
1.  Introduction
Recently, although the global average surface temperature has enhanced (Rama et al., 2022; Solomon et al., 2007), 
Eurasian midlatitudes have experienced cold winters unexpectedly (Cohen et al., 2014; Honda et al., 2009), which 
has attracted a lot of attention. One of the most crucial climate indicators (Han & Sun, 2018), the surface air 
temperature (SAT) over the Eurasian continent in the winter has a significant impact on the economy and society 
(Luo & Wang, 2017). The two leading modes of Eurasian SAT anomalies have been extracted (Mori et al., 2014), 
the uniform warming over Eurasian and the warm Arctic-cold Eurasia pattern, which is traced to the Arctic 
oscillation and the sea-ice decline, respectively (Chen & Luo, 2019; Inoue et al., 2012; Luo et al., 2016; Mori 
et al., 2014; Overland et al., 2011). Both the variability of the atmospheric circulation (D. Luo et al., 2016; D. 
H. Luo et al., 2016; McCusker et al., 2016; Yao et al., 2016) and the high latitudes thermal conditions (Cohen 
et al., 2012; Han & Sun, 2018; Mori et al., 2014) have impacts on the variations in the Eurasian SAT in winter. 
It is important to understand the model uncertainties in Eurasian SAT in winter, particularly for the projection of 
future regional climate.

Previous studies suggested that cold winters over Eurasia correspond to an intensified Aleutian low and Siberian 
high at the surface (Takaya & Nakamura, 2005a, 2005b; Zhang et al., 1997), a deepened East Asian trough (Leung 
& Zhou, 2015) and the long-lived Ural Blocking (D. Luo et al., 2016, 2019, 2021; Yao et al., 2017) at the middle 
level, and the strong jet streams at the upper level (Luo & Zhang, 2015). Furthermore, both the southwestward 
displacement and the tilting East Asian trough would contribute to the cold anomalies over Southeast Asia, by 
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controlling the northerlies (Leung & Zhou, 2015; Lu et al., 2016; Wang et al., 2009; Zhang et al., 2015). In winter, 
the activities of two branches of the jet streams over Eurasia, the subtropical jet at ∼25°N and the polar front jet 
at ∼55°N (Chowdary et al., 2019; Nakamura et al., 2010), such as enhanced subtropical jet and the concurrent 
variation in location and intensity of the two jets, are linked to the Eurasian SAT change (Ha et al., 2012; Huang 
et al., 2019; Liao & Zhang, 2013; Luo & Zhang, 2015; Yang et al., 2002; Zhang et al., 2008, 2019; Zhang & 
Xiao, 2013). Therefore, it is complex and meaningful to explore the change in Eurasian SAT and its relationship 
with the changes in the large-scale circulation systems.

Some studies have dug into the projection of the SAT by the climate models (Fan et al., 2020; Moss et al., 2010). 
The Coupled Model Intercomparison Project (CMIP) has improved from CMIP5 to CMIP6 for capturing the 
features of climatological temperature and related circulation systems (Jiang et al., 2020; Xu et al., 2016), with 
promoted horizontal resolutions, physical processes parameterizations, and the addition of processes and compo-
nents in the Earth system (Eyring et al., 2019; Wu et al., 2022). Furthermore, CMIP6 is equipped with more kinds 
of models under new shared socioeconomic pathway (SSP) scenarios than before (Eyring et al., 2016). However, 
simulations are still challenging because of the large uncertainty (Aru et al., 2021; Monerie et al., 2020; Yao 
et al., 2016), exhibiting a large spread across models in historical experiments and future projections in simulat-
ing both SAT and precipitation (Fan et al., 2020; Huang et al., 2022; Xu & Fan, 2022) suffered from large-scale 
circulation (Gong et al., 2014; Zhou et al., 2020).

Our recent studies have physically linked the intermodel spread of simulated East Asian summer monsoon rain-
fall (Huang et al., 2022) and Eurasian winter SAT (Liu et al., 2022) with the circulation variations in the historical 
experiments in CMIP6, simulating the climate change observed from 1850 to 2014, proving that assessing the 
intermodel uncertainty problem from the perceptive of the physical relationship with the circulation is desirable 
(Wang et al., 2021). Here, we investigated whether the intermodel spread of Eurasian SAT and its relation with 
the main circulations found in historical experiments would persist into the warmer future or not. Understanding 
this will help us to constrain the SAT and enhances the credibility of the projections in future study. Thus, it is 
critical to investigate the intermodel spread of Eurasian SAT change and the related circulation systems change 
in projections.

In this study, we used averaging over a relatively short period, namely 30 years, compared to the longer period, 
such as 100 years, which can largely remove the internal variability (Dai & Bloecker, 2019; Huang et al., 2020). 
We investigated the model uncertainty among the CMIP6 models of simulating the future climatology of the 
SAT changes over the Eurasian continent and the associated changes in the large-scale circulations. The rest 
of the paper is organized as follows. Section 2 introduces data, definitions of circulation indices and methods. 
The results are presented in Section 3, including the intermodel deviations of the SAT changes and the circula-
tions changes, the leading intermodel spread of the simulated SAT changes, and the physical linkage with the 
large-scale circulations changes, which could be traced to the sea surface temperature (SST) conditions. The 
summary and discussion are provided in Section 4.

2.  Data and Method
2.1.  Data

We used the monthly outputs of historical runs and the SSP2-4.5 runs from 24 recently released CMIP6 
models (Eyring et al., 2016), which include SAT, sea-level pressure (SLP), 850 and 200 hPa meridional and 
zonal winds, 500 hPa geopotential height, 200 hPa geopotential height, vertical velocity, and SST. We used 
all the ensemble members available and calculated the ensemble mean for each model, full of the relevant 
atmospheric and oceanic variables, for historical and projected data at the end of the 21st century. The basic 
information of the models is summarized in Table  1. All the model data were interpolated onto a 1  ×  1° 
grid (90°S–90°N, 0°–357.5°E) before analysis. The multimodel mean (MMM) is the arithmetic ensemble 
mean of the 24 model simulations. This study focused on the climatology mean changes in the boreal winter 
(December-January-February), which are the 2071–2100 mean minus the 1979–2014 mean. We used the 
global mean of SAT change to represent the change under global warming. The future changes investigated 
in our study were normalized by the global mean of winter SAT change in each model (hereafter short for 
changes), removing the effect of the intermodel uncertainty from the climate sensitivity in each model (Huang 
et al., 2020; Zhou et al., 2020).
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2.2.  Definitions of Circulation Indices

To measure the changes in the large-scale circulations, five indices were chosen in this study. The negative value 
of the regional average of the changes in SLP (45°–55°N, 60°–120°E) and the positive value of the regional 
average (30°–60°N, 160°–180°W) to identify the strength of negative SLP anomalies over Eurasia (hereafter 
short for Low), and positive SLP anomalies over North Pacific (hereafter short for High), respectively.

Table 1 
List of the 24 CMIP6 Models Used in This Study

Model 
number Model name Modeling center and country

Atmospheric; oceanic resolution 
(lon × lat: number of grids, L: 

Vertical levels)

Number 
of 

members

1 ACCESS-CM2 Commonwealth Scientific and Industrial Research Organization and Bureau of 
Meteorology, Australia

192 × 144/L85; 360 × 300/L50 4

2 ACCESS-ESM1-5 192 × 145/L38; 360 × 300/L50 40

3 BCC-CSM2-MR Beijing Climate Center, China Meteorological Administration, China 320 × 160/L46; 360 × 232/L40 1

4 CESM2-WACCM National Center for Atmospheric Research, USA 288 × 192/L70; 320 × 384/L60 1

5 CMCC-CM2-SR5 Fondazione Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy 288 × 192/L30; 362 × 292/L50 1

6 CMCC-ESM2 288 × 192/L30; 362 × 292/L50 1

7 EC-Earth3 512 × 256/L91; 362 × 292/L75 1

8 EC-Earth3-CC AEMET, Spain; BSC, Spain; CNR-ISAC, Italy; DMI, Denmark; ENEA, 
Italy; FMI, Finland; Geomar, Germany; ICHEC, Ireland; ICTP, Italy; 
IDL, Portugal; IMAU, The Netherlands; IPMA, Portugal; KIT, Karlsruhe, 
Germany; KNMI, The Netherlands; Lund University, Sweden; Met Eireann, 
Ireland; NLeSC, The Netherlands; NTNU, Norway; Oxford University, UK; 
surfSARA, The Netherlands; SMHI, Sweden; Stockholm University, Sweden; 
Unite ASTR, Belgium; University College Dublin, Ireland; University 
of Bergen, Norway; University of Copenhagen, Denmark; University of 
Helsinki, Finland; University of Santiago de Compostela, Spain; Uppsala 
University, Sweden; Utrecht University, The Netherlands; Vrije Universiteit 
Amsterdam, The Netherlands; Wageningen University, The Netherlands

512 × 256/L91; 362 × 292/L75 3

9 EC-Earth3-Veg 512 × 256/L91; 362 × 292/L75 1

10 EC-Earth3-Veg-LR 320 × 160/L62; 362 × 292/L75 1

11 FGOALS-f3-L Chinese Academy of Sciences, China 360 × 180/L32; 360 × 218/L30 1

12 FGOALS-g3 180 × 90/L26; 360 × 218/L30 1

13 FIO-ESM-2-0 FIO (First Institute of Oceanography, China), QNLM (Qingdao National 
Laboratory for Marine Science and Technology, China)

192 × 288/L26; 320 × 384/L60 3

14 GFDL-ESM4 National Oceanic and Atmospheric Administration, Geophysical Fluid Dynamics 
Laboratory, USA

360 × 180/L49; 720 × 576/L75 3

15 INM-CM4-8 Institute for Numerical Mathematics, Russia 180 × 120/L21; 360 × 318/L40 1

16 INM-CM5-0 180 × 120/L73; 720 × 720/L40 1

17 IPSL-CM6A-LR Institut Pierre Simon Laplace, France 144 × 143/L79; 362 × 332/L75 2

18 KIOST-ESM Korea Institute of Ocean Science and Technology, Republic of Korea 192 × 96/L32; 360 × 200/L52 1

19 MIROC6 JAMSTEC (Japan Agency for Marine-Earth Science and Technology, Japan), 
AORI (Atmosphere and Ocean Research Institute, Japan), NIES (National 
Institute for Environmental Studies, Japan), and R-CCS (RIKEN Center for 
Computational Science, Japan)

256 × 128/L81; 360 × 256/L63 50

20 MRI-ESM2-0 Meteorological Research Institute, Japan 320 × 160/L80; 320 × 160/L61 1

21 NESM3 Nanjing University of Information Science and Technology, China 192 × 96/L47; 384 × 362/L46 1

22 NorESM2-LM NorESM Climate modeling Consortium consisting of CICERO (Center 
for International Climate and Environmental Research, Oslo 0349), 
MET-Norway (Norwegian Meteorological Institute, Oslo 0313), NERSC 
(Nansen Environmental and Remote Sensing Center, Bergen 5006), NILU 
(Norwegian Institute for Air Research, Kjeller 2027), UiB (University of 
Bergen, Bergen 5007), UiO (University of Oslo, Oslo 0313) and UNI (Uni 
Research, Bergen 5008), Norway. Mailing address: NCC, c/o MET-Norway, 
Henrik Mohns plass 1, Oslo 0313, Norway

144 × 96/L32; 360 × 384/L70 1

23 NorESM2-MM 288 × 192/L32; 360 × 384/L70 1

24 TaiESM1 Research Center for Environmental Changes, Academia Sinica, Taiwan, China 288 × 192/L30; 320 × 384/L60 1
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The change in the intensity of the western subtropical jet (hereafter short for WSJ) is defined as the average 
changes in a 5°-wide 200-hPa zonal wind band centered on the western subtropical jet axis, which is charac-
terized by maximum zonal winds over the active region of the western subtropical jet (15°–35°N, 45°–90°E). 
Following previous studies (Lu, 2004; Yan et al., 2019; Zhou et al., 2020), the changes in the meridional loca-
tion of the eastern polar front jet (hereafter short for EPJ) are defined as the difference between the averaged 
changes of zonal wind at 200-hPa of the band (15°-wide zonal band) on the north side of the polar front jet axis 
(zonally)  over 90°–140°E minus that on the south side. A positive EPJ indicates a northward-shifted eastern polar 
front jet. The specified regions of each model to calculate the indices vary because of the different locations of 
the polar front jet axis in each model.

The center of the East Asian trough axis is the minimum point of the 500-hPa eddy height over the region (20°–80°N, 
90°E–150°W) (Leung & Zhou, 2015). The eddy height is the deviation of height from the zonal mean. The differ-
ence in the changes of 500-hPa eddy height between the northeast of the trough (29°–44°N, 145°E–165°W) and 
the southwest of the trough (10°–20°N, 105°–155°E) (hereafter short for EAT), represents the changes in the tilt 
of the trough. The positive value of the EAT indicates the tilt from a quiet northeast-southwest-oriented axis to 
the north-south-oriented one (Wang et al., 2009).

2.3.  Methods

The intermodel standard deviations are used to show the overall discrepancy of the changes in Eurasian SAT and 
large-scale circulations among the models (Xu & K. Fan, 2022). To analyze the intermodel uncertainty across 
models, following the previous study (Huang et al., 2022; Zhou et al., 2020), the intermodel Empirical Orthog-
onal Function (EOF) was performed to extract the intermodel spread of the Eurasian continent SAT change 
(10°–50°N, 50°–140°E). The first mode in the intermodel EOF analysis was selected as the leading intermodel 
spread. The composite analysis is also used based on the normalized first principal component (PC1). We sepa-
rated the models into two groups based on PC1 and used a t test to determine whether the differences between 
the two groups were significant.

Organizational research methods have received a lot of attention because they are the most obvious and current 
effort to convey the relative contribution of the importance indices (Dunn et al., 1995; Hobson & Gibson, 1983; 
Johnson & LeBreton, 2004). One of the common methods is the relative weight analysis (RWA) first proposed by 
Johnson (2000) and developed by Abdella et al. (2021), who integrates linear mixed-effect models (Avilés, 2001) 
with RWA. In RWA, the original indicators are regressed on the orthogonal variables rather than the orthogo-
nal variables being regressed on the original predictors, avoiding the issue of correlated predictors (Johnson & 
LeBreton, 2004).

To calculate the relative contributions of different circulation variables defined above, RWA is applied among 
PC1 and the five circulation indices, addressing the problem of correlated predictors (Johnson,  2000). First, 
we created a new set of uncorrelated predictors (𝐴𝐴 Z𝑘𝑘 ), which have the greatest correlation with the orthogonal 
counterparts of all original drivers (𝐴𝐴 𝐴𝐴𝑗𝑗 , as Low, High, EAT, WSJ, and EPJ defined in definitions of circulation 
indices):

𝑋𝑋𝑗𝑗 =

∑

𝑎𝑎𝑗𝑗𝑗𝑗𝑍𝑍𝑘𝑘 + 𝜑𝜑� (1)

where 𝐴𝐴 𝐴𝐴𝑗𝑗𝑗𝑗 denotes the regression coefficients of 𝐴𝐴 𝐴𝐴𝑗𝑗 on 𝐴𝐴 𝐴𝐴𝑘𝑘 ; φ represents a disturbance term.

Second, the dependent variable Y (PC1) is regressed on 𝐴𝐴 𝐴𝐴𝑘𝑘 and the standardized regression coefficients (𝐴𝐴 𝐴𝐴𝑘𝑘 ) 
are  get:

𝑌𝑌 =

∑

𝑏𝑏𝑘𝑘𝑍𝑍𝑘𝑘 + 𝜒𝜒� (2)

where 𝐴𝐴 𝐴𝐴 denotes a disturbance term.

The relative contribution weight of the 𝐴𝐴 𝐴𝐴𝑗𝑗 to Y would be calculated as:

𝜔𝜔𝑗𝑗 =

∑

𝑎𝑎
2

𝑗𝑗𝑗𝑗
𝑏𝑏
2

𝑘𝑘
� (3)
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3.  Results
3.1.  The Intermodel Spreads of the Projected Changes in the Winter SAT Over the Eurasian Continent 
and Associated Large-Scale Circulation Systems

Figure 1 shows the intermodel standard deviations of the changes in the Eurasian continent winter SAT, SLP, 
the 500-hPa eddy geopotential height field, and 200-hPa zonal wind from the CMIP6 models are shown in 
Figure 1. The intermodel standard deviations of Eurasian SAT simulations are high over the Tibetan plateau 
(Figure 1a). The large model deviations of SLP appear in the mid-to-high latitudes, especially over the Icelandic 
Low, Greenland, the Arctic Ocean, the Tibetan plateau, and the Aleutian Low (Figure 1b), which resemble that 
of the 500-hPa eddy geopotential height field (Figure 1c), characterized by the large deviations over mid-to-high 
latitudes at lower and upper levels. The large model deviations of 200-hPa zonal wind mainly exist over the active 
regions of the jets, especially over the oceanic branch of the subtropical jet (Figure 1d). As reviewed in Section 1, 
the variations of the large-scale circulations are closely related to the winter SAT over the Eurasian continent. 
Therefore, we consider the question that whether the large model deviations of atmospheric circulations change 
can physically explain the uncertainties of the SAT change.

To explore the intermodel uncertainties in each model, the intermodel EOF analysis is applied to investigate the 
leading intermodel spread of the winter SAT change over the Eurasian continent from the 24 CMIP6 models. The 
variance fraction of the first EOF mode is 34.2%. The dominant spatial distribution (Figure 2a) shows a uniform 
warming pattern in Eurasia, except for the slight cooling in Indian Peninsula. The differences among models in 
Figure 2b indicate the intermodel uncertainties.

To further understand the differences among models associated with the leading intermodel spread, the compos-
ite analysis is applied for the positive group (seven models) and the negative group (eight models), based on the 
criterion of the PC1 exceeding +0.5 and below −0.5, respectively. The SAT change differences between the two 
groups and the MMM are shown in Figures 3a and 3b. In the positive group (Figure 3a), the warm changes are 
over the Eurasian continent while the SAT changes are almost opposite in the negative group (Figure 3b). This 
pattern is particularly evident in the difference between the composite SAT changes in the positive group and 
those in the negative group (Figure 3c), which resembles the leading intermodel spread in Figure 2a.

Similarly, to understand the relationship between the leading intermodel spread and the change of large-scale 
atmospheric circulations, we have calculated the difference between the positive and negative groups of the 
changes in SLP and the 850-hPa winds (Figure  4). The weakened Siberian High and Aleutian Low trigger 
the evident abnormal cyclone over the mid-to-high latitudes over Eurasia and anticyclone over North Pacific 
(Figure 4), which weaken the cold air intrusion and thus contribute to the warming over Eurasia (Figure 3c). It is 
noteworthy that there is a wide belt of 850-hPa winds stretching from the North Atlantic to East Asia, resembling 
the wave train mentioned in the previous study (Ye et al., 2015).

The leading intermodel spread is also influenced by the differences in the changes of the two groups in the 
mid-and-upper-level circulations (Figure 5). On the one hand, the 500-hPa eddy geopotential height field exhibits 
a north-south seesaw pattern in the midlatitudes of the North Pacific and the southeast of Eurasia, indicating 
the tilt of the East Asian trough (Figure 5a), almost north-south-oriented (Wang et al., 2009). This pattern also 
resembles the combination of Figures 2b and 2c in Leung and Zhou (2015), which inferred a strong relationship 
with the weakened Aleutian low and subtropical jet and intensified polar jet, preventing the cold air southward. 
Accompanied by the tilting trough, this weakened meridional gradient of geopotential height over the mid-to-high 
latitudes may decelerate the westerlies (Wang et al., 2009).

On the other hand, the significant anomalies in the 500-hPa (Figure 5a) and 200-hPa (Figure 5b) eddy geopoten-
tial height reveal a similar pattern, showing the weakened westerlies south of 45°N (Figure 5c). In the upper level, 
there is an anticyclone over the tropical North Atlantic, an anticyclone over western Europe, a cyclone over west 
Siberia, and an anticyclone over the western North Pacific in Figure 5b, resembling the wave train induced by the 
warming over the tropical Atlantic (Ye et al., 2015). It corresponds to the weakened subtropical jet (15°–35°N, 
45°–90°E) and northward polar jet (45°–60°N, 90°–140°E) shown in Figure 5c.

The relationship between the changes in the jets and the leading intermodel spread has been linked by the verti-
cal motions, which is shown in Figure 6. Focused on the western entrance of the subtropical jet (45°–90°E), 
the reduced divergence is found in the south sides of the jet entrance (∼30°N) (Figure 6a). Meanwhile, there is 
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Figure 1.  Intermodel standard deviations (shading) of normalized changes in winter surface air temperature (SAT) (a; unit:  
𝐴𝐴 K ⋅ K

−1 ), sea-level pressure (SLP) (b; unit: Pa𝐴𝐴 ⋅ K
−1 ), the 500-hPa eddy geopotential height field (c; unit: 𝐴𝐴 m ⋅ K

−1 ), and 
200-hPa zonal wind (d: unit: 𝐴𝐴 m ⋅ s

−1
⋅ K

−1 ). The contours in (b, c, and d) represent historical multimodel mean (MMM) SLP 
(b; unit: Pa), the 500-hPa eddy geopotential height (c; unit: 𝐴𝐴 m ), and 200-hPa zonal wind (d: unit: 𝐴𝐴 m ⋅ s

−1 ).



Journal of Geophysical Research: Atmospheres

LIU ET AL.

10.1029/2023JD038829

7 of 13

a positive anomaly on the north side of the eastern polar jet (90°–130°E), 
indicating the eastern polar front jet axis moving northwards (Figure  6b). 
There is also subsidence in the tropical Atlantic (Figure 6c), corresponding to 
the anticyclone in Figure 4. The above upper-level circulation field changes 
anomaly corresponds to the surface winds changes and warm anomaly in the 
Eurasian continent (Figure 4), via the enhanced upward movement in Eurasia 
(Huang et al., 2017).

In all, linked to the leading intermodel spread, five large-scale circulations 
have been revealed, as the weakened Siberian High and Aleutian Low at 
the surface, the tilting East Asian trough at the midlevel, and the weakened 
western subtropical jet and northward eastern polar jet at the upper level. To 
identify the relative contribution of the large-scale circulations to the lead-
ing intermodel spread, the RWA method and five indices have been used. 
At the surface, the Low and High are positively correlated with PC1, with 
a correlation coefficient of 0.43 and 0.58, respectively. The relative contri-
bution weights of the two SLP variables are 12.73% and 20.43%, respec-
tively. For the variables at the mid-to-high levels, the correlation coefficients 
between EAT, WSJ, EPJ, and PC1 are 0.63, 0.55, and 0.50, respectively. The 
weights of the three variables are 30.24%, 20.96%, and 15.64%, respectively 
(Figures  7b and  7c). These high correlations have confirmed the linkage 
between anomalies of the five large-scale changes and the leading inter-
model spread. Combined with the analysis above and previous studies (Zhou 
et al., 2020; Zhou & Wu, 2015), we can speculate that the warming in Eurasia 
is attributed a lot to the circulation anomalies, resulting in the leading inter-
model spread.

The above analysis indicates that the atmospheric circulation change anom-
alies may play an important role in the warming pattern, displaying a wave 
train over the North Atlantic and Eurasia and a tilting East Asian trough. In 
the prior study, we have established the physical linkage between the inter-
model variations in SST and those in SAT over Eurasia (Liu et al., 2022). 
Here, we aim to investigate whether this relationship can be persisted into 
the projected SST and SAT. Therefore, we further explored the differences 
in the winter SST change between the two groups shown in Figure 8, indi-
cating warm SST changes anomalies in the tropical North Atlantic and west-

ern North Pacific. On the one hand, the tropical North Atlantic warming would induce a barotropic wave-type 
pattern over the eastern North Atlantic and Eurasia (Matsumura & Kosaka, 2019; Ye et al., 2015) as the wave 
train  shown in Figures 4 and 5. Particularly, in the upper level, the positive height anomalies over the tropical 
Atlantic (Figure 5b) lead to the weakening of the subtropical jet (Figure 5c), thereby contributing to the warming 
over the Eurasian continent.

On the other hand, the warming over the North Pacific is associated with the enhanced northern and reduced 
southern meridional temperature gradient over east Asia-North Pacific sector (Sun et al., 2016), via the ther-
mal wind theory, and therefore induces the anomalous positive barotropic height anomalies over there (Sun 
et al., 2016; Wang et al., 2009), including the anticyclone over the midlatitude region from the coast of East Asia 
to the North Pacific (Figure 4), the tilt of the East Asian trough, weakened subtropical jet and northward polar jet 
(Figure 5). These barotropic anomalies in circulation contribute to the warming pattern over the Eurasian conti-
nent. Thus, the warming spread over the tropical North Atlantic and North Pacific would affect the spreads in the 
large-scale circulations and therefore results in the warming spread over the Eurasian continent.

4.  Conclusion and Discussions
In this study, we analyzed the intermodel uncertainties of the changes in the winter SAT over Eurasia, along 
with its relationship with the circulation anomalies of changes in SLP, the East Asian trough, and jets, using 
the outputs from 24 CMIP6 models. The leading intermodel spread of the winter SAT change over Eurasia is a 

Figure 2.  The spatial pattern of the leading intermodel EOF mode of the 
normalized winter surface air temperature (SAT) change over the Eurasian 
continent from Coupled Model Intercomparison Project 6 (CMIP6) models 
(a; unit: 𝐴𝐴 K ⋅ K

−1 ) and the corresponding normalized principal component 
(b; PC1). The numbers in the x-label in (b) are the model numbers shown 
in Table 1. The two solid lines in (b) indicate the 0.5 and −0.5 standard 
deviations. The positive group includes EC-Earth3, EC-Earth3-Veg, 
INM-CM4-8, KIOST-ESM, MIROC6, NorESM2-LM, and NorESM2-MM 
(PC1 exceeding +0.5) and the negative group includes ACCESS-CM2, 
CESM2-WACCM, FGOALS-f3-L, FGOALS-g3, FIO-ESM-2-0, 
IPSL-CM6A-LR, MRI-ESM2-0, and NESM3 (PC1 below −0.5).
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warming pattern. We have classified the positive and negative groups based 
on the criterion of the PC1 exceeding +0.5 and below −0.5 and focused 
on the difference between the two groups, due to the symmetry of the SAT 
and circulation changes in the two groups. The leading intermodel spread 
is closely associated with the changes in reduced SLP over mid-to-high 
latitudes, the enhanced SLP in the western North Pacific and the coast of 
East Asia, the tilting East Asian trough, along a north-south-oriented, the 
weakened western subtropical jet and the northward shift of the eastern polar 
front  jet.

The physical linkages among them have been concluded in Figure 9. It shows 
that the warming is attributed to the negative and positive SLP anomalies 
that trigger the temperature advection, with weights of 12.73% and 20.43%, 
respectively. As well, the tilt of the East Asian trough suppresses the south-
ward invasion of cold air, with a weight of 30.24%. The weakened west-
ern subtropical jet and the northward eastern polar jet also contribute to the 
leading pattern through the configuration via the vertical movement, with 
weights of 20.96% and 15.64%, respectively.

It is speculated that the anomalies of SST changes over the tropical Atlan-
tic and the western North Pacific could affect the projected winter SAT 
over Eurasia via the large-scale circulations. The warming over the tropical 
Atlantic could induce a barotropic wave-type pattern over the eastern North 
Atlantic and Eurasia, including the weakened subtropical jet, ultimately 
influencing the warming pattern over the Eurasian continent. The warming 
over the western North Pacific could alter the meridional temperature gradi-
ent, giving rise to barotropic positive height anomalies. These height anoma-
lies, comprising the anticyclone over the midlatitude region from the coast of 
East Asia to the North Pacific, the tilt of the East Asian trough, the weakened 
subtropical jet and the northward polar jet, contribute to the Eurasian warm-
ing. The relationship among the changes in SST, large-scale circulations and 
SAT have also been summarized in the schematic diagram (Figure 9). Thus, 
our study has inferred that there is a strong relation between the large-scale 
circulation changes and SAT changes among models which might be traced 
to such SST changes.

It is noteworthy that the SST anomaly over the Pacific and the corresponding 
barotropic anomalies are also consistent with our previous study in historical 

Figure 3.  The difference in the composite normalized surface air temperature 
(SAT) change between the positive group and the multimodel mean (MMM) 
(a), the negative group and MMM (b), and between the positive group and 
the negative group (c) (unit: 𝐴𝐴 K ⋅ K

−1 ). Stippling denotes the difference are 
significant at the 95% confidence level.

Figure 4.  Same as Figure 3c, but for the winter sea-level pressure (SLP) (shaded) (unit: Pa 𝐴𝐴 ⋅ K
−1 ) over the Eurasian continent 

and the 850-hPa winds (vector) (unit: 𝐴𝐴 m ⋅ s
−1

⋅ K
−1 ). Stippling denotes the SLP change difference is significant at the 95% 

confidence level. The medium bolded arrows represent 850-hPa winds difference is significant at the 90% confidence level, 
while the boldest is significant at the 95% confidence level.
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model uncertainty (Liu et al., 2022). It is suggested that the SST variations and the corresponding barotropic 
anomalies over the western North Pacific may persist from the historical run to the warmer future, resulting in the 
intermodel spread of the projected SAT over the Eurasian continent. The long-lived warming is suggested to be 
related to the anticyclone over the western North Pacific, as a member of the barotropic anomalies, transporting 
the heat from the tropic (Rivière, 2010), as well as the increased radiation and downward sensible heat flux under 
greenhouse gas forcing, potentially serving as a bridge to link the external forcing and trough (Miao et al., 2018). 
In the future work, we will thoroughly investigate the positive feedback mechanism between Pacific warming and 
positive barotropic anomalies in the warming future, in turn, impact the projected Eurasian SAT. Based on the 
understanding of this relationship, the uncertainties of projected Eurasian SAT can be constrained.

Figure 5.  Same as Figure 3, but for the 500-hPa eddy geopotential height field (a) (unit: 𝐴𝐴 m ⋅ K
−1 ), the 200-hPa eddy 

geopotential height field (b) (unit: 𝐴𝐴 m ⋅ K
−1 ) and 200-hPa zonal wind (c) (unit: 𝐴𝐴 m ⋅ s

−1
⋅ K

−1 ). Contour lines in (a) represent 
the historical MMM of the 500-hPa eddy geopotential height (unit: 𝐴𝐴 m ). The medium bolded arrows in (b) represent 200-hPa 
winds (unit: 𝐴𝐴 m ⋅ s

−1
⋅ K

−1 ) difference is significant at the 90% confidence level, while the boldest is significant at the 95% 
confidence level. The solid red line and black line in (c) are the polar front jet axis and subtropical jet axis, respectively. 
Stippling denotes that the 500-hPa eddy geopotential height (a), 200-hPa eddy geopotential height (b), and 200-hPa zonal 
wind (c) normalized change differences are significant at the 95% confidence level. EAT is calculated as the difference 
between the black solid (29°–44°N, 145°E−165°W) and the dashed boxes (10°–20°N, 105°–155°E), representing changes in 
the tilt of the trough (a).
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Figure 6.  The difference in the composite winter normalized changes of the meridional-height cross section of wind velocity divergence (a, unit: 𝐴𝐴 10
−7
s
−1

⋅ K
−1 ) 

(45°–90°E), zonal wind (b, unit: 𝐴𝐴 m ⋅ s
−1

⋅ K
−1 ) (90°–130°E), and vertical velocity (10°–95°W) between the positive and negative groups. Stippling denotes the 

differences are significant at the 95% confidence level. The gray shade denotes the terrains.

Figure 7.  The scatter plots of the normalized principal component (PC1) and five indices of the EAWM among the 25 Coupled Model Intercomparison Project 6 (CMIP6) 
models: (a) Low (blue) and High (red); (b) EAT (blue); (c) WSJ (red); and EPJ (blue). The five indices have been normalized by their intermodel standard deviations. The 
correlation coefficients are shown as R and the significant levels are shown as prob. The relative contribution weights are shown along the labels of the Y axis.

Figure 8.  The difference in the composite winter normalized sea surface temperature (SST) changes between the positive and 
negative group (unit: 𝐴𝐴 K ⋅ K

−1 ). Stippling denotes the difference is significant at the 95% confidence level.
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Data Availability Statement
The CMIP6 model data used in this study can be accessed at the ESGF portal (https://esgf-node.llnl.gov/projects/
esgf-llnl/) as mentioned in the citation reference (Eyring et al., 2016) [Dataset]; The ERA5 data sets are available 
at https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5) as mentioned in the citation reference 
(Hersbach et al., 2020) [Dataset]. The figures in this manuscript are prepared using NCL software (URL: https://
www.ncl.ucar.edu/) [software].
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