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Abstract
This study investigates the impact of internal variability on East Asian summer (June–July–August) surface air temperature 
(SAT) trends on the multidecadal time scale based on a 30-member ensemble of simulations that share the same external 
forcing from 1970 to 2005. The ensemble-mean SAT in East Asia shows a positive trend, but the patterns and the magnitudes 
in the individual members are remarkably diverse, highlighting the strong effect of internal variability. The first two leading 
empirical orthogonal function (EOF) modes of the SAT trends among ensemble members are used to represent the leading 
patterns of internally generated SAT change in East Asia. The first EOF mode displays a south-north dipole structure, asso-
ciated with a zonally banded circulation pattern over East Asia and the North Pacific. The second mode represents coherent 
trend in North China, Korea and Japan, accompanied by the Northern Hemisphere annular mode (NAM)-like circulation 
changes. A dynamical adjustment method is applied to reduce circulation-induced internal variability in SAT, and the adjusted 
SAT trends are much less variable among ensemble members and more in line with the ensemble mean than the raw trends. 
Observed evidences show that the summertime SAT in most of East Asia, especially in northern East Asia, has experienced 
rapid warming in recent decades. After dynamical adjustment, the residual trends of SAT in observations are weaker than the 
raw trends, especially at high and middle latitudes, suggesting the enhanced warming in northern East Asia over the recent 
decades was not entirely anthropogenic but partly caused by internal variability.
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1 Introduction

East Asian summertime (June–July–August) surface air 
temperature (SAT) has experienced long-term increases 
over the past 100 years (Zhai et al. 1999; Li et al. 2010). 

Using a China Homogenized Historic Temperature 
dataset, Li et al. (2010) demonstrated that the best esti-
mates of China summertime SAT trends for 1900–2006, 
1954–2006 and 1970–2006 are: 0.04 ± 0.017 °C/decade, 
0.16 ± 0.037 °C/decade, 0.37 ± 0.10 °C/decade, respec-
tively. The rapid warming causes more and more hot 
summers in recent decades (Ding and Qian 2011; Jiang 
et al. 2012; Hu et al. 2013; Sun et al. 2014; Wang et al. 
2014). The SAT trends in East Asia vary from region to 
region. Using observed data of 160 meteorological sta-
tions in China over 1951–1999, Hu (2003) reported 
that the summertime SAT shows remarkable increasing 
trends over arid and semi-arid northern China but cooling 
trends over central China, which was also noticed by oth-
ers (Gong et al. 2004; Qian and Qin 2006). The cooling 
trend over central China have turn to a significant positive 
trend after the late 1980s (Qian and Qin 2006; You et al. 
2017), meanwhile the Northeast Asia have experienced a 
significant warm shift (Chen and Lu 2014), suggesting that 
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summertime SAT change in East Asia includes a consider-
able component of multidecadal variability.

The proposed factors for this multidecadal SAT change 
include the aerosol forcing (Li et al. 2007), greenhouse 
gases (He et  al. 2013), sea surface temperature (SST) 
anomalies (Hu 2003), and atmospheric circulation adjust-
ment (Gong et al. 2004; Wei and Chen 2011; Chen and Lu 
2014). The change of aerosol and greenhouse gas should 
be mainly due to human activities, while SST and atmos-
pheric circulation change are at least partly affected by 
internal variability of climate system (Zhou et al. 2009; 
Wallace et al. 2015; Song and Zhou 2015; He et al. 2017). 
Therefore, both human activities and natural variabil-
ity appear to contribute to multidecadal SAT changes in 
East Asia. Internal variability could markedly modulate 
regional SAT trend under the increasing greenhouse gas 
forcing and result in large uncertainty in temperature pro-
jection (Deser et al. 2012, 2014). To obtain the anthro-
pogenic SAT trends and reduce the uncertainty in SAT 
projection in East Asia, we need to understand the internal 
viability in the multidecadal changes of East Asian SAT.

It is often difficult to distinguish between internally-
generated low frequency climate variability and human-
induced climate change. Deser et  al. (2012) and Wal-
lace et al. (2012) developed a methodology to separate 
the forced climate change and internal variability, based 
on large ensemble simulations, performed with a single 
model, in which each member simulation starts from a 
different set of initial conditions and is subject to the 
same prescribed time-varying radiative forcing. In princi-
ple, ensemble-mean trends can be identified as externally 
forced climate change and the departures of the trends 
in the individual members from the ensemble mean are 
attributable to the internal variability of the climate sys-
tem. In model world, this methodology works when the 
ensemble size is large enough to ensure a high level of 
statistical significance. The applicable of the methodology 
to real world depends upon how well the model reproduces 
the real climate. So, we need evaluate the skill of model 
before using the methodology.

Here, we investigate the effect of internal variability on 
summertime SAT trends in East Asia on the multidecadal 
time scale by using output of large ensemble simulations, 
following the studies of Deser et al. (2012) and Wallace et al. 
(2012). First, we quantify the contributions of external forc-
ing and internal variability to the simulated SAT change in 
East Asia. Then, we examine the leading spatial patterns of 
the simulated SAT trends resulting from internal variability. 
Next, we analyze the corresponding atmospheric circulation, 
SST and rainfall anomalies to understand how the patterns 
are generated. Finally, we use a method to adjust the SAT 
trends by reducing internal variability in both simulations 
and observations.

The paper is organized as follows. Section 2 provides a 
brief description of data and methods. Section 3 evaluates 
the model skill in simulating East Asian climate. Section 4 
quantifies the contributions of internal variability and exter-
nal forcing to SAT change in East Asia. Section 5 analyzes 
the leading patterns of internal variability-induced SAT 
trends and the corresponding atmospheric circulation, SST, 
and rainfall changes in summer. In Sect. 6, we use a method 
to reduce the multidecadal internal variabilities inherent in 
the SAT trends for simulations and observations. Section 7 
gives a summary.

2  Data and methods

A 30-member ensemble of simulations for the period of 
1970–2005 by a comprehensive coupled atmosphere-ocean-
sea ice-land general circulation model (GCM)—Version 4 
of the Community Climate System Model (CCSM4)—at a 
horizontal resolution of approximately 0.94° latitude and 
1.25° longitude (Wallace et al. 2015) is used to investigate 
the internal varbility in summer SAT multidecadal change 
in East Asia. Each ensemble member undergoes the same 
observationally estimated radiative forcing that is the same 
as that using in the phase 5 of the Coupled Model Intercom-
parison Project. All member runs start from identical initial 
conditions in the ocean, land and sea-ice model components, 
but with slightly different initial conditions in the atmos-
pheric mode component among member runs. The detail 
description of the simulations is given in Gent et al. (2011).

The observed monthly SAT on grids are derived from 
the University of Delaware Air Temperature and Precipi-
tation (UDel_AirT_Precip) version 4.01, available from 
1901 to 2014, on a grid of 0.5° latitude × 0.5° longitude, 
which are provided by the NOAA/OAR/ESRL PSD, Boul-
der, Colorado, USA (https ://www.esrl.noaa.gov/psd/). To 
test whether the gridded dataset is accurate enough in 
China, a 194-station observed monthly SAT dataset from 
the China Meteorological Data Service Center, China 
Meteorological Administration from 1970 to 2014 (http://
data.cma.cn/data) is used as a comparison to the gridded 
observations. The gridded monthly SST is from the Had-
ley Centre (HadISST; available at https ://www.metoffi ce.
gov.uk/hadob s/hadis st/), with resolution of 1° × 1° (Rayner 
et al. 2003). The observed monthly winds and sea level 
pressure (SLP) are from the National Centers for Envi-
ronmental prediction (NCEP) Reanalysis version 1 data 
(https ://www.esrl.noaa.gov/psd/data/gridd ed/data.ncep.
reana lysis .html), with a resolution of 2.5° latitude × 2.5° 
longitude, available from 1948 to present (Kalnay et al. 
1996). The Global Precipitation Climatology Project 
(GPCP) 2.5° latitude × 2.5° longitude monthly precipita-
tion dataset (https ://www.esrl.noaa.gov/psd/data/gridd ed/

https://www.esrl.noaa.gov/psd/
http://data.cma.cn/data
http://data.cma.cn/data
https://www.metoffice.gov.uk/hadobs/hadisst/
https://www.metoffice.gov.uk/hadobs/hadisst/
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
https://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html
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data.gpcp.html) is used to evaluate the skill of the simula-
tions in precipitation by CCSM4, which is available from 
1979 (Adler et al. 2003).

To extract the leading patterns of internal variability-
induced SAT trends in East Asia, we perform empirical 
orthogonal function (EOF) analyses on the departures 
of the SAT trends from the ensemble mean using all 30 
members. As the external forcing for the 30 members are 
exactly the same, the diversity among the 30 members 
should be due to internal variability. Thus, the leading 
EOF modes are considered as the major patterns of inter-
nally generated SAT trends in East Asia. The method to 
extract internal variability pattern is similar to the method 
used by Branstator (1990), who identified low-frequency 
atmospheric internal modes by performing an EOF analy-
sis on a large ensemble of simulations forced by a num-
ber of random thermal sources. The circulation anomalies 
associated with the SAT EOF modes are calculated by 

regression onto the corresponding principal components 
(PCs). In this study, statistical significance is evaluated 
with a two-sided Student’s t test.

3  Evaluating CCSM4 simulation over East 
Asia

Figure  1a, b compare the 1970–2005 climatology of 
June–July–August mean (JJA) land SAT in observations 
and the ensemble mean, respectively. The simulated and 
observed land SATs are similar in shape and comparable 
in magnitude. In both observations and the ensemble mean, 
high SAT above 26 °C is mainly distributed in eastern and 
northwest China and the Indo-China peninsula, while low 
SAT below 8 °C is distributed in the Tibetan Plateau. In the 
flat region of East Asia, SAT varies from 18 to 28 °C from 

(a)

(c) (d)

(b)

Fig. 1  The climatological JJA land SAT (the upper panels; °C), rainfall (colors in the lower panels; mm/day) and 850 hPa winds (vectors in the 
lower panels; m/s) in observations (left; 1979–2014) and in the ensemble mean of the 30-member CCSM4 simulations (right; 1970–2005)

https://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html
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the tropics to the high latitudes, a range that is much smaller 
than that in winter (not shown).

Figure 1c, d compare the climatological JJA rainfall and 
850-hPa circulation in observations (1979–2008) and in 
the ensemble mean of the simulations (1970–2005). The 
model reproduces the southwest summer monsoon from the 
Indian Ocean to East Asia, southeast trades over the tropical 
western Pacific, an anticyclonic circulation extending from 
the subtropical Northwest Pacific to East China, and west-
erly winds at high latitudes. Dynamically consistent with 
circulation, there are large rainfall centers around the Bay 
of Bengal, the Philippine Islands and the tropical western 
Pacific, and the Meiyu Front that extends from East China to 
Japan. It is noted that the simulated Meiyu Front rainfall belt 
is weaker than the observed, which is generally considered 
hard to simulate (Kuwano-Yoshida et al. 2013). There is also 
a notable wet bias in the south flank of the Tibetan Plateau, 
consistent with a cold bias there in Fig. 1b, possibly because 
the model resolution is not able to make out the complex 
topography there. Overall, the CCSM4 shows a good skill 
in reproducing the observed summer climatology of 850-hPa 
winds, rainfall, and SAT in East Asia.

4  Internal variability vs. external forcing

Following Deser et al. (2012), the ensemble-mean SAT 
trends are considered as externally forced while the depar-
tures in the individual members from the ensemble-mean 
are due to the internal variability. We use the ratios of the 
ensemble-mean SAT trends to the standard deviation of 
departures to quantify the relative importance of external 
forcing and internal variability.

Figure 2 shows the JJA SAT trends in individual mem-
bers. Although all members share a common prescribed 
forcing, the spatial patterns of SAT trends display substantial 
member-to-member diversity in East Asia. For example, the 
SAT trends feature a notable positive–negative contrast of 
SAT trends between southeast and northeast China in some 
members (#1, #4, #5 and #20), but display reverse contrast 
in some other members (#13, #25 and #28). The notable 
diversity also exists at mid and high latitudes where strong 
warming trends exists in some members (#2, #7, #25) but 
warming is weak in other members (#6, #8, #29). The large 
variability among ensemble members suggests that internal 
variability plays an important role in regional SAT trends in 
East Asia, consistent with the results in Yao et al. (2016).

The ensemble-mean JJA SAT trends (Fig.  3a) show 
robust warming everywhere. The warming rate is about 
1  °C/36  years at the mid and high latitudes but below 
0.5 °C/36 years in southeast China. That the warming rate is 
higher at the mid and high latitudes than that at low latitudes 
is consistent with the Artic amplification. The observed 

JJA SAT trends (Fig. 3b) during 1970–2005 feature large 
south-north gradient over East Asia, with notable warming 
(above 2 °C/36 years) in North China, Mongolia, and the 
regions around Lake Baikal but negative SAT trends (about 
− 0.5  °C/36 years) in the Yangtze River valley (around 
30°N). The south-north dipole pattern of observed JJA SAT 
trends is similar to that in the members: #2, #25 and #28. 
The similarity lends credence to use the simulations to study 
internal variability in the multidecadal SAT change.

The standard deviation of the JJA SAT trends among 
ensemble members is quite homogeneous in East Asia 
(Fig. 3c). Since the ensemble-mean SAT trends are small in 
eastern China, the ratio of the ensemble-mean SAT trends 
to the standard deviation (Fig. 3d) is small there. The ratio 
ranges from 0.5 to 1.5 in eastern China and exceeds 2 else-
where such as South China, the Indo-China Peninsula, the 
Tibetan Plateau, the Siberia, Korea and Japan. The results 
suggest that the effect of internal variability is on par with 
external forcing on summertime SAT trends in eastern China 
at this interval in the simulations.

5  Leading modes of internal variability

Summertime SAT trends show substantial diversity among 
the 30 individual members in East Asia, especially in east-
ern China. Does the diversity have some coherent spatial 
patterns? To answer the question, we perform an EOF anal-
ysis on land SAT trends among all ensemble members in 
the domain of East Asia (20–60°N, 90–145°E). Different 
domains were tested, and the results are not sensitive to the 
domain choice. The first and second EOF modes account for 
31% and 19% of total variance of SAT trends, respectively, 
and are well separated from each other based on the North’s 
criterion (North et al. 1982). Figure 4a, b display the regres-
sion maps of SAT trends upon the PC1 and PC2, respec-
tively. For simplicity, the EOF modes shown in Fig. 4 are 
considered to be in their positive phase in following sections. 
The EOF1 displays a meridional dipole structure, with posi-
tive trends in southeast China and negative trends in north-
east China and Russian Far East. The EOF2 mainly repre-
sents a broad warming in North China, Korea and Japan.

At 200 hPa, the geopotential height of EOF1 (Fig. 5a) fea-
tures a meridional tripole in the sector of the North Pacific 
and East Asia, with negative values in the latitudinal band of 
40°N–70°N and positive values on either side. In agreement 
with height anomalies, there are westerly wind anomalies at 
200-hPa at latitudes around 40°N, indicating an enhanced 
subtropical jet. The regressed SLP trends (Fig. 5b) on the 
PC1 also show a positive-negative-positive meridional struc-
ture over East Asia and the Northwest Pacific but it shifts 
slightly southward relative to 200 hPa geopotential height 
anomalies. Rainfall anomalies are dynamically consistent 
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with the circulation anomalies, with negative (positive) 
rainfall trends (Fig. 5c) under the upper-level anticyclonic 
(cyclonic) circulation anomalies. In East Asia, there are neg-
ative rainfall trends in southeast China and positive rainfall 
trends in northeast China. A drying tendency favors warm-
ing via reduced latent heat fluxes and enhanced sensible 
heat fluxes at the Earth’s surface, and vice versa (Hu 2003; 
Seneviratne et al. 2010), which corresponds to the south-
north dipole structure of SAT trends in the EOF1.

Moreover, the PC1 is significantly correlated with the 
Pacific Decadal Oscillation (PDO; Zhang et al. 1997)-like 
SST trends, with warming SST trends in the tropical eastern 
Pacific and the tropical Indian Ocean and cooling trends in 

the extratropical North Pacific (Fig. 5d). The SST anoma-
lies, especially the warming of the tropical eastern Pacific, 
are considered to strength the subtropical jets and lead to 
zonally banded circulation pattern at mid and high latitudes 
(Seager et al. 2003), consistent with the circulation anoma-
lies in Fig. 5a. Using two different atmospheric general cir-
culation models (AGCM), Li et al. (2010a, b) found that the 
PDO-like SST anomalies (warming in the equatorial Pacific 
and cooling in the subtropical North Pacific) can lead to 
enhanced subtropical jets at upper levels and anticyclonic-
cyclonic dipole of circulation anomalies from the subtropical 
Northwest Pacific to the mid-latitudes at low levels. The 
AGCM simulated results are consistent with the circulation 

Fig. 2  JJA SAT trends (1970–2005; °C/36 year) from each of the 30 CCSM4 ensemble members
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anomalies shown in Fig. 5a, b. The relation between the anti-
cyclonic-cyclonic dipole of circulation anomalies over East 
Asia and the Northwest Pacific and PDO-like SST pattern 
was also found in observations (Hu 1997; Zhou et al. 2009; 
Qian and Zhou 2014). The result suggests that the EOF1 of 
SAT trends is likely associated with the PDO.

The 200 hPa geopotential height trends associated with 
the EOF2 mode (Fig. 6a) display a tripole annular structure, 
with negative anomalies along the latitudes around 60°N 
and positive anomalies on either side. The tripole annular 
structure is more evident in SLP trends (Fig. 6b). The pattern 
of the circulation anomalies resembles the Northern Hemi-
sphere annular mode (NAM), which is generally considered 
as an internal mode of atmospheric circulation variability 

(Thompson and Wallace 2000). In East Asia, the regions of 
North China, Korea and Japan are dominated by local upper-
level anticyclonic circulation trends. Consistent with the cir-
culation trends, there are significant negative rainfall trends 
in most of the polar cape regions, positive rainfall trends 
in the high latitudes around 60°N, and negative rainfall in 
North China, Korea and Japan (Fig. 6c). Compared to the 
SST anomalies associated with the EOF1, the EOF2-related 
SST anomalies (Fig. 6d) are weak and not well organized 
spatially, suggesting that the EOF2 mode is likely due to 
atmospheric internal variability.

The results indicate that the diversity of SAT trends 
among the 30-member ensemble is organized into some 
coherent patterns, with large-scale atmospheric circulation 

(a) (b)

(c) (d)

Fig. 3  a The ensemble-mean and b the observed STA trends during 1970–2005 (°C/36 year). c The standard deviation of the SST trends among 
the 30 CCSM4 ensemble members. d The ratio of the ensemble mean to the standard deviation of land SAT trends
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changes. How do the circulation anomalies affect the SAT 
trends? It is noted that the cyclonic (anticyclonic) circula-
tion anomalies associated with EOF1 and EOF2 are gen-
erally accompanied by positive (negative) rainfall trends. 
The dynamical consistency indicates that the change of 
circulation can lead to rainfall anomalies. The rainfall 
anomalies, in turn, can affect land SAT by altering soil 
moisture, especially in semi-arid regions where the ratio 
of latent and sensible heat flux largely depends on soil 
moisture (Mueller and Seneviratne 2012). The decrease 
(increase) of rainfall may lead to warming (cooling) trend. 
Indeed, the JJA SAT trends are negatively correlated with 
the simultaneous rainfall trends among the 30-member 
ensemble in much of East Asia (Fig. 7), consistent with 
the results in Wu et al. (2013). Therefore, the large-scale 
circulation changes can affect summertime SAT trends 
through modifying rainfall. The observed cooling (warm-
ing) trends in Yangtze River valley are also associated with 
wetting (drying) trends there (Hu 2003; Li et al. 2015).

6  Adjustment of summer multidecadal SAT 
trends

The above results show that the spatial patterns and mag-
nitudes of regional summer SAT trends in East Asia in the 
simulations are strongly affected by internal variability, 
which can obfuscate the anthropogenically forced sig-
nal. Reducing the internal variability in the SAT trends 
helps isolate and better understand anthropogenic climate 
change. Noting that much of the internally generated vari-
ability in SAT is mediated by changes in the atmospheric 
circulation, Wallace et al. (2012) developed a method to 
reduce internal variability by removing the part of SAT 
trends related to large-scale circulation changes. Briefly, 
a few leading orthogonal SLP trend predictor patterns are 
determined for SAT trends at each grid box using the par-
tial least squares method. Figure 8 shows the ratio of the 
ensemble mean to the inter-ensemble standard deviation of 

Fig. 4  Regressions (a, b) of 
SAT trends (colors; °C/36 year) 
among the 30 ensemble 
members upon the normalized 
PC1 (c) and PC2 (d) of EOF 
modes of land SAT trends in the 
domain of East Asia (20–60°N, 
90–145°E) in summer, respec-
tively. The EOF1 and EOF2 
account for 31% and 19% of 
variance of SAT trends, respec-
tively. The dots represent pass-
ing the 95% confidence level

(a)

(c)

(d)

(b)
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SLP trend during 1970–2004 among all the 30 ensemble 
members. The ratio is smaller than 0.4 in much of East 
Asia except in part of the Tibetan Plateau and Northwest 
China, indicating that simulated atmospheric circulation 
change in each ensemble member is dominated by internal 

variability. Thus, the dynamical adjustment method is 
applicable to use here.

We use two SLP trend predictors to adjust the simulated 
SAT trends by the following steps. First, we regress the 
standardized SLP trend field upon the SAT trends T(n) at 

(a) (b)

(c) (d)

Fig. 5  Regression of JJA geopotential height trends (colors in a; 
m/36 year) and wind trends (vectors in a; m/s/36 year) at 200-hPa and 
SLP trends (b; Pa/36Yr) on the normalized PC1. Correlation of JJA 

rainfall trends (c) and SST trends (d) with the PC1. The dots and vec-
tors represent passing the 95% confidence level

(a) (b)

(c) (d)

Fig. 6  As in Fig. 5 but for the PC2
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a specified grid point to obtain a one-point regression map. 
Here, n is the sequence of the ensemble member and the 
standardization at each grid point is performed using all 30 
members. We use the one-point regression map as a SLP 
predictor pattern for SAT trends at this specified grid point. 
Second, we project the standardized SLP trend field in each 
ensemble member upon the one-point regression map in the 
domain 10°N–80°N and 70°E–180°E to obtain a score array 
S(n) using the method of pattern regression. The score array 
S(n) provides a relative measure of the polarity and strength 

with which the predictor pattern is expressed in that ensem-
ble member. Third, we compute the residual T1(n) and SLP 
trends by removing the linear component associated with 
the S(n) using the least squares method. We repeat the above 
three steps on the residual T1(n) and SLP trend to obtain a 
new residual T2(n). In the residual T2(n), the linear compo-
nents associated with the first two leading orthogonal SLP 
predictors have been removed. In the following, we consider 
the residual T2(n) as two-pass dynamically adjusted SAT 
trends. In this study, we only use two SLP trends predic-
tors to dynamically adjust the SST trends at each grid point 
because variance of T(n) explained by the third predictors is 
quite small (not shown).

Figure 9 shows the two-pass dynamically adjusted sum-
mertime SAT trends for the 30 members. Compared to the 
raw trends in Fig. 2, the application of the dynamical adjust-
ment substantially reduces the diversity of the SAT trends 
among ensemble members and makes the pattern of SAT 
trends in each member more similar to the ensemble mean. 
Specifically, the cold trends in southeast China in the mem-
bers #2, #13, #23, #25, and #28 have been adjusted to slight 
warming trends, while the amplitude of strong warming 
trends at the mid and high latitudes in members #7, #13, #19, 
#23 and #25 has been reduced. We also tested other circula-
tion predictors such as 200 hPa velocity trends to adjust the 
SAT trends and got a similar result (not shown). The results 
suggest that the two-pass dynamical adjustment is effective 
in reducing internal variability in summertime SAT trends 
in the simulations.

The observed summertime SAT trends also are accompa-
nied by large-scale circulation changes. Figure 10a shows the 
JJA SAT and 200 hPa wind trends over 1970–2005 in obser-
vations. There is notable warming (above 2 °C/36 years) at 
mid and high latitudes and cooling in part of southern China 
especially in the Yangtze River valley, which is accompa-
nied by a south-north dipole of 200 hPa cyclonic and anti-
cyclonic circulation changes over China. The observed 
SAT and circulation trends spatially resemble those in the 
ensemble members #2, #25 and #28 (Fig. 10b–d), in which 
the SAT trends represent a strong south-north positive gra-
dient of SAT trends and the 200 hPa wind trends features a 
south-north dipole structure as well. The similarity indicates 
that the observed East Asian summer SAT trends in recent 
decades are likely modulated by the south-north dipole of 
circulation anomalies.

Following Wallace et al. (2015), we apply the two-pass 
dynamical adjustment to the observed gridded JJA SAT 
trends (from UDel_AirT_Precip) in East Asia. In this 
case, the linear components associated with the first two 
SLP predictors are removed from the raw observed SAT 
in every summer during 1951–2014, and the trends of the 
residual SAT are considered as the adjusted SAT trends. 
The SLP predictors are in the domain 10°N–80°N and 

Fig. 7  Correlation between JJA rainfall trends and land SAT trends 
among the 30 ensemble members in every grid. The dots represent 
passing the 95% confidence level

Fig. 8  The ratio of the ensemble mean to the inter-ensemble standard 
deviation of the JJA SLP trends over 1970–2005 in the 30-member 
CCSM4 ensemble simulations



6238 K. Hu et al.

1 3

70°E–180°E, the same as that used for the simulations. The 
raw and adjusted trends in the two periods: 1970–2005 and 
1979–2014 are shown in Fig. 11. In raw SAT trends, there 
is rapid warming at middle and high latitudes in both two 
periods, while the cooling trend at the latitude around 30°N 
for 1970–2005 turn to warming trend for 1979–2014. After 
dynamical adjustment, the residual SAT trends are weaker 
than the raw trends in both two periods. The averaged warm-
ing trends in the domain 40°N–60°N, 90°E–120°E decrease 
from 1.62 to 1.11°C/36Yr over1970–2005 and from 1.57 
to 0.99°C/36Yr over 1979–2014. The cooling in southeast 
China during 1970–2005 also weakens to some extent after 
dynamical adjustment. The adjusted SAT trends in both two 

periods are more in line with the ensemble mean than the 
raw SAT trends, likely suggesting that the dynamical adjust 
is useful to remove internal variability and not very sensitive 
to period choice. The results suggest that the observed rapid 
warming in northern East Asia in recent decades are partly 
caused by internal variability.

We also apply the two-pass dynamical adjustment to the 
194-station observed JJA SAT in China. During 1970–2005 
(Fig. 12a), most stations, especially in North China, experi-
enced rapid warming except some stations in South China 
and Northwest China. The warming rate in North China 
over 1979–2014 (Fig. 12b) even become larger than that 
over 1970–2005. The adjusted SAT trends in most of North 

Fig. 9  The dynamically adjusted JJA SAT trends (1970–2005; °C/36 year) from each of the 30 CCSM4 ensemble members
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China are weaker than the raw trends in both two periods 
(Fig. 12c, d). The result is similar to that based on the grid-
ded observed SAT.

7  Summary and discussions

Using the methodology of Deser et al. (2012) and Wallace 
et al. (2012), we have investigated the effect of internal 
variability on East Asian summertime SAT trends on the 
multidecadal time scale based on a 30-member ensemble 
of simulations by CCSM4. Overall, the model can repro-
duce the observed climatology of 850-hPa wind, rainfall and 
SAT patterns well in summer. Although all members share 
a common prescribed radiative forcing, the summertime 
East Asian land SAT trend patterns in individual members 

are remarkably diverse, suggesting a strong influence of 
internal variability. The ratio of the ensemble mean to the 
inter-ensemble standard deviation of the JJA SAT trends 
mainly ranges from 0.5 to 1.5 in in eastern China, likely 
suggesting that the internal variability-induced SAT trends 
over 1970–2005 are comparable to that induced by external 
forcing there.

The ensemble variability of summertime SAT trends fea-
tures some coherent patterns in East Asia. The first leading 
mode of SAT trends displays a north–south dipole structure 
from southeast China to Russian Far East, while the second 
mode represents a broad pattern of the same sign in North 
China, Korea and Japan. The first mode is associated with 
zonally banded circulation changes over East Asia and the 
North Pacific in both upper and low levels, which are pos-
sibly associated with PDO-like SST changes. The second 

(a) (b)

(c) (d)

Fig. 10  JJA SAT trends (°C/36 year) and 200 hPa-wind trends (m/s/36 year) during 1970–2005 in the observations (a), Member #2 (b), Member 
#25 (c) and Member #28 (d)
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mode corresponds to the NAM-like circulation changes. In 
general, warming (cooling) trends are accompanied by nega-
tive (positive) rainfall trends and upper-level anticyclonic 
(cyclonic) circulation trends.

In observations, we show that the JJA SAT trends in 
East Asia in recent decades are dynamically consistent with 
prominent atmospheric circulation changes, in agreement 
with previous studies (Qian and Zhu 2001; Hu 2003; Wei 
and Chen 2011; Chen and Lu 2014). Since the observational 
record is short, it is difficult to quantify the role of internal 
variability in East Asian JJA SAT change on the multidec-
adal time scale. However, the spatial resemblance of the 
SAT and circulation trends between observations and some 
ensemble members indicates that the observed East Asian 
summertime SAT trends in recent decades are likely modu-
lated by large-scale circulation-induced internal variability.

A two-pass dynamical adjustment is effective in reduc-
ing internal variability in summertime SAT trends in the 
ensemble simulations and in observations, making them 
more comparable to the ensemble-mean. After dynamical 

adjustment, the observed warming trends at the middle and 
high latitudes in recent decades decreases about 30% from 
the raw trends, suggesting that the observed rapid warm-
ing in northern East Asia is partly caused by large-scale 
circulation related internal variability. The anthropogenic 
warming rate is likely about 1–1.1°C/36Yr in recent decades 
in northern East Asia, which is close to the values in the 
ensemble mean. Although this study focuses on SAT trends 
in summer, the dynamical adjustment may be also suitable to 
East Asian SAT trends in winter too as the wintertime SAT 
variations are considered to be tightly associated with large-
scale circulation changes (Ma et al. 2012; Jiang et al. 2014).

We also note that the adjusted SAT trends among the 
ensemble members still exhibit diversity, indicating that 
the dynamical adjustment cannot remove all internal vari-
ability. Other factors such as time-varying soil moisture 
and surface heat fluxes would be capable of inducing con-
siderable internal variability in SAT trends, even in the 
absence of circulation changes (Merrifield et al. 2017). 
In addition, anthropogenic forcing can induce changes in 

(a) (b)

(c) (d)

Fig. 11  The raw (upper panels) and adjusted (lower panels) SAT trends (colors, °C/36 year) in the observations during 1970–2005 (left) and dur-
ing 1979–2014 (right)
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the atmospheric general circulation. For example, aerosols 
could induce considerable circulation changes especially 
in East Asia where is a large source of emission (Li et al. 
2007; Wang et al. 2016). Therefore, dynamical adjust-
ment may remove some climate change signals caused by 
external forcing to some extent. Despite these caveats, this 
study highlights contribution of internal variability to East 
Asian SAT trends in the warm season and shows that the 
dynamical adjustment is useful in reducing the uncertainty 
due to internal variability.
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