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Abstract
This study evaluates the spatial patterns of the Asian summer drought variations and the associated sea surface temperature (SST)
anomalies in 42 Coupled Model Intercomparison Project (CMIP6) models during 1950–2014. The analysis is focused on the
meteorological drought measured using the standardized precipitation index (SPI). The evaluation is conducted for short-term,
medium-term, and long-term droughts represented by 3-month, 9-month, and 24-month SPI, respectively. Most of the 42models
are able to capture the observed leading spatial pattern of short-term and medium-term drought variations, characterized by a
north-south dipole structure. In contrast, most models fail to simulate the observed leading spatial pattern of long-term drought
variations, featuring a southwest-northeast oriented tripole distribution. Further analysis shows that most models can represent
the spatial pattern of interannual variation of long-term drought with a north-south dipole structure, but cannot produce the spatial
pattern of interdecadal variation and trend of long-term drought. In most of the models, the dipole pattern of short-term and
medium-term drought variations is associated with an El Niño–type SST anomaly pattern in the tropical Indo-Pacific region,
which is similar to the observations, so is the dipole pattern of interannual variation of long-term droughts. This is attributed to the
ability of most models to capture the tropica Indo-Pacific SST-related large-scale atmospheric circulation anomaly pattern.

1 Introduction

Droughts are among the major nature hazards and can induce
large damages in agriculture, ecosystem, and socioeconomics
(Wilhite 2000). Droughts affect more people than any other
types of natural disasters (Zargar et al. 2011). Understanding
the drought changes is a basis for improving the prediction of
occurrence of droughts and mitigating the adverse conse-
quences of droughts. Thus, efforts have been made in the past

to understand the changes of droughts (Dai 2011; Huang et al.
2008, 2012; Trenberth et al. 2014; Zhang and Zhou 2015;
Guan et al. 2017).

Climate models have been widely employed to investigate
the historical and future changes of droughts (Sheffield and
Wood 2008; Kim and Byun 2009; Dai 2013; Orlowsky and
Seneviratne 2013; Touma et al. 2015; Zhao and Dai 2015;
Huang et al. 2017b; Lehner et al. 2017; Su et al. 2018).
Discrepancies in drought changes are identified between
models and the observations (Ault et al. 2012; Sheffield
et al. 2012; Damberg and AghaKouchak 2014; Trenberth
et al. 2014), which is, to large part, related to the deficiency
in the model physics (Orlowsky and Seneviratne 2013). Large
spread and uncertainty are often encountered in the model
projected future changes of droughts (Orlowsky and
Seneviratne 2013; Prudhomme et al. 2014; Ukkola et al.
2018; Wu et al. 2020). Thus, it remains to be investigated
how the climate models perform in capturing the characteris-
tics of drought changes (Huang et al. 2016).

Studies have been conducted to evaluate climate models in
historical drought simulations (Sheffield et al. 2012;
Orlowsky and Seneviratne 2013; Nasrollahi et al. 2015;
Ukkola et al. 2018). Sheffield et al. (2012) identified several
regions with significant increasing trends of droughts
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measured using the Palmer Drought Severity Index (PDSI)
during 1950–2008. Orlowsky and Seneviratne (2013) ana-
lyzed drought changes based on the standardized precipitation
index (SPI) during 1901–2005 in both the observations and
the fifth phase of the Coupled Model Intercomparison Project
(CMIP5) models and found large uncertainty in regional
drought trends. Nasrollahi et al. (2015) compared the area of
drought based on SPI in the CMIP5 multimodel ensemble
simulations against the ground-based observations. They
found that the models agree generally with the observations
at the global and hemispheric scale, but disagree with the
observations in regional drying and wetting trends. Ukkola
et al. (2018) analyzed several drought metrics in 20 CMIP5
model historical simulations during 1951–2004 and found that
the models had large discrepancies at the regional scale. In
particular, the models underestimate the intensity of
precipitation-related drought.

Previous studies mostly focus on analyzing trends or long-
term changes of droughts. As precipitation changes occur on
different time scales, it is essential to evaluate the drought
variations on various time scales in the models compared to
the corresponding observations. Severe droughts often occur
in certain areas with devastating regional consequences
(Lewis et al. 2011; Barriopedro et al. 2012; McGrath et al.
2012; Orlowsky and Seneviratne 2012; Peterson et al.
2012). Thus, it is valuable to assess whether the spatial pat-
terns of historical drought variations on different time scales
can be captured by the models. Such assessment provides
information to what extent the factors and processes of
drought variations are represented properly in the climate
models, which is a basis for projection of future drought
changes using climate models. The occurrence of drought is
induced by external forcing, such as sea surface temperature
(SST) anomalies, which plays a vital role in climate change
(Guan et al. 2015a, 2019). It is important to know whether the
occurrence of droughts in the models is linked to specific SST
anomaly patterns as in the observations. This is relevant to
whether the factors of drought variations are realistic in the
models.

The present study evaluates the spatial patterns of drought
variations on different time scales and the associated SST and
atmospheric circulation anomalies in climate models. The fo-
cus of the analysis is the Asian region that contains about 67%
of the world’s population (Guan et al. 2015b) and include
large arid and semi-arid regions (White and Nackoney
2003), which makes it vulnerable to drought-related disasters
(Zhang et al. 2017). Droughts can be assessed from different
aspects, including meteorological, hydrological, and agricul-
tural. This study focuses on meteorological droughts estimat-
ed using the SPI. Changes in droughts may depend upon the
indices of drought (Burke and Brown 2008; Sheffield et al.
2012; Taylor et al. 2012; Dai 2013). We assess the variations
of short-term, medium-term, and long-term droughts

represented by 3-month, 9-month, and 24-month SPI, respec-
tively. SPI is a widely used index of meteorological drought
that is based on accumulated precipitation over a certain
length of time period (McKee et al. 1993) and has several
advantages over several other drought indices (Hayes et al.
2011). We concentrate on boreal summer (June–July–
August, JJA) mean SPI indices. The goal of this study is to
identifywhether the models have deficiency in the simulations
of spatial patterns of meteorological drought variations on
different time scales. This serves to illustrate whether the
models are suitable to be used for projection of future meteo-
rological drought changes.

The organization of the rest of the paper is as follows. In
Section 2, we describe the data of the observations and models
as well as the methods. In Section 3, we evaluate the spatial
patterns of short-term, medium-term, and long-term drought
variations, respectively. In Section 4, we compare the SST and
atmospheric circulation anomalies corresponding to the inter-
annual variations of short-term, medium-term, and long-term
droughts, respectively. Summary is provided in Section 5
along with discussions.

2 Data and methods

The present study uses monthly precipitation from the
Climatic Research Unit Time Series (CRU TS) version 4.03
(Harris et al. 2014). The CRU TS version 4.03 precipitation
data have a horizontal resolution of 0.5°×0.5° and span the
time period 1901–2018, which were downloaded from https://
crudata.uea.ac.uk/cru/data/precip/. Monthly mean SST is
from the Extended Reconstruction of Sea Surface
Temperature version 5 (ERSST5) (Huang et al. 2017a). The
ERSST5 SST has a spatial resolution of 2°×2° and is available
from 1854 to present. The ERSST5 SST data were obtained
through https://www1.ncdc.noaa.gov/pub/data/cmb/ersst/v5/.

We use monthly precipitation data from the historical sim-
ulations of 42 Coupled Model Intercomparison Project
(CMIP6) models that participated the sixth Assessment
Report (AR6) of Intergovernmental Panel on Climate
Change (IPCC) (Eyring et al. 2016). Among those 42 models,
35 models provide monthly mean SST. The model data cover
the time period 1850–2014. Only the first ensemble member
of each model simulations is used in this analysis. The names,
institutions, and spatial resolutions of those models are listed
in Table 1. The CMIP6 model outputs were downloaded from
https://esgf-node.llnl.gov/search/cmip6/.

The present study uses SPI (McKee et al. 1993) as a mea-
sure of meteorological drought. Our focus is on drought var-
iations related to regional atmospheric circulation. This differs
from other drought indices that include temperature. SPI is
calculated using monthly precipitation in the observations
and individual model simulations. We calculate SPI03,
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Table 1 List of information of CMIP6 models used in the study.

Model name Modeling Center Resolution
(latitude× longitude)

PR(42) SST(35)

1 ACCESS-CM2 Australian Research Council Centre of Excellence for
Climate System Science, Australia

144×192 300×360

2 ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research
Organisation, Australia

145×192 300×360

3 AWI-CM-1-1-MR Alfred Wegener Institute, Germany 192×384 830305
(unstructured)

4 AWI-ESM-1-1-LR Alfred Wegener Institute, Germany 96×192 126859
(unstructured)

5 BCC-CSM2-MR Beijing Climate Center, China 160×320 232×360

6 BCC-ESM1 Beijing Climate Center, China 64×128 232×360

7 CAMS-CSM1-0 Chinese Academy of Meteorological Sciences, China 160×320 200×360

8 CanESM5 Canadian Centre for Climate Modelling and Analysis, Canada 64×128 291×360

9 CAS-ESM2-0 Chinese Academy of Sciences, China 128×256 196×360

10 CESM2 NCAR, Climate and Global Dynamics Laboratory, USA 192×288 384×320

11 CESM2-FV2 NCAR, Climate and Global Dynamics Laboratory, USA 96×144 384×320

12 CESM2-WACCM NCAR, Climate and Global Dynamics Laboratory, USA 192×288 384×320

13 CESM2-WACCM-FV2 NCAR, Climate and Global Dynamics Laboratory, USA 96×144 384×320

14 CIESM Tsinghua University, China 192×288 384×320

15 E3SM-1-0 Energy Exascale Earth System Model project, USA 180×360

16 E3SM-1-1 Energy Exascale Earth System Model project, USA 180×360

17 E3SM-1-1-ECA Energy Exascale Earth System Model project, USA 180×360

18 EC-Earth3 EC-Earth-Consortium 256×512 292×362

19 EC-Earth3-Veg EC-Earth-Consortium 256×512 292×362

20 EC-Earth3-Veg-LR EC-Earth-Consortium 160×320 292×362

21 FGOALS-f3-L Chinese Academy of Sciences, China 180×288 218×360

22 FGOALS-g3 Chinese Academy of Sciences, China 80×180 218×360

23 FIO-ESM-2-0 First Institute of Oceanography, China 192×288 384×320

24 GFDL-ESM4 NOAA Geophysical Fluid Dynamics Laboratory, USA 180×288 180×360

25 GISS-E2-1-G NASA Goddard Institute for Space Studies, USA 90×144 90×144

26 GISS-E2-1-H NASA Goddard Institute for Space Studies, USA 90×144 90×144

27 INM-CM4-8 Institute for Numerical Mathematics, Russia 120×180

28 INM-CM5-0 Institute for Numerical Mathematics, Russia 120×180

29 IPSL-CM6-LR Institut Pierre Simon Laplace, France 143×144 332×362

30 KACE-1-0-G National Institute of Meteorological Sciences, Republic of Korea 144×192

31 MCM-UA-1-0 University of Arizona, USA 80×96 80×192

32 MIROC6 MIROC, Japan 128×256 256×360

33 MPI-ESM-1-2-HAM HAMMOZ-Consortium 96×192 220×256

34 MPI-ESM1-2-HR Max Planck Institute for Meteorology, Germany 192×384 404×802

35 MPI-ESM1-2-LR Max Planck Institute for Meteorology, Germany 96×192 220×256

36 MRI-ESM2-0 Meteorological Research Institute, Japan 160×320 363×360

37 NESM3 Nanjing University of Information Science and Technology, China 96×192 292×362

38 NorCPM1 Norwegian Climate Centre, Norway 96×144 384×320

39 NorESM2-LM Norwegian Climate Centre, Norway 96×144 385×360

40 NorESM2-MM Norwegian Climate Centre, Norway 192×288 385×360

41 SAM0-UNICON Seoul National University, Republic of Korea 192×288 384×320

42 TaiESM1 Academia Sinica, Taiwan 192×288
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SPI09, and SPI24 to represent short-term, medium-term, and
long-term drought, respectively. The SPI is derived as fol-
lows. First, a time series is constructed by averaging the pre-
cipitation over a given time period (e.g., 3 months for SPI03)
by starting backward from the current time. Then, the time
series is transformed to a normal distribution function. Next,
the SPI values are determined from the transformed time se-
ries. For details of the method calculating different SPIs, refer
to Lopes-Moreno and Vicente-Serrano (2008). After
obtaining monthly SPI values, we construct JJA mean SPIs,
which are used in the present analysis.

An empirical orthogonal function (EOF) analysis is
employed to extract the leading spatial patterns and the corre-
sponding principal component (PC) time series of short-term,
medium-term, and long-term drought variations in JJA. Both
the model and observed SPIs are interpolated to the resolution
of 1°×1° using a bilinear interpolation method before
conducting the EOF analysis. Regression analysis with re-
spect to the PC time series is utilized to obtain the spatial
distribution of anomalies corresponding to the EOF modes.
The Student t test is used to estimate the level of the statistical
significance of correlation coefficient. The least-square linear
regression method is applied to a time series to obtain the
corresponding linear trend. An 11-year weighted running
mean using the Lanczos filter weights is applied to the
detrended time series to obtain the interdecadal variation.
The interannual variation is derived by removing the linear
trend and interdecal variation from the original time series.
The percent variance of a time series accounted for by inter-
annual component, interdecadal component, and linear trend
is estimated by the ratio of the variance of the respective com-
ponent versus the total variance. The time period of the pres-
ent analysis is 1950–2014.

3 Spatial patterns and temporal components
of drought variations

We start with an EOF analysis of JJA SPI03, SPI09, and
SPI24 variations in both the observations and 42 individual
CMIP6 model simulations over the domain of 20°–50°N and
60°–120°E for the time period 1950–2014. Figure 1(a–c)
show JJA SPI03, SPI09, and SPI24 anomalies obtained by
regression onto the PCs corresponding to EOF1 in the obser-
vations. The spatial pattern of the leading mode of JJA SPI03
and SPI09 variations displays a north-south dipole distribution
across approximately 30°N (Fig. 1(a, b)). The spatial pattern
of the leading mode of JJA SPI24 shows a southwest-
northeast oriented tripole distribution (Fig. 1(c)).

To examine whether the CMIP6 models capture the lead-
ing modes in the observations, we calculate the spatial pattern
correlation coefficient (PCC) between the observed SPI
anomalies of the leading mode and the model SPI anomalies

corresponding to the first two modes over the domain of 5°–
60°N and 50°–150°E. Here, we focus on the modes in the
models that are most similar to the leading mode in the obser-
vations, measured by the PCC value. Thus, we display the
PCC in Fig. 2 for either the first or second mode in the 42
models. In most of the models, the leading mode of SPI03 and
SPI09 resembles the leading mode in the observations with
the PCC above 0.5 in majority of the models (Fig. 2(a, b)).
This indicates that the dipole mode of short-term andmedium-
term variations is captured as a leading mode in most of the 42
models. In a few models (5 model for SPI03 and 7 model for
SPI09), the second mode has a higher PCC value than the first
mode with the observed leading mode. This indicates that
these models do not produce the observed dipole pattern of
short-term and medium-term drought variations as the first
mode. In the following, we focus on the dipole EOF mode
in the models. In 12 of the 42 models, the second mode of
SPI24 has a higher PCC value than the first mode with the
observed leading mode (Fig. 2(c)). About half of the models
has a PCC value below 0.5, smaller than that for SPI03 and
SPI09. This indicates that the models have a lower ability to
capture the tripole mode of the long-term drought variations.

Based on the PCC values, we construct an ensemble mean
of the dipole mode in the 42 CMIP6 models by averaging the
JJA SPI03 and SPI09 anomalies corresponding to the first or
second modes with a higher PCC. In a similar manner, we
constructed an ensemble mean of the tripole mode in the
models by averaging the JJA SPI24 anomalies corresponding
to the first or secondmodes with a higher PCC. The results are
displayed in Fig. 1(d–f). The dipole mode of SPI03 and SPI09
variations in the model ensemble mean is very similar to the
corresponding observations (Fig. 1(a, d; b, e)). The tripole
mode of SPI24 variations in the model ensemble mean, how-
ever, deviates from the corresponding observations with
smaller positive anomalies over North China and Mongolia
and opposite anomalies over the eastern Indochina Peninsula
and the Philippines (Fig. 1(c, f)).

Inspection of the PC time series reveals another feature.
The dipole mode of JJA SPI03 and SPI09 variations in the
models are dominated by interannual variations as in the ob-
servations. This is illustrated in Fig. 3 that displays the percent
variance accounted for by interannual component,
interdecadal component, and linear trend during the analysis
time period. The percent variance explained by the interannual
component of the dipole mode of JJA SPI03 and SPI09 var-
iations exceeds 75% in majority of the models, which is sim-
ilar to the observations (Fig. 3(a, b)). The tripole mode of JJA
SPI24 variations has a larger contribution from the interannual
component in most of the models as well (Fig. 3(c)) but with a
smaller percent variance compared to the dipole mode of JJA
SPI03 and SPI09 variations. In many models, the contribu-
tions of interdecadal component and linear trend are important
for JJA SPI24 variations, consistent with the observations
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(Fig. 3(c)). The dominance of interannual component in the
dipole mode of SPI03 and SPI09 variations indicates weak
interdecadal changes and linear trends in regional spatial pat-
terns of short-term and medium-term droughts, which agrees
with previous studies. Orlowsky and Seneviratne (2013)
found that regional droughts as measured by SPI03 and
SPI12 display hardly any trends over the last decades in the
observations and CMIP5 models. Nasrollahi et al. (2015) ob-
tained that many regions do not show significant drying or
wetting trends in the CMIP5 models and CRU precipitation
data.

We perform a further EOF analysis for the three compo-
nents of JJA SPI24 variations. In the observations, the leading
mode of the interannual component of JJA SPI24 variations is
a dipole pattern (Fig. 4(a)), similar to those of JJA SPI03 and
SPI09 (Fig. 1(a, b)). The leading mode of the interdecadal
component of JJA SPI24 variations is a tripole pattern (Fig.
4(b)), similar to that of the total JJA SPI24 variation (Fig.
1(c)). The distribution of the linear trend of JJA SPI24 dis-
plays regional features (Fig. 4(c)).

We calculate the PCC of the spatial distribution of three
components of JJA SPI24 anomalies in individual models
against the corresponding leading modes in the observations.
It turns out that the leading mode of the interannual compo-
nent of SPI24 variations in the observations is captured as a
leading mode in 39 of the 42 models and as a second mode in
3 of the 42 models with the PCC values above 0.5 in most of
the models (Fig. 5(a)). The tripole mode of the interdecadal
component of SPI24 variations in the observations, however,
is not reproduced in the models as indicated by the low PCC
values below 0.3 in majority of the models (Fig. 5(b)).
Similarly, the linear trend of SPI24 in the models differs from
that in the observations with the PCC values below 0.3 inmost
models (Fig. 5(c)).

The ensemblemean of the dipolemode of interannual com-
ponent of JJA SPI24 variations in the models constructed
based on the PCC values (Fig. 4(d)) is quite similar to the
corresponding observations (Fig. 4(a)). The ensemble mean
of the tripole mode of interdecadal component of JJA SPI24
variations, however, is very weak though the spatial

Fig. 1 The spatial pattern of the
first EOF mode of JJA (a) SPI03,
(b) SPI09, and (c) SPI24
variations based on the CRU
precipitation data during 1950–
2014. Stippling denotes grid
points with statistically significant
anomalies at the 95% confidence
level. The number in the top right
denotes the percent variance of
the first EOF mode. Ensemble
mean of the model spatial pattern
of JJA (d) SPI03, (e) SPI09, and
(f) SPI24 variations obtained by
averaging the spatial patterns of
the first or second EOFmodewith
the higher spatial pattern
correlation coefficient with the
observed spatial pattern of the
first EOF mode during 1950–
2014. Stippling denotes grid
points where 80% or more of the
42 models have the same sign
anomalies. The numbers in the
top right denote the lowest, mean,
and highest percent variances
among the 42 first or second EOF
modes. (a)–(c) are modified from
Zhang and Wu (2021)
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distribution is similar to the corresponding observations (Fig.
4(e, b)). This indicates that there is likely a large spread in the
spatial pattern of interdecadal variations of long-term
droughts. The ensemble mean of the linear trend of JJA
SPI24 (Fig. 4(f)) deviates largely from the observations (Fig.
4(c)). Positive trend is seen over southern China and negative
trend covers the western China and the mid-latitude regions
(Fig. 4(f)). The above results suggest that the models have
difficulty to reproduce the interdecadal variations and trends
of long-term droughts.

The difference in the trends of long-term droughts between
the observations and model simulations is further illustrated in
Fig. 6. In the observations, the first PC time series of the
tripole pattern of JJA SPI24 displays an upward trend, which
is significant at the 95% confidence level, with superposed
interdecadal variations during the analysis period. The ensem-
ble mean of the PC time series in the models does not show
any trend. In addition, there is a large spread of the PC time
series among the models. The fluctuations of the observed PC
time series appear to be within the model spread. This result is

Fig. 2 The spatial pattern
correlation coefficient of the
spatial pattern of the first (red) or
second (orange) EOF mode in the
models with the observed spatial
pattern of the first EOF mode of
JJA (a) SPI03, (b) SPI09, and (c)
SPI24 variations
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consistent with results of previous studies using the CMIP5
models that most models do not agree with each other and
with the observations in regional drying and wetting trends
(Orlowsky and Seneviratne 2013; Nasrollahi et al. 2015;
Ukkola et al. 2018).

4 SST and atmospheric circulation anomalies
for leading spatial patterns of drought
variations

An important factor for the drought variations is SST anoma-
lies. In this section, we examine whether the models reproduce
the large-scale SST anomaly pattern corresponding to the di-
pole pattern of the interannual JJA SPI03, SPI09, and SPI24
variations. This provides information about the factors of
drought variations in the models against the observations.

Our analysis covers SST anomalies from preceding
December–January–February (DJF) to JJA for JJA SPI03
and SPI09 variations and from DJF of the preceding year
(denoted as DJF(-1)) to JJA for JJA SPI24 variations. In view
of the persistence of the obtained SST anomalies, in the fol-
lowing, we only present SST anomalies in May–June–July
(MJJ) for JJA SPI03, DJF and March–April–May (MAM)
for JJA SPI09, and JJA in the preceding year (denoted as
JJA(-1)) and preceding DJF for JJA SPI24, respectively. The
selection of the above seasons is based on the time periods of
precipitation used to calculate the JJA SPI03, SPI09, and
SPI24.

In the observations, the tropical Indo-Pacific SST anoma-
lies in MJJ corresponding to the dipole mode of JJA SPI03
variations display an El Niño–type distribution with positive
SST anomalies in the equatorial central-eastern Pacific and
tropical Indian Ocean and negative SST anomalies extending

Fig. 3 The percent variance of
interannual component (black for
the observations, pink for the
ensemble mean of CMIP6
models, red or orange for
individual models), interdecadal
component (blue), and linear
trend (green) of the first (red) or
second (orange) PC time series of
JJA (a) SPI03, (b) SPI09, and (c)
SPI24 variations
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northeastward and southeastward from the tropical western
Pacific (Fig. 7(a)). The North Atlantic SST anomalies in
MJJ show a tripole pattern with positive SST anomalies in
the tropics and western middle latitudes and negative SST
anomalies in the subtropics (Fig. 7(a)).

For evaluation of the short-term drought-related SST
anomalies in the models, we first obtain the model simulated
SST anomalies in MJJ corresponding to the dipole mode of
interannual JJA SPI03 variations by regression with respect to
the corresponding PC time series corresponding. Then, we
calculate the PCC between the observed SST anomalies and
the model simulated SST anomalies in MJJ for the tropical
Indo-Pacific domain (30°S–30°N, 40°E–80°W) and the North

Atlantic domain (0°–60°N, 70°W–0°), respectively. Most of
the models capture reasonably the El Niño–type SST anoma-
lies in the tropical Indo-Pacific region with the PCC values
above 0.4 (Fig. 8(a)). About one-third of the models produce a
tripole SST anomaly pattern in the North Atlantic region with
the PCC values above 0.4 (Fig. 8(b)). There are five models
with negative PCC values for the North Atlantic domain.
Inspection of the SST anomalies in those five models reveals
very different distribution of SST anomalies in the North
Atlantic Ocean compared to the observations. In particular,
in the NorESM2-LM, the SST anomalies in the tropical and
middle latitude Atlantic Ocean tend to be opposite to the ob-
servations (not shown).

Fig. 4 The spatial pattern of the first EOF mode of (a) interannual
component and (b) interdecadal component of JJA SPI 24 variations
based on the CRU precipitation data during 1950–2014. Stippling
denotes grid points with statistically significant anomalies at the 95%
confidence level. The number in the top right denotes the percent
variance of the first EOF mode. (c) The spatial pattern of the linear
trend of JJA SPI 24 variations based on the CRU precipitation data
during 1950–2014. Stippling denotes grid points with statistically
significant trends at the 95% confidence level. Ensemble mean of the
model spatial pattern of (d) interannual component and (e) interdecadal

component of JJA SPI24 variations obtained by averaging the spatial
patterns of the first or second EOF mode with the higher spatial pattern
correlation coefficient with the observed spatial pattern of the first EOF
mode during 1950-2014. Stippling denotes grid points where 80% or
more of the 42 models have the same sign anomalies. The numbers in
the top right denote the lowest, mean, and highest percent variances
among the 42 first or second EOF modes. (f) Ensemble mean of the
model linear trends of JJA SPI24 variations. Stippling denotes grid
points where 80% or more of the 42 models have the same sign
trends. (a)–(c) are modified from Zhang and Wu (2021)
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The ensemblemean SST anomalies in the models, obtained
by averaging the regressed SST anomalies associated with the
dipole mode of interannual JJA SPI03 variations in individual

models (Fig. 7(b)), are similar to those in the observations in
the tropical Indo-Pacific region (Fig. 7(a)). This confirms that
most models are able to simulate the relation of the dipole

Fig. 5 The spatial pattern
correlation coefficient of the
spatial pattern of the first (red) or
second (orange) EOF mode in the
models with the observed spatial
pattern of the first EOF mode of
(a) interannual component and
(b) interdecadal component of
JJA SPI24 variations. (c) The
spatial pattern correlation
coefficient of the linear trends in
the models with the observed
linear trends of JJA SPI24
variations
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mode of short-term drought variations to the tropical Indo-
Pacific SST. In comparison, the model simulated SST anom-
alies in the tropical Indo-Pacific region shift westward com-
pared to the observations, which is a common feature in cli-
matemodels (e.g., Collins et al. 2010; Gong et al. 2015). In the
North Atlantic region, discrepancy from the observations can
be noted in the middle latitudes (Fig. 7(a, b)). In the tropical
South Atlantic Ocean, the ensemble mean model SST anom-
alies are opposite to the observations (Fig. 7(a, b)).

The influence of tropical Indo-Pacific SST anomalies on
short-term drought variations is indicated by the accompany-
ing large-scale atmospheric circulation anomaly pattern.
Corresponding to the dipole mode of JJA SPI03 variations,
anomalous upper-level divergence is observed over the tropi-
cal eastern Pacific (Fig. 9(a)). Anomalous upper-level conver-
gence appears over the tropical western Pacific, which indi-
rectly induces anomalous upper-level divergence and anoma-
lous updraft to the north over Central and East Asia.
Anomalous upper-level divergence and convergence over
the tropical Indo-Pacific shifts westward in the models (Fig.
9(b)) compared to the observations (Fig. 9(a)), which is related
to the westward shift of the El Niño–type SST anomalies in

the tropical Indo-Pacific region (Fig. 7(a, b)). Consistent with
the observations, the model simulates anomalous upper-level
divergence and anomalous updraft over Central and East Asia
(Fig. 9(a, b)).

We conduct a similar evaluation of the medium-term
drought-related SST anomalies corresponding to the dipole
mode of interannual JJA SPI09 variations. The observed
SST anomalies in DJF and MAM feature an El Niño–type
distribution in the tropical Indo-Pacific region (Fig.
10(a, b)). Most of the models capture well the distribution of
tropical Indo-Pacific SST anomalies with the PCC values
above 0.5 in both DJF and MAM (Fig. 11(a, b)). Exceptions
are found in a few models, including BCC-ESM1 and
CIESM. Inspection of the SST anomalies in these two models
reveals very weak SST anomalies in the tropical Indo-Pacific
region (not shown). In the North Atlantic Ocean, the spatial
distribution of the SST anomalies in DJF and MAM has a
PCC above 0.4 in about half of the models (Fig. 11(c, d)).

The ensemble mean SST anomalies in DJF associated with
the dipole mode of JJA SPI09 variations display an El Niño–
type distribution in the tropical Indo-Pacific region (Fig.
10(c)), similar to the observations (Fig. 10(a)). Compared to
the observations, the SST anomalies tend to shift westward in
the tropical Indo-western Pacific region. In the North Atlantic
Ocean, the SST anomalies appear weaker in the models than
in the observations. The ensemble mean SST anomalies in
MAM display a tripole pattern with an eastward displacement
in the location of positive SST anomalies in the mid-latitude
region (Fig. 10(d)). The above results confirm that most
models are able to simulate the relation of the dipole mode
ofmedium-term drought variations to the tropical Indo-Pacific
SST.

The accompanying large-scale atmospheric circulation
anomaly pattern also confirms the influence of tropical Indo-
Pacific SST anomalies on medium-term drought variations.
Corresponding to the dipole mode of JJA SPI09 variations,
anomalous upper-level divergence and convergence is ob-
served over the tropical eastern and western Pacific, respec-
tively (Fig. 12(a)). Anomalous upper-level divergence and

Fig. 6 The first PC time series (black curve) and the corresponding linear
trend (dashed line) of the first EOF mode of JJA SPI24 variations based
on the CRU precipitation data. The ensemble mean (red curve) and inter-
model spread (pink shading) of the first PC time series of the first or
second EOF mode of JJA SPI24 variations based on the 42 models

Fig. 7 MJJ SST anomalies (°C) obtained by regression on the PC time
series of the dipole EOF mode of interannual component of JJA SPI03
variations for the period 1950–2014 based on (a) ERSST5 SST and CRU
precipitation data and (b) models. Stippling in (a) denotes grid points with

statistically significant anomalies at the 95% confidence level. Stippling
in (b) denotes grid points where 80% or more of the 35 models have the
same sign SST anomalies
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anomalous updraft are induced over Central and East Asia.
The model simulates anomalous upper-level divergence and
anomalous updraft over Central and East Asia (Fig. 12(b)). In
comparison, anomalous upper-level divergence and conver-
gence over the tropical Indo-Pacific shift westward in the
models compared to the observations, which is again attribut-
ed to the westward shift of the El Niño–type SST anomalies in
the tropical Indo-Pacific region (Fig. 10(a, b)).

The dipole mode of interannual component of JJA SPI24
variations is also linked to an El Niño–type SST anomaly
distribution in the tropical Indo-Pacific region and a tripole
SST anomaly pattern in the North Atlantic Ocean in the ob-
servations (Fig. 13(a, b)). Most of the models reproduce well
the tropical Indo-Pacific SST anomalies in JJA(-1) and DJF
with the PCC values above 0.5 (Fig. 14(a, b)). In the North
Atlantic Ocean, the PCC value is above 0.4 in more than one-
third of the models in JJA(-1) and in about half of the models
in DJF (Fig. 14(c, d)).

The ensemble mean SST anomalies associated with the
dipole mode of the interannual JJA SPI24 variations in the
tropical Indo-western Pacific region display a westward shift

in the models (Fig. 13(c, d)) compared to the observations. In
particular, negative SST anomalies are seen in the region
northwest of Australia in JJA(-1) in the models (Fig. 13(c)).
Discrepancy from the observations is noted in the distribution
of the SST anomalies in the eastern mid-latitude North
Atlantic Ocean in JJA(-1) (Fig. 13(c)). In particular, the
ACCESS-ESM1-5 displays a distribution of SST anomalies
nearly opposite to the observations in the North Atlantic
Ocean (not shown) with a PCC value of about −0.4 (Fig.
14(c)). The ensemble mean SST anomalies in the North
Atlantic region in DJF are quite similar to the observations
(Fig. 13(b, d)). The results indicate that most models are able
to simulate the relation of the interannual variation of the
dipole mode of long-term drought to the tropical Indo-
Pacific and tropical North Atlantic SST.

The dipole mode of interannual component of JJA SPI24
variations is linked to tropical Indo-Pacific SST anomalies
through a similar large-scale atmospheric circulation anomaly
pattern. Anomalous upper-level divergence and anomalous
updraft are induced over Central and East Asia in both the
observations and the models (Fig. 15(a, b)). Over the tropical

Fig. 8 The spatial pattern correlation coefficient of the MJJ SST
anomalies obtained by regression on the dipole EOF mode of
interannual component of JJA SPI03 variations between the models and

the observations in the (a) tropical Indo-Pacific region (30°S–30°N,
40°E–80°W) and (b) North Atlantic region (0°–60°N, 70°W–0°)

Fig. 9 Anomalies of MJJ divergent wind (vectors, m s−1, scale at the
bottom-right corner) and velocity potential (black contours, 104 m2 s−1)
at 200 hPa and vertical p-velocities at 500 hPa (blue contours, with
negative values of −0.6, −0.3, and −0.1×10−2 Pa s−1 only in the domain

of 5°–60°N and 50°–150°E) obtained by regression on the PC time series
of the dipole EOF mode of interannual component of JJA SPI03
variations for the period 1950–2014 based on (a) NCEP-NCAR
reanalysis and CRU precipitation data and (b) models
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Indo-Pacific region, anomalous upper-level divergence and
convergence is observed over the eastern and western parts,

respectively. Again, the model simulated anomalous upper-
level divergence and convergence over the tropical Indo-

Fig. 10 (a, c) DJF and (b, d) MAM SST anomalies (°C) obtained by
regression on the PC time series of the dipole EOF mode of interannual
component of JJA SPI09 variations for the period 1950–2014 based on
(a, b) ERSST5 SST and CRU precipitation data and (c, d) models.

Stippling in (a, b) denotes grid points with statistically significant
anomalies at the 95% confidence level. Stippling in (c, d) denotes grid
points where 80% or more of the 35 models have the same sign SST
anomalies. (a)–(b) are modified from Zhang and Wu (2021)

Fig. 11 The spatial pattern correlation coefficient of (a, c) DJF and (b, d)
MAM SST anomalies obtained by regression on the dipole EOF mode of
interannual JJA SPI09 variations between the models and the

observations in the (a, b) tropical Indo-Pacific region (30°S–30°N,
40°E–80°W) and (c, d) North Atlantic region (0°–60°N, 70°W–0°)

356 Y. Zhang, R. Wu



Pacific shift westward compared to the observations, which is
related to the bias in the location of the El Niño–type SST
anomalies in the tropical Indo-Pacific region (Fig. 13(a, b)).

5 Summary and discussions

The present study assessed the performance of 42 CMIP6
climate models in simulating the spatial patterns of the
Asian summer drought variations based on JJA SPIs during
1950–2014. The short-term, medium-term, and long-term
droughts are represented by 3-month, 9-month, and 24-
month SPI, respectively. The SST and atmospheric circulation
anomalies corresponding to the interannual variations of the
leading spatial patterns are assessed for 35 CMIP6 models.
The main results of the model performance are summarized
in Table 2.

Most of the CMIP6 models can capture the observed lead-
ing spatial pattern (Table 2), which is featured by a north-

south dipole distribution, of short-term and medium-term
drought variations as a leading mode except for a few models
(5 models for short-term drought and 7 models for medium-
term drought). In those few models, the second mode resem-
bles the observed leading mode. Consistent with the observa-
tions, the PC time series of the north-south dipole mode is
dominated by interannual variations in all the 42 models, with
the explained percent variance more than 75%.

The observed leading spatial pattern of long-term drought
variations, featuring a southwest-northeast tripole distribution,
is only reproduced in part of the CMIP6 models. The interan-
nual component, interdecadal component, and linear trend
contribute to the PC time series of this mode in the models,
which agrees with the observations. Further analysis of the
long-term drought variations separated into the three compo-
nents reveals that the interannual variations of long-term
drought behave similar to those of short-term and medium-
term droughts (Table 2). The discrepancy between the models
and observations remains for interdecadal variations and

Fig. 12 Anomalies of MAM divergent wind (vectors, m s−1, scale at the
bottom-right corner) and velocity potential (black contours, 104 m2 s−1) at
200 hPa and vertical p-velocities at 500 hPa (blue contours, with negative
values of −0.6,−0.3, and −0.1×10−2 Pa s−1 only in the domain of 5°–60°N
and 50°–150°E) obtained by regression on the PC time series of the

dipole EOF mode of interannual component of JJA SPI09 variations for
the period 1950–2014 based on (a) NCEP-NCAR reanalysis and CRU
precipitation data and (b) models. (a) is modified from Zhang and Wu
(2021)

Fig. 13 (a, c) JJA(-1) and (b, d) DJF SST anomalies (°C) obtained by
regression on the PC time series of the dipole EOF mode of interannual
component of JJA SPI24 variations for the period 1950–2014 based on
(a, b) ERSST5 SST and CRU precipitation data and (c, d) models.

Stippling in (a, b) denotes grid points with statistically significant
anomalies at the 95% confidence level. Stippling in (c, d) denotes grid
points where 80% or more of the 35 models have the same sign SST
anomalies. (a)–(b) are modified from Zhang and Wu (2021)
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trends of the long-term droughts. This result is consistent with
previous studies that found that the CMIP5 models have dif-
ficulty to capture the trends of droughts in regional scales
(Orlowsky and Seneviratne 2013; Nasrollahi et al. 2015;
Ukkola et al. 2018). The reasons for the discrepancy of
interdecadal variations of long-term drought between the ob-
servations and models remain to be investigated. One plausi-
ble reason is the effect of soil moisture anomalies that have
persistence, which is important to the maintenance of drought
condition (Guan et al. 2009;Wu and Kinter 2009; Cheng et al.
2015; Kong et al. 2019). Our preliminary analysis reveals that
the interdecadal soil moisture anomalies have a low spatial
correlation coefficient between the observations and models
(not shown).

The tropical Indo-Pacific SST anomalies corresponding
to the dipole mode of interannual variations of short-term,
medium-term, and long-term droughts are characterized
by an El Niño–type distribution, with positive SST anom-
alies in the tropical central-eastern Pacific and tropical
Indian Ocean and negative SST anomalies extending
northeastward and southeastward from the tropical west-
ern Pacific. This SST anomaly pattern is similar to the
observations in most of the models for the dipole mode
of interannual variations of short-term and medium-term
droughts (Table 2). However, there are a few models
(BCC-ESM1 and CIESM) that have weak SST anomalies
in the tropical Indo-Pacific region corresponding to the
dipole mode of interannual variations of medium-term

Fig. 14 The spatial pattern correlation coefficient of (a, c) JJA(-1) and (b,
d) DJF SST anomalies obtained by regression on the dipole EOFmode of
interannual component of JJA SPI24 variations between the models and

the observations in the (a, b) tropical Indo-Pacific region (30°S–30°N,
40°E–80°W) and (c, d) North Atlantic region (0°–60°N, 70°W–0°)

Fig. 15 Anomalies of JJA(-1) divergent wind (vectors, m s−1, scale at the
bottom-right corner) and velocity potential (black contours, 104 m2 s−1) at
200 hPa and vertical p-velocities at 500 hPa (blue contours, with negative
values of −0.6,−0.3, and −0.1×10−2 Pa s−1 only in the domain of 5°–60°N
and 50°–150°E) obtained by regression on the PC time series of the

dipole EOF mode of interannual component of JJA SPI24 variations for
the period 1950–2014 based on (a) NCEP-NCAR reanalysis and CRU
precipitation data and (b) models. (a) is modified from Zhang and Wu
(2021)

358 Y. Zhang, R. Wu



drought. Most of the models also capture the El Niño–
type distribution of SST anomalies in the tropical Indo-
Pacific region corresponding to the dipole mode of inter-
annual variations of long-term drought (Table 2).

The North Atlantic SST anomalies corresponding to the
dipole mode of interannual variations of droughts display a
tripole pattern in the observations, with positive SST anoma-
lies in the tropics and middle latitudes and negative SST
anomalies in the subtropics. Only about one-third to half of
the models capture the observed North Atlantic tripole SST
anomaly pattern (Table 2). More models simulate the tripole
SST anomaly pattern in the North Atlantic Ocean in DJF than
in JJA(-1) corresponding to the dipole mode of interannual
variations of long-term droughts.

The link of the dipole mode of drought variations with the
tropical Indo-Pacific SST anomalies is related to a large-scale
atmospheric circulation anomaly pattern with a west-east con-
trast of anomalous upper-level divergence and convergence
over the tropical Indo-Pacific region. In comparison, the
above pattern shifts westward in the models in association
with a westward extension of the tropical Indo-Pacific SST
anomalies. Anomalous upper-level divergence and anoma-
lous updraft are induced over Central and East Asia in both
the observations and models.

The present evaluation of spatial patterns of Asian summer
drought variations in the models is only based on the SPI.
Previous studies noted that the characteristics and changes of
droughts may depend upon the index used to measure
droughts (Orlowsky and Seneviratne 2013; Nasrollahi et al.
2015; Ukkola et al. 2018). Further evaluations using other
drought indices are needed to provide a comprehensive under-
standing of the drought changes in the models compared to the
observations.

Our evaluation illustrates that most models are able to
capture the leading spatial patterns of short-term and
medium-term drought variations and interannual compo-
nent of long-term drought variations as well as their as-
sociations with the tropical Indo-Pacific SST anomalies.
This is attributed to the ability of most models to capture
the large-scale atmospheric circulation anomaly pattern
induced by the tropical Indo-Pacific SST anomalies.
Thus, it is suitable to investigate historical and future
changes and associated mechanisms of interannual varia-
tions of meteorological drought using models. However,
most models have difficulty to reproduce the spatial pat-
terns of interdecadal variations and long-term changes of
meteorological droughts. This suggests that current
models are not suitable for projection of future changes
in long-term meteorological droughts.

Regarding the spatial patterns of droughts, some of the
models display notable discrepancies from the observations
and other models. For example, the observed dipole pattern
of short-term and medium-term drought variations shows up
as the second EOF mode in a few models. Regarding the
distribution of SST anomalies corresponding to the dipole
mode of drought variations, some models fail to simulate the
observed El Niño–type SST anomaly pattern in the tropical
Indo-Pacific region and the tripole SST anomaly pattern in the
North Atlantic region. Further work is needed to explore the
plausible reasons for these discrepancies between models and
the observations.
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ciated. The CRU precipitation data were obtained at https://crudata.uea.
ac.uk/cru/data/precip/. The ERSST data were obtained at https://www.

Table 2 A summary of model performance of interannual variations of
short-term, medium-term, and long-term droughts in JJA over Asia
against the observations (obs). The ratio within parentheses denotes that
the number of models out of total models in which the pattern correlation
coefficient (PCC) with the corresponding observations reaches 0.5 in the

domain of 5°–60°N and 50°–150°E for the spatial pattern of drought
variations in JJA, 0.4 in the domain of 30°S–30°N and 40°E–80°W for
the tropical Indo-Pacific SST anomalies, and 0.4 in the domain of 0°–
60°N and 70°W–0° for the North Atlantic SST anomalies inMJJ (SPI03),
DJF (SPI09), and DJF (SPI24), respectively

Short-term drought Medium-term drought Long-term drought

Interannual Interdecadal Trend

Spatial pattern Obs Dipole Dipole Dipole Tripole Scattered

Model Dipole (42/42) Dipole (37/42) Dipole (39/42) Weak Weak

Indo-Pacific SST anomaly Obs El Niño El Niño El Niño

Model El Niño
(28/35)

El Niño
(32/35)

El Niño
(30/35)

North Atlantic SST anomaly Obs Tripole Tripole Tripole

Model Tripole
(11/35)

Tripole
(18/35)

Tripole
(18/35)
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