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ABSTRACT
Observations show that the East Asian winter monsoon (EAWM) experienced an interdecadal weakening in the
mid-1980s. This is evident for all members of the EAWM system (i.e., East Asian trough, upper-tropospheric jet
stream, and lower-tropospheric monsoon circulation). Here, we investigate the relative contributions of natural
(volcanic aerosols and solar variability) and anthropogenic [greenhouse gases (GHGs) and anthropogenic aerosols]
forcings to this interdecadal weakening using multiple coupled models within phase 5 of the Coupled Model Intercomparison Project (CMIP5). The results indicate that in the midtroposphere, the increased GHG concentrations play an important role in weakening the East Asian trough (EAT) by increasing the sea surface temperatures
(SSTs) over the North Pacific. In the upper troposphere, natural external forcings contribute to the observed
weakening of the meridional shear of the East Asian jet stream (EAJS) by regulating the meridional temperature
gradient (MTG) over the East Asian region. In the lower troposphere, both anthropogenic and natural forcings can
weaken the Siberian high during this period. Overall, based on the present analysis of the CMIP5 output, GHGs and
natural forcings play key roles in shaping the observed interdecadal weakening of the EAWM during the mid-1980s.
Additionally, contributions from internal variability cannot be neglected and require further investigation.
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1. Introduction
The East Asian winter monsoon (EAWM) is one of
the most active climate systems in the Northern Hemisphere during boreal winter (Lau and Li 1984; Chen and
Sun 1999; He et al. 2007). The EAWM has broad impacts on the East Asian weather and climate (Tao and
Chen 1987). A strong EAWM can lead to intense
snowfall and cold surge activity in the winter (Guo 1994;
Fan 2009; Wang et al. 2011) and is associated with a
subsequent dust climate during the following spring over
China (Wang et al. 2003). In addition, the EAWM can
contribute to summer drought/flooding over eastern
China (Sun and Sun 1995; Shi and Zhu 1996; Yan et al.
2003). Hence, studies on the EAWM are among the keys
to understanding the mechanisms of East Asian climate
variation (Wang and Fan 2013).
Early studies of the EAWM focused on the synoptic
scale, especially for the East Asian cold wave activity
and associated atmospheric circulation (e.g., Tao 1957,
1959). More recently, variabilities in the EAWM at intraseasonal and interdecadal time scales received more
attention. Some studies have reported the quasi-2-week
and quasi-40-day oscillations of the observed EAWM
(Pan and Zhou 1985; Yang and Zhu 1990; Tang and
Wang 1994). On the interannual time scale, Mu and Li
(1999) noted that the EAWM has quasi-biennial and
3–5-yr cycles, and El Niño–Southern Oscillation (ENSO)
signals are correlated with the interannual anomaly of
the EAWM. Huang et al. (2012) also found a quasi-4-yr
oscillation in the EAWM. Many studies indicate that
ENSO plays a vital role in regulating the interannual
variability of the EAWM (Wang et al. 2000; Zhou et al.
2007a; Wang and He 2012; He and Wang 2013). The
mature phase of an El Niño event is usually accompanied by a weaker EAWM, while a La Niña event is often
associated with a stronger EAWM (Wang et al. 2000).
Recently, however, Wang and He (2012) found the close
relationship between ENSO and EAWM weakens after
the 1970s. This is partly caused by suppressed ENSOassociated tropical Indo–western Pacific sea surface
temperature (SST) variability, reduced EAWM interannual variability, and northward-retreating EAWM
signals. The EAWM intensity is also regulated by the
Arctic Oscillation (AO) on the interannual time scale
(Gong et al. 2001; Wu and Wang 2002). Furthermore,
the Arctic amplification and sea ice loss may affect the
EAWM (Wang and Liu 2016; Zhou 2017).
Both anthropogenic forcings [e.g., greenhouse gases
(GHGs) and anthropogenic aerosols (AAs)] and natural
forcings (e.g., volcanic aerosols and solar variability)
can influence the East Asian climate (e.g., the EAWM).
Hori and Ueda (2006) simulated a weakened EAWM
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under a global warming scenario. Ding et al. (2007) also
suggested a weakened EAWM at the end of the twentyfirst century due to anthropogenic global warming.
Some modeling studies have shown that the influence of
AAs contributed to the weakening of the East Asian
summer monsoon in the late 1970s (e.g., Wang et al.
2013; Song et al. 2014). A recent study also indicates
that the AAs tend to intensify the northern mode of the
EAWM (Jiang et al. 2017). Additionally, previous
modeling studies suggested that natural external forcings play an important role in regulating the evolution of
ENSO (Wang et al. 2018), the Pacific decadal oscillation
(PDO; Wang et al. 2012), and the Atlantic multidecadal
oscillation (AMO; Otterå et al. 2010; Zanchettin et al.
2012), which could have potential impacts on the East
Asian climate (e.g., Zhu et al. 2015; Miao et al. 2016,
2018). For instance, Miao et al. (2018) found that the
simulated EAWM is strengthened when the solar forcing is stronger on a multidecadal time scale through
regulating decadal variability of the North Atlantic
SST. Overall, the external forcings play an important
role in the East Asian winter climate. Thus in the last
decades, how natural and increasing anthropogenic external forcings have affected the EAWM requires more
attention.
Since the mid-1980s, the EAWM has experienced an
interdecadal weakening (Xu et al. 1999; Kang et al. 2006;
He and Wang 2012; Wang and Fan 2013). The mechanisms of the interdecadal variation in the EAWM are
complex (Ding et al. 2014). This is likely related to the
internal variability in the climate system and modulated
by external forcings (Ding et al. 2014). The interdecadal
variations in the EAWM are associated with dominant
modes of atmospheric circulation variability (Ao and
Sun 2016). He and Wang (2012) revealed the out-ofphase relationship between the AO and EAWM during
the late twentieth century and inferred that the interdecadal weakening of the EAWM in the mid-1980s
could be caused by the significantly enhanced AO. In
addition, some recent studies suggest that the interdecadal variations in the EAWM are also related to the
PDO (Yang et al. 2004; Zhou et al. 2007b; Wang et al.
2008; Ding et al. 2014). For instance, Wang et al. (2008)
found the interdecadal modulation of the PDO on the
impact of ENSO on the EAWM. Ding et al. (2014)
noted that when the PDO is in a positive (negative)
phase, the EAWM is usually weaker (stronger). In addition, the interdecadal variations in the EAWM are
also affected by the AMO (Li and Bates 2007; Li et al.
2009; Wang et al. 2009).
However, the influences from external forcings on
the interdecadal weakening of the EAWM during the
mid-1980s are still unclear. Many previous studies used
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TABLE 1. Details of 17 CMIP5 models used in this study.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Model

Institute/Country

Atmospheric resolution (lat 3 lon)

BCC_CSM1.1
BNU-ESM
CanESM2
CCSM4
CNRM-CM5
CSIRO Mk3.6.0
FGOALS-g2
GFDL CM3
GFDL-ESM2M
GISS-E2-H
GISS-E2-R
HadGEM2-ES
IPSL-CM5A-LR
MIROC-ESM
MIROC-ESM-CHEM
MRI-CGCM3
NorESM1-M

BCC/China
BNU/China
CCCma/Canada
NCAR/United States
CNRM-CERFACS/France
CSIRO-QCCCE/Australia
IAP-THU/China
NOAA/GFDL/United States
NOAA/GFDL/United States
NASA GISS/United States
NASA GISS/United States
MOHC/United Kingdom
IPSL/France
MIROC/Japan
MIROC/Japan
MRI/Japan
NCC/Norway

64 3 128
64 3 128
64 3 128
192 3 288
128 3 256
96 3 192
60 3 128
90 3 144
90 3 144
90 3 144
90 3 144
144 3 192
96 3 96
64 3 128
64 3 128
160 3 320
96 3 144

ensembles of coupled models to analyze climatic responses
to external forcings and to attribute internally generated
and externally forced changes (Deser et al. 2012a; Marvel
et al. 2015; Deser et al. 2016; Meehl et al. 2016; Soden and
Chung 2017). Thus, in this study, we investigate the relative roles of anthropogenic forcings and natural
forcings in the interdecadal weakening of the EAWM
during the mid-1980s using a suite of ensembles of
various coupled models from phase 5 of the Coupled
Model Intercomparison Project (CMIP5), which are
driven by different forcing agent combinations. The
model, data, and methods are described in section 2. In
section 3, we examine the observed and simulated interdecadal climate changes over East Asia, as well as
the associated physical processes. The conclusions and
some discussion are provided in section 4.

(i.e., anthropogenic and natural forcings are set to
preindustrial levels).
In this study, the Climate Research Unit (CRU) dataset
(Mitchell and Jones 2005), Hadley Centre sea level pressure dataset (HadSLP2; Allan and Ansell 2006), Hadley
Centre monthly sea surface temperature dataset (HadISST;
Rayner et al. 2003), and National Centers for Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) reanalysis data (Kalnay et al.
1996) are also used to evaluate the performance of the
model results and to investigate the observed interdecadal climate changes over East Asia.

2. Model, data, and methods
We analyze multimodel results from CMIP5 (see
Table 1) in this study, including historical, historicalGHG,
historicalNat, historicalMisc and piControl experiments (Taylor et al. 2012). The historical simulations
(named ALL) are forced by both anthropogenic forcings (e.g., GHGs and AAs) and natural forcings (e.g.,
volcanic aerosols and solar variability). The historicalGHG
(named GHG) and historicalNat (named NAT) simulations are the same as ALL, except that they are only
forced by well-mixed GHG changes or natural agents
(i.e., volcanic aerosols and solar variability), respectively. The simulations forced by only AAs (named AA)
in the historicalMisc experiment are also used in this
study. These simulations cover the period of 1850–
2005. The piControl simulations are long-term control
runs with imposed non-evolving preindustrial conditions

FIG. 1. Taylor diagrams of winter climatology for SAT (8C; triangles), SLP (hPa; circles), Z500 (m; plus signs), and U300 (m s21;
stars). The evaluation is for East Asia (208–508N, 1008–1458E)
during 1967–2004.
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For the statistical analysis, we focus on the linear trends
in the boreal winter (December–February). For example,
the winter of 1987 refers to the average of December 1986–
February 1987. In addition, the Mann–Kendall test (Mann
1945) is used to evaluate the significance of the linear
trends. Pearson’s linear correlation coefficient is also used
to describe the correlation between the variables.
A Siberian high index is defined as the mean sea level
pressure (SLP) over the region of 408–608N, 808–1258E,
which is where the center of the Siberian high is located
(Gong et al. 2001). An East Asian trough (EAT) index is
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also used, which is defined as the mean geopotential
height at 500 hPa (Z500) averaged over the key region of
EAT (258–458N, 1108–1458E; Sun and Li 1997; Wang and
He 2012). In addition, an East Asian jet stream (EAJS)
index is defined as the difference in the area-averaged
zonal wind at 300 hPa (U300) between two bands (258–
408N, 808E–1808 and 458–608N, 608–1608E; Jhun and Lee
2004). An integrated EAWM index is also used here,
which considers the variations in the Siberian high,
EAT, and meridional shear of upper-tropospheric zonal
wind (He and Wang 2012). That is,

1
EAWM index 5 3Stand[SLP(408–608N, 808–1258E)]
3
1
2 3Stand[Z500(258–458N, 1108–1458E)]
3
1
1 3 Stand[U300(258–408N, 808E–1808)2U300(458–608N, 608–1608E)].
3
Here, SLP denotes the area-averaged SLP, Z500 denotes
the area-averaged Z500, and U300 denotes the areaaveraged U300. ‘‘Stand’’ represents standardization. A
positive value indicates an EAWM that is stronger than that
under normal conditions. Finally, a North Pacific SST index
is defined as the averaged SST over the southwestern North
Pacific region (268–408N, 1208E–1808; Sun et al. 2016).
The tropospheric meridional temperature gradient
(MTG) is calculated as DT/RDu, where DT is the difference in the vertically averaged (850–300 hPa) temperature
across the Du latitude band, and R is Earth’s radius. To
obtain an equator-to-pole temperature gradient, the MTG
in the Northern Hemisphere is multiplied by 21.
The multimodel ensemble mean (MME) method is
used in this study. The averages are first computed over
the number of realizations available for each model and
then computed over the number of models.
The key elements of the EAWM system include the
upper-tropospheric jet stream, midtropospheric EAT,
and low-level monsoon circulation (Jhun and Lee 2004).
In the following, to investigate the relative contributions
of different external forcings to the interdecadal weakening of the EAWM during the mid-1980s, we mainly
analyze the linear trends of the observed and simulated
East Asian winter climate during the period of 1967–
2004 and make model–observation comparisons.

3. Results
a. Climatology evaluation of the model
First, we examine whether the models can reliably
reproduce the East Asian winter climatology because

this ability is a primary factor in judging whether the
model simulation of the interdecadal variation is credible (Sun and Ding 2008). Taylor diagrams (Taylor 2001)
are used here to assess the performances of the 17
models for the typical region of East Asia (208–508N,
1008–1458E). A similar analysis has been used in some
previous studies that evaluated the performances of the
model (e.g., Zhu and Wang 2010; Gong et al. 2014; Yan
et al. 2014; Hao et al. 2016).
The diagrams include information on the pattern
correlations and the ratio of the standard deviation between the model and observations. The better the
models agree with the observations, the nearer the results will be to the reference point. As shown in Fig. 1,
the simulated surface air temperature (SAT) has correlations greater than 0.95 with the observations, and the
normalized standard deviations fall into the range of
0.75–1.25 for most models. This indicates that most
models simulate a realistic distribution of winter SAT
over East Asia and capture the amplitude of the observed signal. Similarly, the models generally show good
performances in Z500. Though the simulated U300
also has good correlations with the observations, some
models overestimate the amplitude of the observed
signal. In contrast, for SLP, most models underestimate
the amplitude of the observed signal. Additionally, some
models show lower correlations with the observations,
and the intermodel spread is larger than that of the other
variables. Note that a noticeable improvement in the
simulated results can be seen from the individual models
to the MME. In this study, 17 MME results are used to
represent the MME of the 17 CMIP5 results.
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FIG. 2. (left) Observed and (right) simulated EAWM index (bars). The observation is based on the NCEP–
NCAR reanalysis data and the HadSLP2 data. For the modeling, the index is based on the MME of ALL simulations for each CMIP5 model. Their least squares linear trends during 1967–2004 are plotted as solid lines in
each panel.

In summary, the CMIP5 models differ in their abilities
to reproduce the observed East Asian winter climatology. Nevertheless, most models perform well, especially
in simulating the SAT, Z500, and U300. In addition, the
17 MME results agree with the observations better than
most of the CMIP5 models.

b. The observed and simulated decadal changes in the
EAWM
As illustrated in Fig. 2, the EAWM undergoes a
significant interdecadal weakening during the mid1980s in the observations. The intensity of the EAWM
is usually stronger before the mid-1980s but weaker
thereafter. The observed linear trend of the EAWM
index is 21.2 per 40 years (p 5 0.03) during the period

of 1967–2004. This interdecadal weakening of the
EAWM can be evident from changes in the Siberian
high, East Asian trough, and almost every member
of the EAWM system (He and Wang 2012). The 17
MME results can reproduce the observed interdecadal
weakening well. After the mid-1980s, the simulated
EAWM is significantly weaker. The linear trend of the
simulated EAWM index is 21.7 per 40 years (p ,
0.01), which is larger than the observed trend. The
following analyses are thus based on the 17 MME
results. Details of the ensemble simulations for the
17 models are listed in Table 2. Because some models
do not contain single forcing simulations, we analyze
the ensemble mean of nine models (9 MME) for
the AA simulations. The ensemble members are large

TABLE 2. Simulations of the 17 CMIP5 models in this study. The numbers in the table are ensemble simulations for each model. Note that
the historicalMisc (AA) simulations of GISS-E2-H(R) used here are based on concentrations and not emissions.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
Sum

Model

Historical

Historical GHG

Historical Nat

BCC_CSM1.1
BNU-ESM
CanESM2
CCSM4
CNRM-CM5
CSIRO Mk3.6.0
FGOALS-g2
GFDL-CM3
GFDL-ESM2M
GISS-E2-H
GISS-E2-R
HadGEM2-ES
IPSL-CM5A-LR
MIROC-ESM
MIROC-ESM-CHEM
MRI-CGCM3
NorESM1-M

3
1
5
6
10
10
5
5
1
6
6
4
6
3
1
3
3
78

1
1
5
3
6
5
1
3
1
5
5
4
3
3
1
1
1
49

1
1
5
4
6
5
3
3
1
5
5
4
3
3
1
1
1
52

Historical Misc (AA)

5
3
5
1
1
5
5
1

1
27
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FIG. 3. (a) The climatological winter 500-hPa geopotential height (m) during 1967–2004. The linear trend of
winter 500-hPa geopotential height [shaded; m (40 yr)21] during 1967–2004 in (b) NCEP–NCAR and
(c) ALL, (d) GHG, (e) AA, and (f) NAT from MME. In (b)–(f), dots denote regions where the statistical
significance level is above 95%, and lines represent climatological winter 500-hPa geopotential height during
1967–2004.

enough to detect the forced changes in the EAWM
(Deser et al. 2012b).

c. Changes in the EAT and SST
The EAT is an important component of the EAWM
system. The deepened EAT is favorable for cold air
spilling south, causing cold SAT anomalies over East
Asia. Therefore, a strengthened (weakened) EAT can
lead to a stronger (weaker) EAWM (Fig. 3a; Cui and
Sun 1999). Figures 3b–f show the linear trends of Z500
during 1967–2004. In the observations, positive trends
of Z500 are evident over mid- and low-latitude Asian
regions, and the maximum values appear over northeast Asia (Fig. 3b). In contrast, negative trends can be
seen over the Ural Mountains and Bering Sea. This
means that the EAT weakens during the period of
1967–2004. Consistent with the observations, significant positive trends of Z500 can be found over the Asian
continent in the ALL ensemble (Fig. 3c). Although the

positive trends are weaker, they still indicate a shallower
EAT. The ALL ensemble captures the interdecadal
weakening of the EAT. In the GHG ensemble, the
positive trends of Z500 are stronger. Higher values can
be found over northeastern China and southern Japan
(Fig. 3d). This suggests a weakened EAT in the GHG
ensemble, which is similar to the observations and
ALL ensemble. In contrast, the AA ensemble simulates negative trends for Z500 over the mid- and lowlatitude regions during the period of 1967–2004
(Fig. 3e). For the NAT ensemble, no significant trends
can be found over the East Asian region. Overall, the
GHGs probably play an important role in weakening
the EAT during the period of 1967–2004 in the CMIP5
models analyzed. Furthermore, the linear trends of the
EAT index are examined here (Fig. 4a). The ALL
ensemble accounts for 55% of the observed trend of
the EAT index. The GHG plays an important role and
accounts for 67% of the observed trend, while the AA
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FIG. 4. The linear trends of the observed and simulated (a) EAT index [m (40 yr)21], (b) EAJS index
[m s21 (40 yr)21], and (c) Siberian high index [hPa
(40 yr)21] during 1967–2004. The number represents
the ratio of simulation with individual forcings to
observations. The error bars represent the standard
deviation of intermodel variability.

plays an opposite role and accounts for 19%. The NAT
ensemble contributes less (;5%).
A recent study indicates that anomalous SSTs over
the southwestern North Pacific play an important role

in the decadal variability of the EAT through the
regulation of the air–sea interactions over the North
Pacific (Sun et al. 2016). Sun et al. (2016) note that the
EAT index and the North Pacific SST index are highly

FIG. 5. The linear trend of winter SST [shaded; 8C
(40 yr)21] during 1967–2004 in the (a) HadISST and
(b) ALL, (c) GHG, (d) AA, and (e) NAT from MME.
Dots denote regions where the statistical significance
level is above 95%.
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FIG. 6. The linear trend of winter (a) surface net longwave radiation, (b) surface net shortwave radiation,
(c) sensible heat flux, and (d) latent heat flux [W m22 (40 yr)21] during 1967–2004 in the GHG from MME. Positive
values mean downward. Dots denote regions where the statistical significance level is above 95%.

correlated on a decadal time scale in observations.
Here, we examine a simulated relationship between
these two indices in the CMIP5. For the different
forcing ensembles, significant correlations between
the EAT index and the North Pacific SST index are
well reproduced (figure not shown). Therefore, the
CMIP5 results also suggest that the North Pacific SST
does play an important role in regulating the EAT
variability.
As shown in Fig. 5a, a significant SST warming trend
can be found over the southwestern North Pacific in
the observation data. In the different forcing ensembles, the observed positive trends of SST over the
southwestern North Pacific are only reproduced by the
ALL and GHG ensembles (Figs. 5b,c). This suggests
that when forced by the increased GHG concentrations, the ALL ensemble reproduces the southwestern
North Pacific warming trend, which most likely leads
to the weakening trend of the EAT (Fig. 3). In contrast, the cooling induced by the AAs over this region probably plays an opposite role in modulating
the EAT (Fig. 5d). The linear trend of the SST in the
NAT ensemble is not significant over this region
(Fig. 5e).
We further investigate the surface heat flux budget
in the GHG ensemble (Fig. 6). It can be seen that the
sensible heat flux as well as the surface net longwave
and shortwave radiation favor the warming trends of
the southwestern North Pacific SST, with the sensible
heat flux playing a dominant role. In contrast, the

latent heat flux favors cooling SST trends over this
region. Similarly, we analyze the surface heat budget
in the AA ensemble (figure not shown). We find that
the decreased surface net shortwave radiation can
cause the cooling trends of the southwestern North
Pacific SST in the AA ensemble. This confirms that
AAs play an opposite role in regulating the variability
of the EAT, compared with the GHGs. Overall, the
observed weakening of the EAT is probably attributed to an anomalous SST warming trend in the
southwestern North Pacific, which is mainly caused by
increased GHG concentrations.

d. Changes in the East Asian jet stream
Jhun and Lee (2004) indicate that the meridional
shear of U300, which is associated with the change in
the EAJS, reflects the intensity of the EAWM. We
thus examine the trends of U300 during the period of
1967–2004. In the observation data, the climatological core of U300 is usually located along ;308N
(Fig. 7a). During the period of 1967–2004, negative
U300 trends are evident over the entrance of the
EAJS core region, whereas positive trends are located over Siberia (Fig. 7b). This indicates a weakened and poleward-shifted EAJS, which contributes
to the weakening of the EAWM. Compared to the
observations, similar negative and positive trends of
U300 can be found in corresponding regions in the
ALL ensemble (Fig. 7c). The correlation coefficient
of the spatial pattern between the ALL ensemble and
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FIG. 7. (a) The climatological winter 300-hPa zonal wind (m s21) during 1967–2004. The linear trend of
winter 300-hPa zonal wind [shaded; m s21 (40 yr)21] during 1967–2004 in (b) NCEP–NCAR and (c) ALL,
(d) GHG, (e) AA, and (f) NAT from MME. In (b)–(f), dots denote regions where the statistical significance
level is above 95%, and lines represent climatological winter 300-hPa zonal wind during 1967–2004. In (c)–(f),
the numbers in the top right are the correlation coefficients between the trends in NCEP–NCAR and the
simulations.

observations is 0.45. Although the trends are weaker,
they still indicate a weakened meridional shear of the
EAJS. Thus, the ALL ensemble captures the interdecadal weakening of the EAJS. For the NAT ensemble, negative and positive trends of U300 are
evident in the EAJS core region and to the north,

respectively. The correlation coefficient between the
NAT ensemble and observations is 0.34 (0.72 between the NAT and ALL ensembles). This suggests
that natural external forcings contribute to the
weakening of the EAJS. In contrast, an opposite
trend pattern can be found in the AA ensemble.
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FIG. 8. The linear trend of the winter equatorto-pole temperature gradient averaged from 850 to
300 hPa [shaded; 1027 8C m21 (40 yr)21] during 1967–
2004 in (a) NCEP–NCAR and (b) ALL, (c) GHG,
(d) AA, and (e) NAT from MME. Dots denote regions
where the statistical significance level is above 95%.

Based on the observed and simulated trends of the
EAJS index, the ALL ensemble accounts for 16% of
the observed trends of the EAJS index (Fig. 4b). The
NAT plays a dominant role and accounts for 20%,
while the AA plays an opposite role and accounts for 15%.
However, the discrepancies are large among the models,
and the internal variability of the jet stream may be an
important source (Deser et al. 2016). In addition, the larger
model biases in simulating U300 could have some contribution to these discrepancies (Fig. 1). Changes in
GHGs have few effects (;7%) on regulating the

meridional shear of the EAJS during this period. The
ALL ensemble contributions (16%) are nearly equal
to the summation of NAT (20%), GHG (7%), and AA
(215%) ensembles.
The variability of EAJS is closely associated with
changes in the tropospheric MTG. As shown in Fig. 8a,
negative trends in the MTG are evident at the entrance
of the EAJS core region, while positive trends are located over Siberia. These are the same as the distribution of the U300 trends. This suggests that changes in
the MTG weaken U300 in the EAJS core region,
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FIG. 9. (a) The climatological winter SLP (hPa) during 1967–2004. The linear trend of winter SLP [shaded; hPa
(40 yr)21] during 1967–2004 in (b) HadSLP2 and (c) ALL, (d) GHG, (e) AA, and (f) NAT from MME. In (b)–(f),
dots denote regions where the statistical significance level is above 95%.

whereas they strengthen U300 over Siberia (Fig. 7a)
through the thermal wind relationship. The observed interdecadal changes in the MTG are reproduced by the
ALL and NAT ensembles, except for smaller magnitudes
(Fig. 8). This further confirms that the natural external
forcings probably play an important role in causing

interdecadal weakening of the EAJS during this period through the regulation of the tropospheric MTG.

e. Changes in the lower-tropospheric circulation
In winter, the Siberian high controls the lowertropospheric circulation over the entire Asian continent
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FIG. 10. Density distributions of linear trends of the
(a) EAT index [m (40 yr)21], (b) EAJS index [m s21
(40 yr)21], and (c) Siberian high index [hPa (40 yr)21]
in the piControl simulations. Color curves correspond
to different CMIP5 models. The linear trends in the
observations and the ALL from 17 MMEs are shown as
solid black lines and dashed black lines, respectively.

(Fig. 9a). In addition, a strengthened Siberian high
causes a stronger EAWM circulation (Gong et al. 2001).
We therefore examine the trends of the Siberian high
during the period of 1967–2004. In the observations,
negative trends in the SLP can be seen over the northern
Asian continent, suggesting that the Siberian high undergoes a decadal weakening during this period (Fig. 9b),
consistent with the trend of the observed Siberian high
index (Fig. 4c). Compared with the observations, the negative trends in the SLP can be found over the Siberian
region in the ALL ensemble (Fig. 9c), whereas positive
trends are evident in the southern part of East Asia. Although the magnitude of the SLP trend is smaller, it still
indicates a weakened Siberian high during this period. The
ALL ensemble successfully simulates this interdecadal
weakening of the Siberian high. For the GHG, AA, and
NAT ensembles, however, the linear trends are not significant. This means that the GHGs, anthropogenic aerosols, and natural forcings may work together to weaken the
Siberian high. The ALL ensemble accounts for 25% of the

observed trends in the Siberian high index (Fig. 4c). The
GHG, AA, and NAT ensembles account for 4%, 22%,
and 5%, respectively.

f. Potential role of the internal variability
Our analysis is based on the MME, and thus, the internal variability is averaged out to a large extent. Partly
for this reason, the MME shows better performance
between the observed and simulated patterns, compared
to the individual model (Fig. 1). Simulated internal
variabilities of the East Asian climate in each model are
possibly different from the observations, which can
contribute to the discrepancies between the observed
patterns and ALL ensembles. In fact, the internal variability of the EAWM also plays an important role in the
interdecadal change in the EAWM, which was noted by
Ding et al. (2014). To investigate the relative roles of
internal variability in weakening the EAWM, we further
analyze the piControl simulations for the 17 coupled
models. A nearly 500-yr-long simulation is available for
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TABLE 3. Number of 38-yr periods when the linear trends of the indices (EAT index, EAJS index, and Siberian high index) in the
piControl simulations are as large as those in the observations [(500 yr)21]. Only independent 38-yr periods are selected here. ‘‘Independent’’ means that the gaps between two periods are longer than 37 years.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
Average

Model

EAT index

EAJS index

Siberian high index

BCC_CSM1.1
BNU-ESM
CanESM2
CCSM4
CNRM-CM5
CSIRO Mk3.6.0
FGOALS-g2
GFDL-CM3
GFDL-ESM2M
GISS-E2-H
GISS-E2-R
HadGEM2-ES
IPSL-CM5A-LR
MIROC-ESM
MIROC-ESM-CHEM
MRI-CGCM3
NorESM1-M

1
2
0
1
0
0
0
0
0
0
0
0
1
0
0
1
0
0.4

9
9
9
8
7
9
9
8
9
9
9
9
8
7
8
9
9
8.5

5
3
3
5
2
0
3
4
3
5
3
1
6
6
2
7
7
3.8

each model [except for MIROC-ESM-CHEM (250
years)].
Figure 10 shows the linear trend ranges of the EAT
index, the EAJS index, and the Siberian high index in
the piControl simulations for the 17 models. This is
performed by breaking the time series into 38-yr running
segments (the same length as the analyzed period in the
observation) and then calculating the linear trends of
each segment. The probability density distributions are
then calculated. As shown in Fig. 10a, the observed
linear trends in the EAT index are much larger than the
simulated trends for most models in the piControl simulations. Only five models reproduce the same linear
trends under some extreme conditions. The statistics
show that the same/larger trends as the observations in
the EAT index occur only 0.4 times per 500 years in the
piControl simulations (Table 3). This means that external forcings most likely play an essential role in this
observed interdecadal change in the EAT, which is not
caused solely by the internal variability of the EAT. For
the EAJS and Siberian high indices, the observed linear
trends can be caused by the internal variability alone in
most models (Figs. 10b,c). The statistics show that the
same/larger trends as the observations in the EAJS and
Siberian high indices occur 8.5 and 3.8 times per 500
years in the piControl simulations, respectively. The
internal variability from high-latitude systems (i.e.,
EAJS and Siberian high) can contribute to the observed
interdecadal weakening of the EAWM, particularly for
changes in the higher troposphere. However, it is difficult to quantitatively distinguish its relative contribution

from the external forcings based on the present analysis,
especially in a nonlinear climate system.

4. Summary and discussion
This study investigates the relative contributions of
anthropogenic forcings and natural external forcings to
the interdecadal weakening of the EAWM during the
mid-1980s using outputs from the CMIP5. The results
show that the weakening of the EAWM is well reproduced in the 17 MME results. The comparisons of
the separate forcing ensembles and observations reveal
that in the upper troposphere, the weakened and
poleward-shifted EAJS in the ALL ensemble is mainly
caused by the natural external forcing through the regulation of the MTG over the East Asian region. In the
midtroposphere, the increased GHG forcing plays an
important role in weakening the EAT. Increased longwave and shortwave radiation and downward sensible
heat flux–induced warming trends in the North Pacific
SSTs, which probably act as a bridge to link the external
forcings and EAT on a decadal time scale. In the lower
troposphere, both anthropogenic and natural forcings
may contribute to the weakening of the Siberian high
during this period. Overall, the GHGs and natural
forcings play more important roles in causing the interdecadal weakening of the EAWM during the mid1980s.
The results based on the piControl simulations indicate that the same/larger trends as the observations
in the EAJS and Siberian high indices occur 8.5 and
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3.8 times per 500 years, respectively. The internal variability could contribute to the observed interdecadal
weakening of the EAWM during the 1980s, especially
for the upper and lower troposphere.
Our analysis further shows that some discrepancies
exist between the observed patterns and ALL ensembles. Both the models’ biases and internal variability
can contribute to these discrepancies. Additionally, the
coupled models show best performances in simulating
Z500 climatology (Fig. 1). Thus, results based on the
responses of the EAT to external forcings are more
robust.
A recent study suggests that the EAWM recovered
from its weak episode and reamplified in the mid-2000s,
and the internal variability in the climate system plays
an important role during this process (Wang and Chen
2014). The external forcings may also have important
effects on the changes in the EAWM in the mid-2000s,
which needs further investigation.
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