57 2015–34 2031–50 2011–30 2024–43

Model ensemble 2013–32 — 2013–32 2027–46 2011–30 2022–41
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FIG. 1. The contours of annual trend magnitudes (mmyr21) of the 28-GCM ensemble mean PR under

RCP2.6, RCP4.5, and RCP8.5 in six global continents for all subperiods within 2006–2100 with the minimum

length of 20 years.
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3-, 6-, 12-, and 24-month time scales (termed as SPI3,

SPI6, SPI12, and SPI24, respectively) are computed

for each of the 28 CMIP5 GCMs for both 1986–2005

and the 20-yr periods corresponding to 1.58 and 28C
warming. The occurrence of meteorological drought

is defined here as SPI # 21 (see the classification of

SPI in Table 2) following McKee et al. (1993). The

frequency of drought occurrence (Df) at each grid is

calculated as the percentage of months with SPI #21

within the given 20-yr period following that used in

Duffy et al. (2015) and Rhee and Cho (2016). The

drought area (Da) is quantified as the percentage of

global grids with SPI # 21.

3. Results

a. Evaluation of the bias-corrected CMIP5
model simulations

The comparisons of 1986–2005monthly global-averaged

PR and SPIs (SPI3, SPI6, SPI12, and SPI24) simulated

by CMIP5 GCMs with the observed monthly GPCC

data are plotted in Fig. 2. For monthly PR, the inter-

annual variability of bias-corrected 28-GCM ensemble

mean agrees well with GPCC observations (the corre-

lation coefficient r 5 0.654, Fig. 2a). However, the

amplitude of the ensemble mean PR is slightly smaller

than that of GPCC. For all global 18 grids, the mean

bias-corrected PR during the reference period (1986–

2005) are in excellent agreement with the GPCC data

(r ; 0.99, Fig. S1a), but with some underestimation in

the standard deviation (STD) of monthly simulated PR

(r 5 0.91, Fig. S1b). For SPIs (Figs. 2b–e), although

there are obvious discrepancies between the simulated

ensemble mean and the corresponding GPCC in par-

ticular at shorter time scales, the differences are well

within the uncertainties (envelops) among 28 GCMs.

Furthermore, the correlation between the 28-GCM

ensemble mean and GPCC becomes stronger at the

longer time scales. Overall, the bias correction of

CMIP5 model simulations can reproduce the range of

SPIs during the historical period and is therefore

considered appropriate for analyzing the projections of

meteorological droughts at the global scale.

b. PDFs of SPI under 1.58 and 28C warming levels

The PDFs of multimodel simulated global-mean SPIs

and their ensemble means for the baseline (1986–2005)

and 20-yr future periods reaching 1.58 and 28C warming

under RCP2.6, RCP4.5, and RCP8.5 are plotted in Fig. 3

for SPI3, SPI6, SPI12, and SPI24. Note that the PDF of

28Cwarming under RCP2.6 is not included since only 14

of 28 GCMs can reach 2.08C warming (see Table 1). A

large spread in PDFs among GCMs for all SPIs (espe-

cially under RCP8.5) can be seen for all time scales

considered. The most notable change in PDFs for both

1.58 and 28C warming is that the peak Df is larger and

shifted to the left relative to the baseline period, par-

ticularly at the longer time scales (SPI-24) and under

RCP8.5. The pronounced shift to the left in the PDF

peaks indicates the general increase in the global-

mean Df for both 1.58 and 28C warming. When com-

paring the PDF corresponding to two warming levels, a

slight shift to the right in the SPI peaks can be found

from 1.58 to 28C warming under RCP4.5 and RCP8.5,

suggesting an overall wetting trend due to the addi-

tional 0.58C warming world.

c. Changes in Df under 1.58 and 28C warming levels

1) MODEL AGREEMENT IN PROJECTED CHANGES

IN DF

Figure 4 plots globally the number of GCMs simu-

lating the increased Df for the 3-month drought

(SPI3 # 21) during the 20-yr future period relative to

the 1986–2005 baseline period, for both warming levels

and all three RCPs considered. The large spatial vari-

ability seen in the number of GCMs with the increased

Df (SPI3) indicates the large uncertainty among GCMs.

Under RCP8.5 and RCP4.5, however, most GCMs

(.18) projected an increased Df (SPI3) over north and

south Asia, most of North America, and central Africa

for both 1.58 and 28C.More GCMs and a larger extent of

areas are identified with an increased Df at 1.58C than

28C warming. In contrast, few GCMs (,7) are identified

with an increased Df over southwest Asia, southern and

northern Africa, most of South America, and most parts

of Australia, indicating a higher probability toward

wetting trend over these regions. Note that for the 28C
warming under RCP2.6 of which the half of GCMs

cannot reach (Table 1), only ,10 GCMs can be identi-

fied with an increased Df. At the longer time scales such

as SPI6, SPI12, and SPI24 (see Figs. S2–S4, respec-

tively), the broadly consistent global pattern in the

change of future Df (SPI3) can be found, suggesting a

TABLE 2. The classification of SPI into seven categories.

Classification SPI values

Extremely wet $2.00

Very wet From 1.50 to 1.99

Moderately wet From 1.00 to 1.49

Near normal From 0.99 to 20.99

Moderate drought From 21.00 to 21.49

Severe drought From 21.50 to 21.99

Extreme drought #22.00
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relatively small uncertainty among GCMs across differ-

ent time scales (SPI3, SPI6, SPI12, and SPI24) of droughts.

2) MODEL UNCERTAINTY AND ENSEMBLE MEAN

CHANGES IN PROJECTED DF

The global distributions of uncertainty range and

multimodel ensemble mean changes (%) in projected

Df relative to the baseline period (1986–2005) for both

1.58 and 28C warming under all 3 RCPs are plotted in

Fig. 5 (SPI3), Fig. S5 (SPI6), Fig. S6 (SPI12), and Fig. S7

(SPI24) in the supplemental material. Note that the 28C

warming under RCP2.6 are not shown due to the same

reason mentioned above. As shown in Fig. 5a and

Figs. S5a–S7a, the global distribution of model uncer-

tainty is overall uniform, and consistent across different

combinations of warming level and RCPs considered.

However, the model uncertainty increases significantly

fromSPI3 to SPI24 (5%–96%), suggesting a larger overall

uncertainty in the projected Df at longer time scales.

Regionally, larger model uncertainty can be found in

northern Africa, northern South America, and southern

North America for both SPI3 and SPI6, and the global

FIG. 2. The comparisons of 1986–2005 simulated monthly global-mean PR and SPIs (SPI3,

SPI6, SPI12, and SPI24) by CMIP5 GCMs with the observed monthly GPCC data.
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areas with large model uncertainty (30%–60%) are

larger for SPI6 than SPI3. At the longer time scale (SPI12

and SPI24), themodel uncertainty is significantly larger in

many global regions, especially northernAfrica, northern

South America, and southern North America. It is also

found that the model uncertainty is larger for 1.58C than

28C warming particularly at longer time scales such as

SPI24 (Fig. S7).

The ensemble mean changes in Df show highly

similar drying patterns for all time scales considered

(Fig. 5b and Fig. S7b), overall consistent with the

numbers of GCMs projecting an increased Df (Fig. 4

and Figs. S2–S4). Specifically, a larger percentage

increase in future Df is projected over most of North

America, northern and southern Asia, southern South

America, and some parts of central Africa at 1.58C

FIG. 3. The estimated PDFs of the multimodel simulated global-mean SPI3, SPI6, SPI12, and SPI24 and their ensemble means for the

baseline (1986–2005) and the 20-yr future periods reaching 1.58 and 28C warming under 3 RCPs.
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warming under all RCPs. In contrast, a decreased Df

is projected mainly in southwest Asia, southern and

northern Africa, most parts of South America and

Australia, with the more pronounced decrease at

1.58C than 28C. In comparison, the projected increase

in Df at both 1.58 and 28C warming tends to become

larger at longer time scales (e.g., SPI24).

Continental-scale uncertainty of the projected mean

Df change (%) are presented are presented in Fig. 6

(SPI3, SPI6, SPI12, and SPI24) for both warming

and all 3 RCPs considered. Large uncertainty in

the projected Df changes can be seen especially in

Europe, North America, and Oceania under higher

RCPs and at longer time scales. The Df is projected

to increase in Asia, Europe, and North America by

most GCMs for both warming and all time scales

considered, but with a more pronounced increase in

North America (Fig. 6). A larger increase in Df is

projected at longer time scales and under higher

RCPs. The mean Df increase among 3 RCPs and four

time scales considered ranges 2.4%–31.4%, 5.8%–

51.1%, and 6.5%–54.7% in Asia, Europe, and North

America, respectively (Table 3). The Df decrease is

projectedmainly inOceania and SouthAmerica ranging

from 27.9% to 0.2% and from 24.0% to 21.3%, re-

spectively (Table 3).

d. Changes in Da under 1.58 and 28C warming levels

The 20-yr monthly relative changes in the 28-GCM

ensemble mean globally averaged Da and the corre-

sponding model uncertainty (i.e., the 5th and 95th per-

centile estimates) are plotted in Fig. 7 (SPI3) for both

warming levels and all three RCPs considered. Similar

plots for SPI6, SPI12, and SPI24 are presented in

Figs. S8–S10, respectively. The plotted relative changes

are the monthly changes of Da over the identified 20-yr

future period relative to the 1986–2005 baseline period.

Large uncertainty ranges among GCMs can be seen in

projected Da particularly under higher RCPs and at

longer time scales (e.g., SPI24). However, for all RCPs

the uncertainty for both warming levels tend to de-

crease with time especially at longer time scales (e.g.,

SPI24 in Fig. S10). Most of the ensemble mean Da are

larger than that in the baseline period (1986–2005)

particularly for 1.58C warming (see Figs. S10d,e), suggest-

ing a more significant increase of Da by 1.58C warming

FIG. 4. The global distribution of the number of GCMs identified with the increased frequency of the 3-month

drought (SPI3 # 21) relative to the baseline period (1986–2005) in the 20-yr future periods for both warming

levels and all three RCPs considered.
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than 28C. Themultimodel ensemble mean global Da show

an overall decreased trend over the identified 20-yr periods

reaching 1.58 and 28Cwarming under all RCP scenarios. In

particular, by the end of 20-yr future periods the global

meteorological Da tends to be smaller than that in the

baseline period (1986–2005) at shorter time scale such as

SPI3 (Figs. 7a–c) under RCP2.6 and RCP4.5.

e. Changes in Df and Da due to an additional 0.58C
warming

Figure 8 plots the global distribution of model un-

certainty in Df due to the additional 0.58C warming for

all SPI3, SPI6, SPI12, and SPI24 under RCP4.5 and

RCP8.5. As seen, model uncertainties increase consid-

erably with the time scale from 3%–39% (SPI3, SPI6) to

75% (SPI24). At longer time scales (SPI12, SPI24)

larger uncertainties are found mainly in North America,

northern Asia, northern Europe, and central Africa.

Figure 9 plots themultimodel ensemblemean changes

in Df due to the additional 0.58C warming (from 1.58 to
28C) for all SPI3, SPI6, SPI12, and SPI24 under RCP4.5

and RCP8.5. As shown, an overall significant reduction

(up to ;70%) in future Df can be found over many

global regions, mainly in the high-latitude regions of

FIG. 5. (a) The global distribution of the model uncertainty range and (b) themultimodel ensemblemean changes in the future 3-month

Df (SPI3) relative to the baseline period 1986–2005 for both warming under and all RCPs considered. The model uncertainty is repre-

sented by the 5th and 95th percentiles of the projected changes in Df among GCMs (see Table 1).
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FIG. 6. Boxplots of the continental-scale uncertainty of the projected mean Df change (SPI3, SPI6, SPI12, and SPI24) for both warming

and all three RCPs considered: 1) Africa, 2) Asia, 3) Europe, 4) North America, 5) Oceania, 6) South America. The boxes denote the

interquartile model spread (range between the 25th and 75th quantiles), with the horizontal line indicating the ensemble median and the

whiskers showing the extreme range of the selected CMIP5model simulations identified with the 1.58 and 28Cwarming being reached (see

Table 1).
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North America and northern Eurasia, while a significant

increase (up to ;40%) over most of South America,

southern Africa, southwest and eastern Asia, and some

parts of Australia. Generally, the changes in future Df

due to the additional 0.58C warming for SPI24 is more

significant than that at the shorter time scales such as for

SPI3. For all SPIs, the Df changes are in general larger

under RCP4.5 than RCP8.5 (Fig. 9).

Figure 10 presents the boxplot of the relative change

(%) in Df due to the additional 0.58C warming under

RCP4.5 and RCP8.5 scenarios for six global continents.

A similar pattern of changes in Df over six continents

can be seen for all RCPs and SPIs considered in that

considerably larger uncertainty in Df changes occurs in

Europe and Oceania. The uncertainty ranges at longer

time scales (SPI24) or under RCP8.5 are consistently

higher than that at smaller time scale (SPI3) or under

RCP4.5. For all SPIs and RCPs considered, the mean Df

changes due to the additional 0.58C warming are negative

in Asia (from221.6% to27.2%), Europe (from231.7%

to 211.6%), North America (from 240.7% to 214.3%),

and Oceania (from 24.69% to 21.19%), whereas the

positive changes inDf can only be found in SouthAmerica

(except SPI6 under RCP8.5) and Africa (for SPI3 under

RCP4.5) despite the magnitude is rather small (Table 3).

Figure 11 plots the 20-yr monthly relative changes

in the multimodel ensemble mean globally averaged

Da and the corresponding uncertainty range (i.e., the

5th and 95th percentiles) due to the additional 0.58C
warming for all SPIs under RCP4.5 and RCP8.5.

The relative change is calculated as the percentage

change of the global-averageDa at 28C relative to that at

1.58C. As seen, the uncertainty (range between the 5th

and 95th percentile estimates) in projected Da increases

with time scales (.15% for SPI24). The Da difference

between 1.58 and 28C warming tends to increase with

time, particularly under RCP8.5 and at longer time scale

(SPI24). Overall, an additional 0.58C warming results

TABLE 3. The multimodel ensemble mean changes (%) in the future Df (relative to the baseline period 1986–2005) for the six selected

continents at 1.58 and 28C warming levels and due to the additional 0.58C warming from 1.58 to 28C under RCP2.6, RCP4.5, and RCP8.5

scenarios. A ‘‘—’’ denotes there is no projection at 28C warming level.

Time scale Scenarios Warming levels Africa Asia Europe North America Oceania South America

3 months RCP2.6 1.58C 20.91 6.82 12.63 12.92 22.53 21.39

2.08C — — — — — —

RCP4.5 1.58C 21.38 9.87 17.44 23.24 22.06 23.67

2.08C 20.6 2.43 5.84 6.45 23.25 22.84

Additional 0.58C 0.78 27.44 211.6 216.79 21.19 0.83

RCP8.5 1.58C 20.55 13.62 25.64 28.91 22.54 23.71

2.08C 21.81 6.39 12.61 14.65 23.95 23.6

Additional 0.58C 21.26 27.23 213.03 214.26 21.41 0.11

6 months RCP2.6 1.58C 0.53 10.12 16.89 17.01 24.6 22.27

2.08C — — — — — —

RCP4.5 1.58C 1.78 13.38 23.08 30.39 22.22 24.02

2.08C 1.49 3.21 7.27 7.5 24.68 22.78

Additional 0.58C 20.29 210.17 215.81 222.89 22.46 1.24

RCP8.5 1.58C 3.71 17.12 31.58 34.99 22.03 23.45

2.08C 0.41 7.54 14.82 16.18 24.66 23.53

Additional 0.58C 23.3 29.58 216.76 218.81 22.63 20.08

12 months RCP2.6 1.58C 2.42 14.56 21.67 22.94 27.37 21.31

2.08C — — — — — —

RCP4.5 1.58C 6.36 18.11 29.54 38.79 22.77 23.59

2.08C 4.04 4.12 8.14 8.14 26.44 21.94

Additional 0.58C 22.32 213.99 221.4 230.65 23.67 1.65

RCP8.5 1.58C 8.18 24.6 41.6 45.75 20.67 21.54

2.08C 2.05 8.59 16.52 17.79 25.36 21.37

Additional 0.58C 26.13 216.01 225.08 227.96 24.69 0.17

24 months RCP2.6 1.58C 2.87 20.89 30.41 31.37 27.92 21.99

2.08C — — — — — —

RCP4.5 1.58C 8.65 24.78 37.92 48.86 23.47 24.04

2.08C 4.71 4.19 8.57 8.2 26.78 23.79

Additional 0.58C 23.94 220.59 229.35 240.66 23.31 0.25

RCP8.5 1.58C 10.74 31.41 51.13 54.73 0.22 22.39

2.08C 1.67 9.84 19.48 19.99 24.04 21.81

Additional 0.58C 29.07 221.57 231.65 234.74 24.26 0.58
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in a reduction in Da under both RCPs, particularly sig-

nificant at longer time scales (e.g., SPI24). The mean

decreases in global Da over the 20-yr period due to the

additional 0.58C warming range among 4 SPIs consid-

ered between 1.2% and 3.7% (1.5% and 4.6%) under

RCP4.5 (RCP8.5).

4. Discussion

To evaluate different types of drought, various indices

have been developed to describe the variations of dry

and wet episodes. In this study, SPI is used to assess

global meteorological droughts under future 1.58 and

28C warming. The frequency of drought occurrence is

quantified by the percentage of the months with

SPI#21 (McKee et al. 1993) within a given period, as

often adopted in previous studies (e.g., Duffy et al.

2015; Rhee and Cho 2016; Wu et al. 2016). Note that

this method of definition of Df does not consider the

actual drought duration. Therefore, as same as in the

aforementioned studies, this study mainly focuses on

the identification of drought occurrence with different

magnitudes (moderate, severe, extreme, see Table 2)

instead of the duration of droughts.

Our results suggest that future changes in droughts

vary significantly among global regions. Overall, the

multimodel ensemble mean projects an increasing Df

under 1.58C warming relative to the 1986–2005 base-

line period for most mid- to high-latitude regions

in the Northern Hemisphere (e.g., northern Asia,

northern Europe, and North America, Fig. 5), and a

general increase in the global Da particularly under

RCP4.5 and RCP8.5 (Fig. 7). Under 28C warming,

however, the global patterns of the changes in Df and

Da remain similar, but the magnitude is much smaller

(e.g., Fig. 5). Thus, an additional 0.58C warming from

1.58 to 28C results in an overall reduction in both Df

and Da under RCP4.5 and RCP8.5 over most global

FIG. 7. The 20-yrmonthly relative changes in themean globally averagedDa (SPI3) and the correspondingmodel

uncertainty (i.e., the 5th and 95th percentile estimates) for both warming levels and all three RCPs considered. The

mean change is calculated as the percentage anomaly deviated from the global drought area in the reference period

1986–2005.
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regions, particularly in the Northern Hemisphere and

at longer time scales such as SPI12 and SPI24 (Figs. 9

and 11), which is overall consistent with the drought

projection in China by Su et al. (2018) based also on

SPI and projected decreasing mean coverage and

frequency of drought events in China under an addi-

tional 0.58C warming from 1.58 to 28C due to the in-

creased PR. The reduction in both Df and Da due

to an additional 0.58C warming under RCP4.5 and

RCP8.5 (Figs. 9 and 11) can mainly be attributed to

the overall increased PR trends over most Northern

Hemisphere (Asia, Europe, Northern America, Fig. 1)

for most 20-yr or longer subperiods within 2006–2100,

consistent with the previous findings on the PR projec-

tions from CMIP5 GCM simulations (Lau et al. 2013;

Taylor et al. 2013; Radić et al. 2014; Zhao and Dai 2015).

Specifically, the increased Df in most parts of South

America (under RCP4.5 and RCP8.5, Fig. 9) due to an

additional 0.58C warming can be mainly attributed to the

decreased PR trend during the identified periods reach-

ing 1.58 and 28C warming (see Fig. 1 for South America).

Note that there are considerable uncertainties in

projected spatiotemporal pattern and magnitude of Df

(Figs. 6 and 9). The first uncertainty source is on the

selected drought index SPI, which represents only the

precipitation-driven meteorological drought with lim-

ited information on potential impacts on agriculture,

ecosystems and societies. However, in addition to PR

both evapotranspiration and soil moisture can have

important influences in regional drought development

(Su et al. 2018). The drought metrics related to soil

moisture and runoff deficits [e.g., the Palmer drought

severity index (PDSI)] are more sensitive to tempera-

ture change than SPI (Burke 2011; Dai 2013; Dai and

Zhao 2017; Zhao and Dai 2017), since the warming in-

creases evapotranspiration and leads to the deficit in soil

moisture and reduction in runoff. It has been reported

that the sign and magnitude of drought changes are

highly dependent on the index definition (Burke and

Brown 2008). Furthermore, large discrepancies between

the projected SPI and other indices measuring of

the atmospheric demand for moisture have been

FIG. 8. The global distribution of model uncertainty in the future Df due to the additional 0.58C warming for all

SPI3, SPI6, SPI12, and SPI24 under RCP4.5 and RCP8.5. The model uncertainty range is represented by the dif-

ference between 5th and 95th percentile estimates of the projected changes in Df across the selected GCMs

(see Table 1).
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reported, such as little change in the proportion of the

land surface in SPI-based drought (e.g., Burke and

Brown 2008; Touma et al. 2015; Rhee and Cho 2016).

Therefore, further evaluation of other drought indices

sensitive to global warming (e.g., PDSI) is necessary

in order to enhance the credibility of future drought

projections.

The second uncertainty source is related to the

28-GCM simulations and three RCPs used in this

study for the comparative analysis and systematical

investigation of the uncertainty in projected future

meteorological drought. Our results indicate the wide

spread in the timing reaching global 1.58 and 28Cwarming

among GCMs under alternative RCPs (Table 1), and

the model uncertainties significantly affect the pro-

jected spatial and temporal change in drought char-

acteristics (e.g., Df) under 1.58 and 28C warming as

well as the additional 0.58C warming especially at

longer time scales and under higher RCPs (Figs. 5

and 8). GCMs and emission scenarios are commonly

conceived as two main uncertainty sources in climate

change projections, and the former is generally larger

than the later (Kay et al. 2009; Giuntoli et al. 2015;

Vetter et al. 2017; Xu et al. 2019b). Some recent

studies comparing multiple GCM-projected PR have

emphasized the large dependence on the models used

(e.g., Mehran et al. 2014; Osuch et al. 2016; Xu et al.

2019b). Therefore, the results of impact assessment

studies of 1.58 and 28C warming should be interpreted

with cautions if only few models or one emission

scenario is considered. It should also be noted that

the 20-yr window used for identifying the reach of

1.58 and 2.08C warming may not be sufficiently long to

capture the degree of freedom of T data, which may

introduce the uncertainty into the timing reaching

global 1.58 and 28C warming.

The third potential uncertainty source is the use of

bias-correction method. In this study, the equidistant

quantile matching method was used for correcting the

28-GCM simulations to reduce the uncertainty in

model physics and parameterization (Sheffield and

Wood 2008). The results suggest that the envelope of

the bias corrections of GCM simulations encompasses

the GPCC observations well, a generally consistent

finding with Nasrollahi et al. (2015). However, we

found that the use of bias-correction method tends to

FIG. 9. The global distribution of themultimodel ensemblemean changes inDf due to the additional 0.58Cwarming

from 1.58 to 28C for all SPI3, SPI6, SPI12, and SPI24 under both RCP4.5 and RCP8.5.
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FIG. 10. Boxplots of the relative change (%) in Df due to the additional 0.58C warming from 1.58 to 28C
under RCP4.5 and RCP8.5 scenarios for six global continents: 1) Africa, 2) Asia, 3) Europe, 4) North

America, 5) Oceania, 6) South America. The boxes denote the interquartile model spread (range between

the 25th and 75th quantiles), with the horizontal line indicating the ensemble median and the whiskers

showing the extreme range of the selected CMIP5 model simulations identified with 1.58 and 28C warming

levels (see Table 1).
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FIG. 11. The 20-yr monthly relative changes in the ensemble mean globally averaged Da and the corresponding

uncertainty range (i.e., the 5th and 95th percentiles) due to the additional 0.58Cwarming for all SPIs under RCP4.5

and RCP8.5. The model uncertainty range is represented by the 5th and 95th percentile estimates of the projected

changes in Da across the selected GCMs (see Table 1).
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result in an underestimation of simulated PR spatial

variability (i.e., STD) (Fig. S1) as well as slightly

smaller temporal variability of PR and SPIs than the

observations (Fig. 2), suggesting that the use of bias

correction methods may introduce additional uncer-

tainty to model projections.

5. Conclusions

Based on the standardized precipitation index (SPI),

this paper presents a global assessment of precipitation-

driven meteorological drought frequency (Df) and

areas (Da) at the multiple time scales (i.e., 3, 6, 12,

and 24 months) under the 1.58 and 28C global warming

levels. We used the ensemble mean projection data

simulated from 28 CMIP5 GCMs under three RCP

scenarios (RCP2.6, RCP4.5, and RCP8.5) for a sys-

tematic analyses on the uncertainty in global drought

projections, and test the sensitivity of future Df and

Da changes to the projected 1.58 and 28C warming

targets corresponding to different time scales of drought

occurrence.

Results show that there are large differences among

28 GCMs in the timing reaching 1.58 and 28C warming

targets under alternative RCP scenarios considered in

this study. Model uncertainties significantly affect the

projected spatial and temporal change in Df under 1.58
and 28C global warming as well as due to the additional

0.58C warming, particularly at longer time scales and

under higher RCP scenarios. However, most GCMs

project an increased trend of Df over most global re-

gions, such as North America, Europe, northern Asia,

and central Africa, at both 1.58 and 28C warming under

RCP4.5 andRCP8.5. Furthermore, themagnitude of the

projected increase in Df tends to be larger under 1.58C
warming and at longer time scales such as SPI24. In

contrast, a decrease in Df is projected mainly in southern

and northern Africa, South America, and some parts of

Australia. GCMs also project an overall increase in global

Da relative to the baseline period (1986–2005) at both 1.58
and 28C warming. However, the Da shows an overall de-

creased trend during the 20-yr future periods reaching 1.58
and 28Cwarming due to the increased global precipitation.

An additional 0.58C warming from 1.58 to 28C leads

to a decrease in Df in most global regions such as North

America, Europe, northern Asia, and northern Africa,

but increase in southwest Asia and some parts of the

Southern Hemisphere (e.g., South America, southern

Africa, and some parts of Australia). Similarly, there is a

general decreased trend in global Da under the addi-

tional 0.58C warming with a larger magnitude at longer

time scales, mainly due to the increased precipitation

under warming. Overall, this study underscores the

significant spatiotemporal uncertainties in the projected

change of drought characteristics at multiple time scales

originated from different GCMs under alternative emis-

sions scenarios considered, and highlights the need to

consider multiple GCMs in drought projection studies

under the context of the Paris Agreement targets.
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